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Abstract

This paper proposes a new algorithm that calculates the Available Transfer Capability (ATC) accurately. The accuracy of computing ATC
is important to ensure the security of system operation. On the hand, we devise the maximum area concept for the allocation of simultaneous
ATC. This concept decides maximum area capability inside the security region by considering the shape of security boundary. The proposed
concept is novel because the other allocation methods only use the maximum transfer amount to compute ATC. The proposed concept
improves the efficiency of transmission facility use and makes the power interchange more flexible. © 2002 Elsevier Science Ltd. All rights

reserved.
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1. Introduction

In 1996, the Federal Energy Regulatory Commission
(FERC) mandated the regulatory orders, including order
numbers 888 and 889 in the deregulation framework. The
order claims the public utility to open their transmission grid
for use by market participants. For the purpose of non-
discriminatory transmission open access, a sufficient
message should be posted to the grid user on the Open
Access Same-time Information System (OASIS). The
Available Transfer Capability (ATC) is one term of such
an ancillary service. The ATC is an amount of the transfer
capability remaining in the physical transmission line for
further commercial transaction. The NERC also develops
the ATC principle in accordance with the provision of the
FERC rule [1]. ATC is defined as the Total Transfer
Capability (TTC) less than the Transmission Reliability
Margin (TRM), and less than the sum of existing commit-
ments and Capacity Benefit Margin (CBM) in the principle.

Because the power system is a large-scale nonlinear
network and generation-load flow is system wide relevant,
the transaction could happen at any bus node in the dereg-
ulation system. All of these make it difficult to measure the
accurate transfer capability. Although, there have been
several papers [2—12] dealing with this topic, most of
them are under assumption conditions to compute the
approximate transfer capability. Therefore, they must
certainly reserve more TRM due to the inaccurate transfer
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capability solution. In this paper, we develop the sensitivity-
based algorithm that pins down transfer capability accu-
rately. The sensitivity index has been successfully applied
in power systems for the control of system voltage and
economic dispatch control [11—-14]. Here, we use the sensi-
tivity to search for ATC and identify critical lines at the
same time. For the purpose of sufficient use of transmission
capacity and fair transaction, the maximum area concept is
devised.

There are five sections in this paper. In Section 2, the
maximum area concept is devised and the sensitivity-
based algorithm is presented. In Section 3, we apply the
proposed algorithm to a 6-bus system mentioned in Ref.
[3] and compare its results. The IEEE 30-bus is also inves-
tigated there. In Section 4, the strategy of allocation of
transfer capability is discussed.

2. The proposed sensitivity-based algorithm

There have been several problem formulations for ATC.
In this section, we present a simple and static ATC formula-
tion for illustrating the proposed sensitivity-based algo-
rithm. However, we would like to emphasize that the
sensitivity-based algorithm can be easily extended to more
general problem formulations, such as including contin-
gency constraints, transient stability constraints and voltage
stability constraints, etc.

2.1. ATC problem formulation

Denote the bus set of entire system by @, the transaction
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Fig. 1. Flow chart of calculation of 1-dimension ATC by sensitivity-based
algorithm.

bus set by (2. Then ATC is formulated as the extreme values
of the incremental power capacity of the transaction buses
under the condition that the security is assured. In mathe-
matical form, ATC is expressed as:

Find max(Au) and min(Awy) Vk € () )
subject to

u; + min(Auy,) = u;, = u;, + max(Awy) Vee 0 (2)
S u,w) =0 3
5=0;=56 Vije @ 4)
Vv=v=V (%)
P=P= P 6)
0=0=0 Q)

where x is state vector including bus voltage phasors, u is
vector including bus power injection and demand, w is para-
meter vector including network parameters. The upper and
lower bar mean maximum and minimum value, respec-
tively. The f(x, u, w) is load flow equation. Eqs. (4)—(7)
are inequality constraints. 6; is phase difference. & is
phase limit due to thermal line constraint.

2.2. Computation of ATC for single bus transaction (1-
dimension ATC)

For the sake of ease of deriving our algorithm, we merely
deal with real power transfer capability i.e. Au; = Ap; and
only consider thermal line constraint.

The first order sensitivity for load flow equation, Eq. (3),
is
Ax=S,Au+ S, -Aw 8)

where S, = —f: "f,. S, = —f " fufer fur [, are partial
derivatives of f with respect to variable x, u, w.

