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Abstract

This thesis concerns the physical limitations of an electric transmission network serv-
ing newly evolving energy markets. The capability of the network is measured in
terms of so-called available transfer capability (ATC), a term recently introduced. In
this thesis various definitions of ATC are evaluated in order to illustrate its multi-
dimensional character. This study is motivated by our perceived need to more care-
fully measure the physical limitations of the network as a function of the energy
market structure in place. The definition presently adopted by the industry is well
suited only for centralized power exchange. To show this, we first review the definition
of ATC as introduced by the North American Electric Reliability Council (NERC).
After a brief discussion of some of the conceptual issues, several recently proposed
definitions of ATC are presented and illustrated using a hypothetical 3 bus power net-
work. These alternative definitions include the system transmission capacity (STC),
load bus transmission capacity (LBTC), and bilateral transmission capacity (BITC).
Secondly, the ATC definitions are evaluated on a 5 bus and a 39 bus electric power
network. Both a linear dc load flow model and a nonlinear coupled load flow model
are employed for calculations. This is made possible by the development of a com-
puter simulation for each model that executes an optimal power flow algorithm to
evaluate ATC definitions. The results show a strong dependence of the transfer capa-
bility available to market participants upon the definition of ATC being applied, with
cases where the STC is not meaningful in the context of bilateral transfers. Finally,
it is shown that ATC is directly related to line flow constraints, it varies with slack
bus choice, and it increases as the minimum load bus voltages are allowed to drop
relative to the generator bus voltages. It is also indicated that STC is more sensitive
to changing these system parameters than other ATC definitions.
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Chapter 1

Introduction

1.1 Historical Perspective

In 1992 the United States Congress developed the Federal Power Act, which has been
interpreted by the Federal Energy Regulatory Commission (FERC) as a mandate to
introduce open-access of transmission resources and generation competition to the
electric power industry. In the following years, FERC issued a Notice of Proposed
Rulemakings (NOPRs) that would hint at the direction FERC was headed and seek
comment from industry. The result of this process occurred in 1996 when FERC
issued Orders 888! and 8892.

The commercial success of an open and competitive electric power market depends
on accurate, up-to-date information about the capacity of the transmission network to
accommodate power transfers requested by the market participants. This information
has been labelled the ATC (available transfer capability) of a network, and it is posted
on a system called OASIS. FERC has ordered that bulk electrical control areas must
provide to market participants a commercially viable network transfer capability for
the import, export, and through-put of energy.

The FERC has deferred the development of technical guidelines for both ATC and

1Promoting Utility Competition Through Open Access, Non-Discriminatory Transmission Service
by Public Utilities; Recovery of Stranded Costs by Public Utilities and Transmitting Utilities
20pen Access Same-Time Information System and Standards of Conduct



the OASIS to the North American Electric Reliability Council (NERC), an industry
group that develops reliability standards and guides for the planning and operation of
electric power systems in the United States and Canada. NERC has brought together
the industry to establish a framework for defining ATC, and is leading a major effort

on formulating key principles of ATC evaluation [2].

1.2 Thesis Objectives

In this thesis we review the definition of ATC as proposed by NERC as well as several
recently introduced definitions, and evaluate these definitions in different scenarios.
The goal is to show a multi-dimensional aspect of ATC through a series of illustrative
calculations. We suggest that the definitions used directly depend on the energy
market structure in place. Some concepts are more suited for centralized (poolco-

like) markets, and others are more effective for facilitating bilateral energy markets.



Chapter 2

Background

2.1 Industry definition of ATC

Available transfer capability has been defined by NERC as the following [3]:

Available Transfer Capability (ATC) of a subnetwork within the U.S. intercon-
nection is a measure of the transfer capability remaining in the physical trans-
mission subnetwork for further commercial activity over and above already com-
mitted uses. ATC is defined as the Total Transfer Capability (TTC), less the
Transmission Reliability Margin (TRM), less the sum of existing transmission
commitments and the Capacity Benefit Margin (CBM). Or put more simply,

ATC = TTC - TRM - CBM - Existing Transmission Commitments
The NERC definition of ATC depends on the following subset of definitions:

Total Transfer Capability (TTC) is defined as the amount of electric power that
can be transferred over the interconnected transmission network in a reliable
manner.

Transmission Reliability Margin (TRM) is the amount of transfer capability
necessary to ensure that the interconnected transmission network is secure under
a reasonable range of system conditions.

Capacity Benefit Margin (CBM) is the amount of transfer capability reserved
by load serving entities to ensure access to generation from interconnected neigh-
boring systems to meet generation reliability requirements.

10



2.2 Purpose of ATC and Challenges

The transmission network is no longer being used in the manner and to the extent
that was planned when it was designed. Open access is generating a greater volume of
transactions, higher frequency of violating transmission line constraints, and increas-
ing number of reservations of transmission service. These effects have introduced a
series of new challenges to industry participants, because transmission service is vital
to the proper functioning of competitive electricity markets [4].

The purpose of calculating ATC and posting it on the OASIS is to further the
open-access of the transmission system by providing a signal of its capability and
availability to deliver energy. ATC should give parties interested in trading power
usable and useful data about the extent to which they may inject or receive power from
the network without violating technical operating constraints. The OASIS system
makes the ATC for a region accessible to market participants through the Internet.
Not only should this allow for a more efficient utilization of and planning for the
transmission network, but more importantly, it should promote competitive bidding
in the generation market.

The key challenge to more efficient utilization of the transmission network is the
inability of a single ATC to adequately capture all the information necessary for each
power transfer across a metwork. Firstly, since each power transfer on a network
reduces the available transfer capability of other potential transfers, the ATC of a
network must be continually updated. Secondly, the ATC of a power transfer on
a subnetwork cannot be evaluated in isolation. In other words, information about
all paths of transmission between the originating and destination buses of a power
transfer must be taken into consideration for evaluating ATC. The importance of this
last point can be illustrated through the simple 3 bus example shown in Figure 2-1.