Assume we consider the static power system and evaluate
ATC of single bus transaction, then we have the following
simplified equation.

Aw =0 f. = —I (I : Identity matrix)
©))
Ax=S,Au=f"Au

We notice that fx is Jacobian matrix. Hence, the sensitivity
index, fx_l, is available for computation use if Newton
method is applied to solve power flow.

In order to get phase difference column vector, we multi-
ply the incidence matrix A" [14] on both sides of Eq. (9).

AT Ax = ATf7  Au (10a)

Set AT(j,i) =1, AT(j,k) = —1, the other elements of A” are
zero. Let Ax = (A6, Av)” denote the incremental phase and
voltage vector for all the buses. Substitutes all elements of
column vector Au by zero except the j-th element by Ap; ;.
Thus, we obtain the following Eq. (10b).

Aby =[S — Sal X Apjy = [y — (gl X Apjy
(10b)

The transfer capability is the maximum and minimum incre-
mental power subject to load flow equation and security
constraints. Apply Eq. (10b), we obtain the following
Apj ™ and Ap;|"estimate equations:

G Dy — U Dy |

A min min [ 01 — é (12
Ml Dy = Dy | )

Y(i,k) € transmission line branches

Since Egs. (11) and (12) provide us the estimates of Ap;;™*
and Ap;;", we apply the Newton’s iteration to solve power
flow equation using these estimates as initial conditions, and
examine whether thermal limit of any branch is violated.
That is, use Egs. (11) and (12) to predict the APj value of
next step. The iteration continues until the thermal

constraint is violated. On the other side, the predictive
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Fig. 2. The geometry interpretation of maximum area concept for 2-dimen-
sion ATC.

value of Egs. (11) and (12) maybe lie outside the convergent
region of power flow iteration. Then, we use bisection
method to correct estimates, Apj;*™ and Apmm Thus

[(Ap)" + (Ap)" 112 (13)

Assume the divergence happens at the r-th iteration, the
(r + 1)-th Ap; is evaluated by bisection method. The criti-
cal lines that reach the extreme thermal constraint boundary
are just the branches where the Apj;™ min

(AP )r+1

and Ap;;" occur.
Thus, the critical lines of j-bus ATC are identified.
The algorithm is shown in Fig. 1.

2.3. Computation of ATC for multiple buses transaction
(multi-dimension ATC)

Again, we only consider real power transfer capability
and thermal line constraint. Substituting the transaction
bus Ap in vector Au, the algorithm can be expanded to
compute ATC for multiple buses. Here we introduce the
maximum area concept that bases on the fair transaction
and the sufficient use of transmission line. We use two
buses transaction to explain the method briefly.

Assume both the m-th bus and the n-th bus requires trans-
fer capability evaluation. Then substitute all elements of
column vector Au of Eq. (10a) by zero, except the m-th
element and the n-th element by Ap,,,and Ap,,, respec-
tively. Then the phase difference for branch (i,k) is given by

Aezk [(S )tm (Su)km]APm,Z + [(Su)in - (Su)kn]APn,Z (14)

Assume the critical line of maximum transfer capability
happens at branch (i,k).
Set

(A" = 8™ — o

Denote 2-dimension ATC by Ap;, 5, Apfﬂ%‘ and Ap,’5, and
Apfln respectively. They should satisfy Eq. (14). That is

(Aeik)max[(su)im - (Su)km]AP;r;?Zx + [(Su)m (S )kn]APmaX
(15a)
(A0)™ [(S)im — (S APRS + [(S)in — (S APTS

(15b)

Set
APY, = (A6;)™ ™ 1(S,)im — (S)ian] (16)
AP), = (A0;)™ ()i — (Su)n] (17)

Compare Egs. (16) and (17) with Eq. (11), we find they are
similar. We would like to introduce the maximum area
concept for multi-dimension ATC by geometry. Let us
first denote 1-dimension ATC of bus m and bus n by
Appiand Apyi*. Then approximate Ap® and Ap? by
Apyitand Ap)'i, respectively. Then Eq. (15a) is rearranged
as follows:

A Pmax
APmaX

APm'IX
~ apoar =0 (18)

Set the objective function as follows:
Area(Ap,5, Apys*) = Apps X Apys* (19)

Find the extreme value of Eq. (19) under the constraint
Eq. (18) by LaGrange multiplier method. We obtain the
following equation.