In order for this example to conform with NERC’s definition of ATC, it is necessary
to define bus 1 and bus 3 respectively as the only generation and load bus on this
subnetwork. The maximum line capacities correspond to transfers above some base

level of operation and are the only system constraints. Also note that bus 2 does not

11



MAX MAX

Figure 2-1: Adding a Path of Transmission to a Subnetwork

participate in any power transfer.

On the left of Figure 2-1, it would be assumed without additional information
that the ATC from bus 1 to bus 3 is 400, which is the minimum of the line capacities
of line;_o and lines_3. Although this would be correct if no alternative lines existed
between bus 1 and bus3, this is rarely the case in an interconnected transmission
network. Adding line;_3 as in the right of Figure 2-1 changes the ATC to 300, as can

be seen from the characterization of this subnetwork’s line flows in Figure 2-2.

500 900
/
MAX MAX
400 100 200 700 100 100
/ A '3 A\ / N\
300 300
el

100 200 \ 200

500 900 MAX

Figure 2-2: Maximum Line Flows of the Subnetwork Example

Because power is not transmitted from point to point but distributed along all
transmission lines, information about the entire interconnected network is necessary
in order to properly calculate ATC. This can become prohibitive for very large scale
networks if ATC has to be posted in real time.

Another challenge facing the usefulness of the currently used ATC definition is the
inconsistency of methods for evaluating it in various parts of the United States [5].

ATC is currently posted as a single network number that measures the ability of the

12



interconnected electric power system to reliably transfer power from one subnetwork
to another over all transmission lines interconnecting the subnetworks for specified
line flows in these interconnecting lines. In a simple network, this form of ATC can
be viewed as the maximum additional power, over some base condition, that can be
received by all load buses from all generator buses according to some set of constraints.

However, the problem with this view is that ATC is actually a multi-dimensional
property of networks. The maximum transmission capacity available to the generators
and loads of a network is not unique for every set of power transfers. What does the
ATC of a transmission network, as defined by NERC, tell a generator about how
much power it can transfer to a particular load? Although this view of ATC can be
regarded as an index of how congested the network is at a particular time, it by no
means presents an accurate estimate of the capacity available to individual bilateral

or multilateral power transfers by market participants.

13



Chapter 3

Alternative Definitions of ATC

3.1 Key Points and Assumptions

A set of alternative definitions for ATC have been recently introduced [6] which
account for different types of power transfers across the transmission network. These
definitions are sufficiently general to be utilized for calculating ATC independent of
industry structure or network topology. However, before presenting these definitions,

several key points and assumptions about ATC should be mentioned.!

1. ATC is an extreme mode of operation of a power system, maximizing some
measure of power transfer from generators to loads.

2. There is no unique way of representing ATC, as manifested by the plurality of
definitions to be presented, though some definitions may be particularly useful.

3. It is necessary when defining ATC to enforce all steady-state and transient
operational and contingency conditions, or ”security conditions.”

4. Operating the transmission network at its transmission capacity does not gener-
ally correspond to an economically optimum level. The network is being pushed
to some extreme state in order to maximize power transfers, not minimize costs.
Any limits on operational costs should be included with the security conditions
as constraints when defining and computing ATC.

5. ATC may vary over the seasons and according to the availability of equipment.
There is increased uncertainty when quantifying it over longer time horizons,

1These are the actual points and assumptions made in the paper [6] that introduced the alterna-
tive definitions of ATC.
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and it may be necessary to expand the following definitions from their deter-
ministic context.

3.2 System Transmission Capacity (STC)

The system transmission capacity (STC) is the maximum total incremental load?
above a normal point of operation that can be securely® transmitted through a given
network from the generation to the load buses. This STC is the conventional definition
of ATC, where the security conditions incorporate all necessary constraints.*

It is important to note that there are no restrictions in this definition on individual
generators or loads such as load uniformity or generation dispatch. These quantities
are completely free to vary unless their individual ranges are constrained within the

security conditions. STC is expressed as:

APd = Z APd,'
i€ Loads

where AP; is the incremental load at bus i, AP, is the total system incremental load,

and S indicates that this maximum lies within the security region.®

3.3 Bus Transmission Capacity (LBTC / GBTC)

The load bus transmission capacity (LBTC) is the maximum real power received at
a given network bus, incremental above a given operating point, that can be securely
transmitted through the network from all system generation buses.

The LBTC; defines the maximum possible incremental load that can be supplied

2A similar definition could have been proposed with total maximum generation, which would
differ by the system transmission losses.

34Securely” implies that all security conditions mentioned above are met.

4These constraints may incorporate the TRM, CBM, and existing transmission commitments
discussed earlier.

5The concept of security regions is beyond the scope of this work. What is important is to realize
that being within the security region implies that all security conditions are met

15



by the network to a particular bus i. No assumptions are made about where this power
is generated, and all generators may vary within their individual limits of operation.

However, all incremental loads are set to zero except for bus i. LBTC is expressed as:

APy = 0; j#i

Analogously, a generation bus transmission capacity may be defined as the maxi-
mum power that can be sent from a given bus to the all load buses. In general, LBTC
and GBTC are not equal even if calculated at the same bus since, in a system with
transmission limits, the ability of a bus to send and receive power may differ. GBTC

is expressed as:

Ang == 0,];’5’1,

The LBTC and GBTC define upper bounds on the capacity of a given bus to
receive or send power from or to other buses in the network regardless of the con-
sequences that operation at this bound may have on the capacity to send or receive
power at other network buses. Although it would not be normal to operate at these
maxima due to the sharp reduction in the transmission capacity of other buses, these
definitions do provide a measure of the extent to which a given bus may participate in
power interchanges. For example, the LBTC and GBTC can serve as upper bounds

on any potential incremental interchange from or into the network, as represented by

—-LBTC; < AP, < GBTC;

where AP, is defined as the real power injection into bus i.
In the Figure 3-1, all incremental loads in Network 1 and all incremental gener-

ators in Network 2 are set to zero. Thus, LBTC; and GBTC; give an indication of

16



AP

LBTC; GBTC;
NETWORK 1 = @ = NETWORK 2

Figure 3-1: LBTC & GBTC as Bounds for an Incremental Power Interchange

how much incremental generation AP;, above the normal point of operation, can be

provided by Network 1 to Network 2 through Bus i.

3.4 Bilateral Transmission Capacity (BITC)

The bilateral transmission capacity (BITC) is the maximum real power, incremental
above a given operating point, that can be securely received at bus i from bus j. It is
a special case of LBTC in which only one particular generator transmits power. As
with the previous definitions, BITC is an extreme mode of operation that will limit
the capacity of other buses to transfer power. Nevertheless, BITC provides an upper

bound to limit potential bilateral transactions. BITC is expressed as:

BITCU = mSE,lX APdi (34)
Ang - 0; k 75]
APdm = 0; m 75 1

The BITC could also have been defined in terms of the power sent from one bus to
another. A natural extension of this definition is to represent multilateral exchanges

between sets of load buses and generation buses rather than single pairs of buses.

3.5 3 Bus Network Example

The following 3 bus network example is presented in order to illustrate how the

alternative ATC definitions may be defined and calculated. The objective of this

17



example is to give a better sense of how, even in such a simple 3 bus scenario, ATC

must be defined in terms of the underlying power transfers taking place.

@ 100 20 @ MAX[75] @ 80
60
1V a ¥ ¥ s

-

MAX[120]

Y

MAX][50]
\20 NETWORK 2

80\

¥ 2

) ; MAX[120] MAX[50]
—_—
? 60 ? ?
20 MAX[75] -80 -100

Figure 3-2: 3 Bus Network Example for Calculating ATC

Networks 1 and 2 are almost identical except for the number of generators and
loads. Figure 3-2 shows the maximum line capacities and the nominal power injections
and flows for each network. In order to calculate a particular definition of ATC, it
will be necessary to know how 1 unit of incremental power injected or received at a
particular bus will flow through each network. This information is made available in
the incremental line flow networks shown in Figure 3-3 and Figure 3-4. In each figure,
superposition is used to combine the left and right networks to produce the central

network where all buses participate in incremental power transfers.

6
APpy=2 APp;=38

Figure 3-3: Incremental Line Flows for Network 1 of the 3 Bus Example

18



APD=1

Figure 3-4: Incremental Line Flows for Network 2 of the 3 Bus Example

The only security constraint in this simplified example will be that the maximum
line capacities shown in Figure 3-2 are not exceeded. The maximum incremental
injection or load for each combination of buses will be found by looking at the set of

inequalities representing the flows on each line.

Nominal Line Flow + kx AP < Maximum Line Flow (3.5)

where nominal and mazimum line flows are obtained from Figure 3-2, &k (a constant
representing the fraction of incremental injections flowing in each line) is obtained
from the appropriate incremental line flow network in Figure 3-3 or Figure 3-4, and
AP is solved for as the incremental power transfer being maximized.

From the alternative definitions of ATC presented earlier, STC is the maximum
incremental power, beyond some nominal operating point, that can be received by
all load buses from all generator buses while not violating any security constraints.
Thus, STCxgrwork: is the maximum APp = APp, + APp; that can be received by
buses 2 and 3 from the generator at bus 1 while P;; < | max (P,;)] for all line flows.®

Using Equation 4, max (APp) can be found by solving:

80 + 8xAPp

IN

120
20 + 2xAPp < 30

6Note that all networks in this example are lossless and thus APp = AFPg.
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60 + O6xAPp < 75

It can easily be seen that the third inequality is the limiting case, which means that
lines_s is first to reach its capacity, and that STCxgrwork: = 25. From the definition
of GBTC previously given, it should be noted that GBTC; = STCngTwork: since
Network 1 has only one generator bus. 7

In order to calculate LBTC,, bus 3 is not allowed to receive any incremental
injection from bus 1 beyond the 80 units already being transfered at the nominal

operating point. 8 The inequalities used to calculate max (APps) are:

80 + 8xAPp,

IN

120

20 4+ .2x APDQ

IN

50
60 + .2xAPp < 75

The limiting case here is the first inequality, which means that line;_5 is first to
reach its capacity. Thus, LBT'C, = 50. Proceeding in a similar manner, it is found
that LBTC; = 18.75 as line,_3 reaches its capacity. Furthermore, by the definitions
of BITC given earlier, BITC,_; = LBTC, and BITC;_; = LBTC5. ° The ATC
definitions for Network 2 can be calculated in the same way. The difference here is
that there are two distinct values for GBTC and that STCnerworkz = LBTCs. *°
The ATC values for both Network 1 and 2 are summarized in Table 3.1.

It is apparent from the results obtained in this 3 bus example that the manner
in which ATC is defined and calculated has a significant impact on the possibilities
open to the buses on a network. For instance, bus 2 would be misled by judging the
maximum power that could be received from Network 1 to be STC = 25, which is the
conventional definition of ATC. In fact, as can be seen from the value of LBTC; = 50,

bus 2 would be underestimating by a factor of 2. On the other hand, bus 3 would

7 Another important condition is that the network is lossless. In general, GBTC is the special
case of an STC calculated from the generator buses. If losses exist, GBT'C cannot be equal to the
conventional STC which is calculated from the load buses.