A m921x A mEIJ.X
N =K, (20)

APmaX

m,1

Substituting the maximum area relation Eq. (20) into (15),
we will reduce two dimension problem to one dimension
problem. Thus

max min (A Oik)max
Apm,2 = . _ _
(i, k) [(Su)im (Su)km] + Kl'[(Su)in (Su)kn]
(21a)
Apys* = Ky X Apjp% (21b)

Y(i,k) € transmission line branches
By the same way, we have the similar equations for the
Api3 and Ap}Y', respectively

APYR APDY
appy ~ apgy 22
) (A O'k)min
A mm _ ninn i 23a
P2 = 68 T (S o] + Kol — Suerd Y
ApTR = Ky X Ap3 (23b)

Because both Egs. (21) and (23) are only 1-dimension ATC
problem, we can use the same algorithm of Fig. 1 to
compute the extreme capacity , Ap,,5, Apm';, for bus m at
first. Subsequently, substitute the extreme capacity of bus m
into Egs. (20) and (22) to find extreme capacity
Apa*, Api of bus n. The above procedure is shown in
Fig. 2. The 2-dimension ATC is obtained through the
constant slope path of Egs. (20) and (22). Thus the maxi-
mum area ATC is obtained by following the constant slope
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Table 1

The calculated 1-dimension ATC for 6-bus example bus with phase differ-

ence constraint, =0.3491
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Line (1-0), AP™ = —0.3069
Line (3-0), APS™ = —0.4845
Line (3-0), AP™ = —0.5192
Line (1-0), APP™ = —0.3218
Line (1-0), APY™" = —0.4312

Line (1-0), AP™ = 1.8528
Line (3-0), APY™ = 1.9617
Line (3-0), APY™ =12.0024
Line (1-0), AP™™ = 0.7820
Line (1-0), AP™ = 0.3636

of line AHO, 50, until points B and D reach the security
boundary, respectively.

Denote the transaction buses by set (2 for multi-dimen-
sion ATC, then the general form of ATC of multiple buses is
the following procedure.

If the m-th bus belongs to set (2, and Ry, is the subtraction
row vector of S, where

Rie = (8 — (S

and P™™, P™" are the column vectors with the elements of
zero, except that

(P™); = AP /APRY (24)
(P™™), = APT" /AP (25)
Vie 0

where p/5* and p{i" mean the 1-dimension ATC of the i-th

bus. Then ATC is given as:
for the m-th bus:

min
App* = (AO )™ [R - P (26)
(i, k)
. min . .
At = O R P 27)
L

V(i,k) denote the grid branches m € {2 for other buses

Constraint : -0.8002<P2<0.9941 ; -0.4675<p4<0.3155

1t .
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Fig. 3. The calculated 2-dimension ATC for bus 2 and bus 4 in 6-bus system
by maximum area algorithm.

2

Constraint : -0.85<P2<1.075 ; -0.9<p4<0.3978
1.5F

ar Security Boundary

-2 -1.56 -1 -0.5 0 0.5 1 1.5 2
p2

Fig. 4. The calculated 2-dimension ATC for bus 2 and bus 4 in 6-bus system
by monotonicity method.

except the m-th bus:

AP = (P™), x AP (28)
AP = (P™M), x AP (29)
ViED,i#m

3. Simulation results

In this section, we tested our algorithm with 6-bus system
and IEEE 30-bus system. The result of 6-bus system is
compared with the result of Ref. [3] in which the same
example is computed by the monotonicity method. These
results encourage us as to the feasibility of the proposed
algorithm for power system.

3.1. The ATC of single bus (1-dimension ATC) for 6-bus
system

The network of 6-bus system, the current operating point
and network parameters are shown in Appendix A. Assume
we are interested in available transfer capability of single
bus. Substitute proper incremental power in Eqgs. (11) and
(12), respectively, and apply the sensitivity-based algorithm
as shown in Fig. 1, then we get the 1-dimension ATC of
each bus. The results are listed in Table 1. The critical line is
shown in the parentheses. Notice that the ATC of one
dimension is large.