80nce again, note that APp; = APg because the network is lossless

9This is because there is only one generator bus in Network 1 from which all power at the load
buses is received

10This arises from the fact that there are 2 generator buses and only 1 load bus

20



Network 1 Network 2

STC = GBTC, 25 STC = LBTCs 25
LBTCy = BITCy; 50 GBTCy = BITCs_4 50
LBTCs3 = BITC3_, 18.75 GBTCs = BITCg_5 18.75

Table 3.1: ATC values for the 3 Bus Example

overestimate the amount of power available from Network 1 by looking only at the
STC, and could potentially cause damage to the network if a transfer of more than
LBT(C5 = 18.75 occurs.

Finally, the values of GBTC for Network 2 show that bus 4 is able to deliver
more than twice what bus 5 can deliver to bus 6. If only the STC for Network 2
was available, bus 4 would not be able to take advantage of its favorable position
on the network and profit from selling up to GBT'Cy = 50 units of power to bus 6.
Conversely, bus 5 would be unaware that it is incapable of delivering more than a

maximum of GBTCs = 18.75 units of power.

21



Chapter 4

Linearized Model-Based ATC

Calculations

4.1 Method of Calculation

In order to evaluate ATC for larger networks, more involved methods of calculation
are required. It is no longer feasible to calculate the incremental line flows for every
combination of injections on a network and then solve an inequality for each line, as
was done in the 3 bus example. For the 5 bus and 39 bus networks to be analyzed,
computer simulations were used to perform the necessary calculations.

The preliminary data that is typically available about a network is the topology
and parameters such as the resistance, reactance, and capacitance of each line. Nom-
inal power injections are also specified at each bus, as well as the voltages at each
generator bus.! In more realistic networks, it also becomes necessary to define a slack
bus, which is a generator bus that is used for the purpose of calculation and loss
compensation?.

A simulation has been developed on Matlab for each model to be used for calcu-

lating ATC. A linear dc load flow model and a non-linear coupled load flow model

1These specifications are explained in Appendix A. Note that generator bus voltages are not used
in the linear model
2See Appendix A
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have been chosen so that a comparison can be made of the resulting ATC values. Al-
though each model has its own methodology, the maximization of incremental power

injection in both cases is treated as a constrained optimization problem.

4.2 DC Load Flow

The first model used is the dc load flow model [16], which provides approximate
but simple relationships between generation and demand levels at the buses and real
power flows through the lines of a network. The real power z; flowing from bus 1 to

bus 2 along line i in a network and is given by®

212 = G,[Vf - V]V’2 COS (51 - (52)] + Qz‘/l‘/Z sin (51 - (52) (41)
_ R,
Gi = R? + X2
X;
% = mix

where V and § are the voltage and phase angle at a particular bus, and R; and X;
are the line resistance and reactance.

The series of assumptions are made in the dc load flow model greatly simplify the
calculations required to obtain the power flows through a network. Firstly, the phase

angle difference between buses is assumed to be small in magnitude so that

cos(d; —dp) =~ 1 (4.2)
sin ((51 — (52) ~ ((51 — (52)

Secondly, given that a per unit system is being used?, it is assumed that V; ~ 1

and V, =~ 1 so that Equation 4.1 reduces to®

22 = (61 —d2) (4.3)
3See Appendix A
4See Appendix A.
5Note that using the approximation of Equation 4.3 yields a lossless line since 212 = —221
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Although a major drawback of this model is losing the ability to observe any
changes in bus voltages or line losses, these assumptions are often used in actual
utility operations and planning for transmission lines. The results thus obtained are
highly useful for characterizing power flows and providing intuition about which lines
will first reach their capacity when pushing a network to its extreme, as is done in all
ATC calculations.

In order to proceed with how the dc load flow model solves the line flows as a

function of network characteristics and bus injections, the following variables need to

be defined [16]:

Npg: Number of buses

Np: Number of lines

y: Np — 1 vector of bus injections (generation - demand) at all buses except the slack bus.
Q: Np x Ny, diagonal matrix of the reactances €2;

A: N x (Np — 1) reduced network incidence matrix®

z: Ny, vector of line flows

6: Ng — 1 vector of voltage angles at each bus except the slack bus where § =07

Since the sum of all power entering a bus is zero,

y = ATz (4.4)
The matrix form of Equation 4.3 is

z=QA0 (4.5)
Combining Equations 4.4 and 4.5 yields

y = ATQAS (4.6)

6This is a matrix with 0, 1, -1 elements corresponding to network interconnections. The 5 bus
example presented later in this chapter illustrates how it is constructed.
"Note that AJ is the vector of angle differences across lines
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Solving for § yields
§ = (ATQA)ly
Substituting into Equation 4.5 yields

z = Hy (4.7)
H = QAATQA)!

H is called the transfer admittance matrix and is the essence of the dc load flow
model since it combines any combination of a network’s bus injections y to yield a
vector of the line flows z.

Once the transfer admittance matrix has been calculated, the various definitions
of ATC may be obtained using computer simulation to maximize the injections® at
all relevant buses without violating any line constraints. This procedure may be

summarized as

max(}'inc); z = H(Y""'Yinc), Z < Zmax

where yinc is @ Np — 1 vector of incremental bus injections® and Zmax is a Ny, vector

of line constraints.1®

8The incremental generation is maximized and the incremental load is minimized since it is
negative

9This vector is all zeros except for a 1 at each generator bus and a -1 at each load bus that
is participating in incremental injections as required by the ATC definition being evaluated. For
example, if BITC;_; was being evaluated, then y;,. would be all zeros except for a -1 at bus 1 and
a1l at bus 2.

10The only security condition that is applied in evaluating ATC is not violating any flow con-
straints, except for the section in Chapter 6 where voltage constraints are also applied
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4.3 5 Bus Network

The following 5 bus network is one of the two networks that will be used in evaluating

different definitions of ATC:!!