3.2. The ATC of multiple buses transaction (multi-dimension
ATC) for 6-bus system

The sensitivity-based algorithm of multiple buses is to
reduce multiple dimension computation into one dimension
computation under maximum area concept. As long as the
extreme capability of one bus has been obtained by Egs. (21)
and (23a), all of the relevant extreme values of the others
can be evaluated by Egs. (21b) and (23b) simultaneously.
For depicting briefly, we only shown 2-dimension ATC of
bus 2 and bus 4 in Fig. 3. Here, we will compare our results
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Fig. 5. The calculated 2-dimension ATC for bus 2 and bus 4 in 6-bus system
by maximum area algorithm.

with the other, called monotonicity method [15—17] using
the same 6-bus system. For the comparison, we begin with
the same operating point, network parameters and thermal
constraint. Then the 2-dimension ATC of bus 2 and bus 4
computed by monotonicity method is shown in Fig. 4.
Obviously, the calculated ATC is not secure in which
some parts of ATC lie outside the security boundary. The
2-dimension ATC for other buses by monotonicity method
also has the same drawbacks.

3.3. Compute ATC for IEEE 30-bus [18]

We verify the sensitivity-based algorithm by IEEE 30-
bus system (Appendix B) to prove our algorithm is potential
for larger power systems.

Assume we will compute 2-dimension ATC between two
distant buses, bus 12 and bus 27. At first, begin with 1-
dimension ATC computation by Egs. (11) and (12). Then
the critical lines of the maximum and minimum capacity of
each single bus are line 4-12 and line 27-28 for bus 12 and
bus 27, respectively. The 1-dimension ATC is shown as
follows.

APDM = —1.3569,  APT" = —2.7818

AP, A
A D Security boundary
— C
B
o X

APPN = —0.7297,  APRM = —1.4751

Thermal line constraint = 0.3032

The 2-dimension ATC based on maximum area method is
shown in Fig. 5. Note that the computed ATC is secure and
maximum in some sense.

4. Discussion

There are several patterns for allocation of multi-
dimension ATC. We outline it by two generator buses in
Fig. 6. As the drawing shows, there are infinite points
between point A,B security boundary. It is essential to
discuss which pattern is fair and plausible.

Because the entire security boundary is unknown, we can
only inform the market participants’ ATC message through
the data link network. That is a rectangle region inside the
security boundary. The rectangle region depends on the
current operation condition. It is more flexible for dispatch
demand if the region is as broad as possible. The maximum
area concept supports the requirement, as shown at point C.
The economic consideration supports another choice to allo-
cate, as shown at point D. But as there are many factors
affecting the bidding price in the deregulation system, the
price is hard to forecast. It may be smaller region than the
maximum area one that is available for allocation. We
notice that the proposed concept has considered the
maximum area transaction inside the security shape.
The security shape is composed of the interesting trans-
action buses (2. The concept differs from the others in that
only the maximum transfer capability on the received bus,
as bilateral transfer capacity (BITC) mentioned in paper
[19].

Another benefit for the maximum area concept is fair
allocation, due to the multi-dimension ATC is allocated
by its 1-dimension ATC, respectively. The 1-dimension
ATC denotes the owner right of the available transmission
at that bus. So it is fair to allocate the multi-dimension ATC
by 1-dimension ATC. Anyway, the maximum area supports

ATC of economic consideration

ATC of the maximum volume

The overlap region of the above
two ATC

Fig. 6. The allocation problem for two generator buses.
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a new method for capacity allocation for the purpose of
sufficient use of transmission grid. The essence of maximum
area concept will be more important when the transaction
service is weak and no more facility of grid can be expanded
in the short term.

5. Conclusions

We proposed the maximum area concept and the sensi-
tivity-based algorithm to meet the secure ATC. Beside that,
we can also clearly identify which lines are critical. Simula-
tion tests on 6-bus system and IEEE 30-bus system give us
encouraging results.

Finally, we inspect the allocation of transfer capabil-
ity. Because the more flexible ATC is desired, the maxi-
mum area concept meets the requirement. The other
benefit is fair consideration. The evaluated ATC is
secure enough to assure reliable operation within the
ATC region and the region of ATC is the maximum
in some sense.