Z%Al 3

IR

Figure 4-1: 5 Bus Network

The nominal bus injections!? and line flows of the 5 bus network, Yipitia and
Zinitial, are presented in Table 4.1 and Table 4.2. The final bus injections and line
flows resulting from calculating STC with the linear model, Yina and Zyina, as well

as the line flow constraints, Z,,z, are also included as a basis for comparison.'®

Bus # Yinitial Yiina
4 -1.2005 -1.8390
) -1.1988 -2.2108
3 0.4234 0.4732
2 0.9992 2.6000

Table 4.1: Nominal & Final Injections for the Linear 5 Bus Network

11The network parameters are available in Appendix B
12The injection at Bus 1, the slack bus, is 0.9766 p.u. and has been held constant.
13These nominal conditions are present before evaluating any definition of ATC.
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From To Zinitial Z final Zmas
3 1 0.3633 0.4000 0.4000
3 4 0.0601 0.0732 0.4000
2 1 -0.1370 0.3000 0.3000
1 4 1.2029 1.6766 2.3000
4 ) 0.0625 -0.0892 -0.2000
2 ) 1.1363 2.3000 2.3000

Table 4.2: Nominal & Final Line Flows for the Linear 5 Bus Network

In calculating the STC of the 5 bus network, the power received at load buses 4
and 5 was increased until a line flow constraint was violated'* The resulting maximum

incremental bus injections are shown in Table 4.3.

Bus # Yine
4 -0.6385
5 -1.0120
3 0.0498
2 1.6008

Table 4.3: Incemental Injections at the STC of the Linear 5 Bus Network

Evaluating STC, which is the sum of the maximum incremental power that can be
received at the load buses 4 and 5, has lead to a disproportionate increase in power
injections.'”® Load bus 5 receives approximately twice the incremental injection of
load bus 4, and generator bus 2 almost exclusively provides this incremental injection
to both loads.

The results of evaluating the other definitions of ATC with the linear model are
presented in Table 4.4. These results indicate that the available transfer capability

for a power transfer across the 5 bus network strongly depends upon the associated

4Table 4.2 shows that lines;, lines;, and liness were the first to reach their maximum capacity.
15Evaluating STC implies that both load buses are participating in a power transfer from both
generator buses.

27



STC -1.6505
LBTC, -0.7305
LBTCs -1.2498
GBTC, 1.6008
GBTC, 0.0411
BITCy -0.6767
BITCy -0.0411
BITCs; -1.2363
BITCs; -0.0406

Table 4.4: ATC Definitions Evaluated with Linear Model on the 5 Bus Network

origin and destination buses. Consequently, the different definitions of ATC can lead
to significantly different evaluations of how much power can be transferred.

For example, the value of LBTC} suggests that load bus 4 has less than half the
capability of receiving power than would be indicated by the STC alone. Moreover,
within the context of a specific bilateral power transfer from generator bus 3 to load
bus 4, the STC provides no meaningful indication of how much power can actually
be transfered, as can be seen from the value of BITClys.

Another important observation is the significant difference between the maximum
power that can be injected by buses 2 and 3. Although generator bus 2 can use the
STC as a good indication its available transfer capability, generator bus 3 has only
a marginal transfer capability and cannot use the STC to make any decisions about

how much power it can inject.
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4.4 39 Bus Network

The second network used to evaluate ATC definitions is the 39 bus network repre-

sented by the following schematic'®:

1 Load Buses 29

30 Generator Buses 38

Figure 4-2: 39 Bus Network

The results of evaluating some ATC definitions on the 39 bus network with the
linear model are shown in Table 4.5. The difference between STC and GBTCss
is considerable, which implies that generator bus 39 should be careful about making
decisions about how much power to inject based solely on the information provided by
the system transmission capacity.!” Moreover, there is little conformity in the amount
of power that can be received by different load buses either in bilateral transfers or

from the entire network.

STC -8.0100
LBTC; -3.0000
LBTCy -1.3200
GBTCsg 2.5000
BITC;_3s -1.5295
BITCy-33 -0.5208

Table 4.5: ATC Definitions Evaluated with Linear Model on the 39 Bus Network

16The network parameters are available in Appendix B
17Note that STC is the current industry definition of ATC.
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Chapter 5

Non-Linear Model-Based ATC

Calculations

5.1 OPF with Coupled Load Flow Equations

The nonlinear model that is used to calculate the different ATC definitions uses
coupled load flow equations without any simplifying assumptions. Using computer
simulation, an optimal power flow scenario is formulated that minimizes! incremental
power injections at all relevant load buses. In general, an optimal power flow solves
the basic load flow problem? according to some set of constraints while optimizing
a desired performance index. The set of constraints used are the maximum line
flows, and the performance index chosen is the sum of incremental injections at all

participating load buses.?

Incremental load is defined as being negative.
2See Appendix A for a derivation of the basic load flow problem.
3See Appendix C for a description of the optimal power flow problem.
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5.2 5 Bus Network

The nominal and final conditions resulting from using the nonlinear model to evaluate

the STC of the 5 bus network are presented in Table 5.1 and Table 5.2.4

Bus # | Yiitia Yiinat | Vinitia  Viina | Oimitiat O final
4 -1.2005 -1.8662 | 0.9865 0.9789 | -0.0091 -0.0107
) -1.1988 -2.1710 | 0.9877 0.9776 | -0.0249 0.0064
3 0.4234 0.6625 | 1.0000 1.0000 0.0230 0.0345
2 0.9992 2.6000 | 1.0000 1.0000 | -0.0144 0.0303
1 1.0680 0.9995 | 1.0000 1.0000 0 0

Table 5.1: Nominal & Final Conditions for the Nonlinear 5 Bus Network

From To Zinitial Ztinal Zmaz
3 1 0.2535 0.4000 0.4000
3 4 0.1704 0.2625 0.4000
2 1 -0.1421 0.3000 0.3000
1 4 1.1270 1.5810 2.3000
4 ) 0.0719 -0.0747 -0.2000
2 5 1.1413 2.3000 2.3000

Table 5.2: Nominal & Final Line Flows for the Nonlinear 5 Bus Network

This nominal bus injections of the nonlinear model are identical to those of the
linear model except for the increased power injected at the slack bus, which is included
here to show the effect of loss compensation.® Moreover, the nominal line flows are
comparable, though not identical, to those of the linear model. After maximizing the

incremental power received at the load buses, the resulting bus injections and line

4The values presented in theses tables are defined analogously to the ones used in Table 4.1 and
Table 4.2. Note the additional values for bus voltage (Vinitial, Vfinat) and phase angle (initiat, 8 finat)
resulting from using the nonlinear model.