Appendix A. The 6-bus system

Current operating conditions (in per unit) are as shown
below:

Bus type | E;| LE; P Q

0 slack bus 1.0500 0.0000 0.98169 0.46156
1 PQ bus 0.9188 —0.2260 —0.52500 —0.05000
2 PQ bus 0.9213 —0.2360 —0.55000 —0.13000
3 PQ bus 0.9367 —0.1763 0.00000 0.00000
4 PQ bus 0.9045 —0.2330 —0.30000 —0.18000
5 PV bus 1.1000 —0.0910 0.50079 0.19800

Network parameters (in per unit) are shown in the follow-
ing table:

Line destination Resistance Reactance
0-1 0.123 0.518
0-3 0.08 0.370
1-3 0.097 0.407
1-4 0.000 0.300
2-3 0.000 0.133
2-5 0.723 1.050
4-5 0.282 0.640

Appendix B. The IEEE 30-bus system

Impedance and line-charging data (impedance and line-

6-bus system

charging data in p.u. on 100,000 kVA base) are shown in the
following table:

Line Resistance Reactance Line-charging
designation p-u. p-u. p.u.
1-2 0.0192 0.0575 0.0264
1-3 0.0452 0.1852 0.0204
2-4 0.0570 0.1737 0.0184
3-4 0.0132 0.0379 0.0042
2-5 0.0472 0.1983 0.0209
2-6 0.0581 0.1763 0.0187
4-6 0.0119 0.0414 0.0045
5-7 0.0460 0.1160 0.0102
6-7 0.0267 0.0820 0.0085
6-8 0.0120 0.0420 0.0045
6-9 0 0.2080 0
6-10 0 0.5560 0
9-11 0 0.2080 0
9-10 0 0.1100 0
4-12 0 0.2560 0
12-13 0 0.1400 0
12-14 0.1231 0.2559 0
12-15 0.0662 0.1304 0
12-16 0.0945 0.1987 0
14-15 0.2210 0.1997 0
16-17 0.0824 0.1923 0
15-18 0.1070 0.2185 0
18-19 0.0639 0.1292 0
19-20 0.0340 0.0680 0
10-20 0.0936 0.2090 0
10-17 0.0324 0.0845 0
10-21 0.0348 0.0749 0
10-22 0.0727 0.1499 0
21-22 0.0116 0.0236 0
15-23 0.1000 0.2020 0
22-24 0.1320 0.2700 0
23-24 0.1320 0.2700 0
24-25 0.1885 0.3292 0
25-26 0.2544 0.3800 0
25-27 0.1093 0.2087 0
27-28 0.0000 0.3960 0
27-29 0.2198 0.4153 0
27-30 0.3202 0.6027 0
29-30 0.2399 0.4533 0
8-28 0.0636 0.2000 0.0214
6-28 0.0169 0.0599 0.0065
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Operation conditions (power in p.u. on 100,000 kVA
base) are shown in the following table

Bus Voltage Phase angle Real power Imaginary
number p-u. p-u. p-u. power p.u.

1" 1.06 0 0 0

2 1.045 0 0.183 —0.127

3 1.0 0 —0.024 —0.012

4 1.0 0 —0.076 —0.016

5 1.01 0 —0.942 -0.19

6 1.0 0 0 0

7 1.0 0 —0.228 —0.109

8 1.01 0 —0.300 —0.300

9 1.0 0 0 0
10 1.0 0 —0.058 —0.020
11 1.082 0 0 0
12 1.0 0 —0.112 —0.075
13 1.071 0 0 0
14 1.0 0 —0.062 —0.016
15 1.0 0 —0.082 —0.025
16 1.0 0 —0.035 —0.018
17 1.0 0 —0.090 —0.058
18 1.0 0 —0.032 —0.009
19 1.0 0 —0.095 —0.034
20 1.0 0 —0.022 —0.007
21 1.0 0 —0.175 —0.112
22 1.0 0 0 0
23 1.0 0 —0.032 —0.016
24 1.0 0 —0.087 —0.067
25 1.0 0 0 0
26 1.0 0 —0.035 —0.023
27 1.0 0 0 0
28 1.0 0 0 0
29 1.0 0 —0.024 —0.009
30 1.0 0 —0.106 —0.019

* Swing bus.

12 10
11
3 9
4
6
@ synchronous compensator

@ generators

The following table shows transformer data:

Transformer designation Tap setting”
4-12 0.932
6-9 0.978
6-10 0.969
28-27 0.968

* Off-normal turn ratio, as determined by the actual transformer-tap
positions and the voltage bases. In the case, the normal turn ratio equals 1.

Static capacitor data (suceptance in p.u. on 100,000 kVA
base) are as follows:

Bus number Susceptance p.u.
10 0.19

24 0.043
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