5The slack bus has been allowed to have a small but nonzero change in reaching a solution with
the nonlinear model. This has been done for ease of calculation in the presence of losses and does
not affect the meaning of the results.
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flows are also very similar to the values obtained using the linear model. In fact, the

same lines reach their flow constraints at the STC evaluated with both models.5

Bus # Yine
4 -0.6657
5 -0.9722
3 0.2391
2 1.6008

Table 5.3: Incemental Injections at the STC of the Nonlinear 5 Bus Network

The distribution of incremental bus injections in evaluating the STC of the 5 bus
network with the nonlinear model are also comparable to the values obtained with
the linear model. The only significant difference is the increased power injection at

bus 3 which results because of the presence of losses when using the nonlinear model.

STC -1.6379
LBTC, -0.7553
LBTC;s -1.2006
GBTC, 1.5999
GBTCs 0.1718
BITCy, -0.6050
BITCy3 -0.0284
BITCs, -1.1695
BITCs3 -0.0258

Table 5.4: ATC Definitions Evaluated with Nonlinear Model on the 5 Bus Network

Although the differing results of evaluating each ATC definition with the linear
and nonlinear models cannot be predicted with certainty, it can be seen that in most
cases the linear model overstates available transfer capacity. Nevertheless, the results

obtained from the nonlinear model are very similar to those obtained from the linear

8These lines are lines;, lines; liness.
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model, reinforcing the observation that different ATC definitions have an impact on

the available transfer capability of a network that cannot be ignored.

5.3 39 Bus Network

It is not an easy task for the nonlinear model to converge to a solution with the 39
bus network. The load flow equations are difficult to solve in general, and when the
set of constraints imposed by the optimal power flow formulation are applied, the
probability of finding a feasible solution further diminishes. The following results are
presented as a comparison with those of the linear model, as well as a confirmation of
the validity of previous observations when using the nonlinear model on the 39 bus

network.

STC -5.2971
LBTC, -1.9968
LBTCqy -1.3185

Table 5.5: ATC Definitions Evaluated with Non-linear Model on the 39 Bus Network

Although the values for LBTC' are comparable to the results of the linear model,
the STC of the 39 bus network is significantly lower. Once again, the linear model has
overstated the ATC of the transmission network due to the simplifying assumptions it
makes. Nevertheless, the difference between STC and how much power can be received
by a load bus from the entire network is apparent from the results in Table 5.5. It
should be mentioned here that the computing time necessary to arrive at the results
presented in Table 5.5 was approximately 30 minutes on a SGI workstation. This
implies that serious computational power would be required if more extensive ATC

information is demanded in real time.
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Chapter 6

Changing System Parameters

6.1 Flow Constraints

It is clear that increasing the line flow constraints of a network will generally increase
ATC regardless of which definition is used. Table 6.1 shows some results of evaluating
the STC, LBTC, and BITC of the 5 bus network with the linear model. Uniform
flow constraints are used on each transmission line for simplicity. It is interesting
to note that increasing flow constraints has a more pronounced effect on ST'C' than
BITC because the incremental power can be more widely distributed throughout the
network. An important implication here is that STC, as a definition of ATC, is more

sensitive than other definitions to wrong estimates or growth forecasts of the line flow

capacities of a transmission network.

ATC Definition Lmaz = 3 ez = 4 Lmaz = D
STC -3.9601 -6.0799 -8.1997
LBTC, -2.8327 -4.4090 -5.9852
BITCy3 -2.1356 -3.3239 -4.5122

Table 6.1: Evaluating ATC definitions with Different Flow Constraints
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6.2 Dependence on the Choice of a Slack Bus

Changing the slack bus not only affects the evaluation of ATC, but also the nominal
load flow conditions. The following results illustrate the effect of changing the slack
bus upon nominal bus injection, Yinitiar, as well as STC, LBTC, and BITC on the 5
bus network. The nonlinear model has been chosen because the linear model does not
allow the slack bus to change when maximizing incremental injections. Consequently,
the values obtained will not be affected by any constraints imposed on the slack bus

explicitly by the calculations.

Bus # | Slack Bus 1 | Slack Bus 2
4 -1.2005 -1.2005
5 -1.1988 -1.1988
3 0.4234 0.4234
2 0.9992 0.9995
1 1.0680 1.0667

Table 6.2: The Effect of Changing the Slack Bus on Yinitia

Table 6.2 shows that changing the slack bus has a nonzero effect on the nominal
injections at the buses being switched. Other bus injections cannot change because
they are defined as inputs to the load flow problem.! However, without redefining the
nominal power injections at the generator buses, which are typically not identical,
simply switching slack buses will generally have a nonzero impact on the initial load
flow solution.?

Switching the slack bus seems to have a more significant effect on STC and LBTC
than on BITC. In fact, while Table 6.3 shows a dramatic change in LBTC, and
LBTCs due to the change of slack bus, neither BITCy3 nor BIT Cs3 show any change
at all. This is not the case in general, but it is a fair observation that the BITC

between two particular buses is not as sensitive to changing the slack bus as other

1See explanation of PV and PQ buses in Appendix A.
2This is also true when using the linear model.
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ATC Definition Slack Bus 1 Slack Bus 2
STC -1.6379 -1.4179
LBTC, -0.7553 -1.3433
LBTC} -1.2006 -0.2363
BITCys -0.0284 -0.0284
BITCs3 -0.0258 -0.0258

Table 6.3: Evaluating ATC definitions with Different Slack Buses

ATC definitions. The reason behind this observation is that, when evaluating STC
or LBTC, one of the generators supplying the load buses is affected when the slack
bus is switched. On the other hand, since the generator in a bilateral transfer cannot

be the slack bus by definition, changing the slack bus should only have a marginal

impact on BITC if any at all.
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6.3 Voltage Constraints

The effect of imposing voltage constraints on the evaluation of ATC is exclusive to
the nonlinear model.®> The relationship between voltage and transfer capability has
already been explored in other studies [17]. For example, it has been shown that the
difference between the voltages at the generator and load buses is directly proportional
to the real power transfer capability of a network.

Therefore, it makes sense that as the minimum load bus voltage allowed on the
5 bus network increases, which effectively lessens the difference between generator
and load bus voltages, all ATC values should generally decrease. Although this re-
lationship is not strictly held due to the nonlinearity of the load flow equations, the
following figures show that STC, LBTC, and BITC will generally decrease as volt-
age constraints restrict the load bus voltages from moving away from the generator

bus voltages.

25
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Figure 6-1: Variation of STC with Voltage Constraints

3 All voltages are assumed to be constant at 1 p.u. in dc load flow calculations.
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Figure 6-2: Variation of LBTC, with Voltage Constraints
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Figure 6-3: Variation of BITCy, with Voltage Constraints

The data points used in the figures above are available in Appendix D. The re-
lationship between minimum load bus voltage and the various definitions of ATC
appear relatively linear. Moreover, the effect of changing voltage constraints on STC

seems more unpredictable than on LBTC or BITC.
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Chapter 7

Conclusions

Although using a system transmission capacity to represent ATC can provide a general
indication of a network’s level of congestion, it has been shown that in many cases the
transfer capability available to network buses needs a more accurate representation.
More specifically, the results obtained from the computer simulations developed for
this thesis indicate that it is meaningful and necessary to utilize definitions such
as LBTC, GBTC, and BITC to characterize the capability of power transfers on a
transmission network depending on the type of energy market in place.

Not only have the results obtained shown a significant difference between values
of STC and other definitions, but also between the values of the ATC definitions

themselves. Some relevant implications that have emerged from the results are that:

1. GBTC can be used as an indication of how advantageous one generator’s po-
sition on a transmission network is relative to other generators in terms of the
maximum incremental power it can inject beyond some nominal operating con-

dition.

2. There is an important distinction made by the difference between LBTC and
BITC regarding the maximum power that can be received by a load bus through
the network. For example, even though each bus has a unique LBTC at each
moment in time, the power it can receive from different generator buses can

vary significantly. Thus, even LBTC cannot be used too freely in determining
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the ATC of a bilateral power transfer.

3. STC is more sensitive than other ATC definitions to changing system parame-
ters such as line flow constraints, voltage constraints, and choice of slack bus.
Thus, any errors in calculating or forecasting theses system parameters will have

a more significant impact on the values of STC.

There are many remaining open questions concerning the meaningful concept of
ATC. One obvious next step would be to study the implications of these definitions
on computing physical limits of a large interconnection comprising several energy

markets.
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Appendix A

Basic Load Flow Problem

Each line in a power network connecting a pair of buses can be modeled as follows:

S12

1 —_—

Va

Bus 1 Bus 2

Figure A-1: Model of Transmission Line

where R, and X, and the lumped resistance and reactance of the entire line;s.
The complex power S;2 on the transmission line sent from bus 1 to bus 2 is defined

in terms of the complex bus voltages and network parameters as

Vi — Vo *
sm=v1f2=vl(1 2)

7)) = A=) Y = (M- Y
where * denotes a complex conjugate and Zy3 = Ry2 +J Xi2 = Y5

The real power Pj; and reactive power Q2 injected at bus 1 are obtained by
taking the real and imaginary parts of Sio. Since V; and V5 are complex, Vi - V' may

be expressed as |Vi||Va| €/(®*=%). Thus, the equation for S, may be expanded to

Si2
Si2 = (|Vi]* = |VA||Va| cos 812 — 3]VA||Va| sin 612) - (G12 — jBi2)

aaaang eI 01=%)) . (G1 — jBi2)
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where Yo = Gi2 + j Bio and 815 = &, — 65 Using this representation of Sis, the real
and reactive power injected at bus 1 may be separated and expressed in terms of real

voltage magnitudes, phase angle difference, and network parameters as

P = (V2=ViVacosdyy) - Grz — Bia ViVesindi

Q12 — (V2 — ViV cos812) - Biz — Gi2 ViVasindy,

I

In formulating the basic load flow problem, all the load buses of a network are
specified as PQ buses where real and reactive power are given. Similarly, all generator
buses except one, the slack bus, are specified as PV buses where the real power and
bus voltages are given. The slack bus is a generator bus which is specified as an ideal
voltage source with Vyjaer =1 €.

The basic load flow problem is the solution of all bus voltages V;, phase angles
6;, and real and reactive power injections P; and @Q; at each bus i, given the network
parameters and specifications of the PQ and PV buses. This problem must be solved
iteratively with numerical techniques such as the Newton-Raphson method!.

In order to solve the load flow problem [18], the equations specifying the real and
reactive power through each line must be used in conjunction with Kirchoff’s law at
each bus (P; = ¥jec, Py and Qi = X jec; Qi; where C; indicates all lines connected to
bus i). The set of these equations for bus injections and line flows are the coupled load
flow equations. The role of the slack bus in solving these equations is compensating
for transmission losses.

It is often more convenient to use a per unit system [18] when calculating power
flows. This is done by expressing all electrical quantities as proportions of appropri-
ately chosen reference levels. For example, if these reference levels are specified as
Vies = 50 kV and I,.; = 10004, then the electrical quantities of a bus operating at
52 kV and injecting 1100 A can be normalized to V = g—g =1.04pu, J =180 —-11

1000

p.u.. Other quantities such as power and impedance can be similarly normalized.

1A description of the numerical techniques used to solve the load flow problem is beyond the
scope of this thesis

42



Appendix B

Network Parameters for the 5 and

39 Bus Networks

From To R X Zmaz
3 1 0.010 0.001 0.4
3 4 0.100 0.010 04
2 1 0.010 0.100 0.3
1 4 0.010 0.010 2.3
4 5 0.100 0.100 0.2
2 5 0.010 0.010 2.3

Table B.1: 5 Bus Network Parameters

The line flow constraints, Z,,,;, were chosen after analyzing the nominal line flows
of the 5 bus network using both the linear and nonlinear models. This was done to
insure that a feasible solution existed prior to any maximization of incremental power

injections.
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From To R X Zmaz
1 2 0.003500 0.004110 1
1 38 0.002000 0.005000 1
1 38 0.002000 0.005000 1
2 3 0.001300 0.001510 1
2 25 0.007000 0.008600 1
3 4 0.001300 0.021300 1
3 18 0.001100 0.013300 1
4 5 0.000800 0.012800 1
4 14 0.000800 0.012900 1
5 6 0.000200 0.002600 1
5 8 0.000800 0.011200 1
6 7 0.000600 0.009200 1
6 11 0.000700 0.008200 1
7 8 0.000400 0.004600 1
8 9 0.002300 0.036300 1
9 38 0.001000 0.025000 1

10 11 0.000400 0.004300 1
10 13 0.000400 0.004300 1
13 14 0.000900 0.010100 1
14 15 0.001800 0.021700 1
15 16 0.000900 0.009400 1
16 17 0.000700 0.008900 1
16 19 0.001600 0.019500 1
16 21 0.000800 0.013500 1
16 24 0.000300 0.005900 1
17 18 0.000700 0.008200 1
17 27 0.001300 0.017300 1
21 22 0.000800 0.014000 1
22 23 0.000600 0.009600 1
23 24 0.002200 0.035000 1
25 26 0.003200 0.032300 1
26 27 0.001400 0.014700 1
26 28 0.004300 0.047400 1
26 29 0.005700 0.062500 1
28 29 0.001400 0.015100 1
2 30 0.000000 0.018100 1
6 39 0.000000 0.050000 1
6 39 0.000000 0.050000 1
10 31 0.000000 0.020000 1
12 11 0.001600 0.043500 1
12 13 0.001600 0.043500 1
19 20 0.000700 0.013800 1
19 32 0.000700 0.014200 1
20 33 0.000900 0.018000 1
22 34 0.000000 0.014300 1
23 35 0.000500 0.002720 1
25 36 0.000600 0.002320 1
29 37 0.000800 0.015600 1

Table B.2: 39 Bus Network Parameters
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Appendix C

Optimal Power Flow Formulation

The general formulation of the OPF problem uses the same preliminary data as the
basic load flow problem (network parameters and specifications of PQ and PV buses),
and solves for the same variables (V, 4, P, and @ at all buses). However, there are
two major departures [19].

The first one is the presence of a criterion for solving the load flow problem. This
criterion is expressed in terms of the maximization (or minimization) of a performance
index. In calculating ATC, this index has been defined as the sum of incremental in-
jections at all load buses relevant to the definition of ATC being evaluated. The
second departure is the explicit inclusion of inequality constraints that typically rep-
resent the security conditions that have to be met. The only constraints that have
been used in calculating ATC in this thesis, unless otherwise stated, are the flow
constraints for each network.

The OPF formulation used to calculate ATC may be summarized as minimizing

index = ) yh
i€La
where ¢ is the incremental power at bus i and La are the incremental load buses.

This minimization is done subject to the equality and inequality constraints

f(vG7p7QL) =0

9(2i5,255%) < 0
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where f is a vector of the load flow equations (vg : generator bus voltages, p : real
power at all buses, gz, : reactive power at load buses) and g is a vector of the flow

constraints (z;; : real power flows, 2{7%° : maximum real power flows).
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Appendix D

Voltage Constraints and ATC

Vimin STC | LBTC, BITCy Va Vs
0 | -3.4410 -5.7451 0.9469 | 0.9824
9250 | -3.4409 -5.7140
9350 | -3.4408 -4.6655 0.9469 0.9824
9450 | -3.4408 -4.3617 -4.3617 | 0.9469 0.9824
9475 -3.4063 -3.2251 0.9475 0.9822

9500 | -3.2561 -3.2271 -3.9024 0.9500 0.9817
9550 | -2.9380 -2.9790 -3.4251 0.9550 0.9805
9650 | -2.6157 -1.9651 -2.2820 0.9669 | 0.9650
9700 | -2.6761 -1.7920 -1.8731 0.9700 0.9700
9750 | -0.9774 -1.2659 -1.3356 | 0.9785 0.9864
9800 | -1.3409 -0.6924 -0.4123 0.9802 0.9800
9825 -0.8518 -0.4150 0.9825 0.9832
9850 | -0.4090 -0.1791 -0.1793 0.9850 0.9850

Table D.1: Data Points for Comparing Voltage Constraints with ATC Definitions

The empty cells in the table above correspond to missing data points resulting
from the inability of the optimal load flow simulation used to find a solution for certain
combinations of voltage constraints and ATC definitions. Vi, refers to the minimum
load bus voltage constraint, while V; and V5 are the actual voltages at buses 4 and 5

after evaluating each definition of ATC.
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