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by
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Abstract

This thesis is concerned with the basic problem of computing how much power is lost in
transferring across an electric power network, as the power is injected into particular nodes
of the network that represent points of power supply and taken out at other nodes, that
represent points of power consumption. This topic is revisited because of an increased
tendency for economic transfers that go beyond the transfer levels at which transmission
loss is relatively small, together with the questions of compensation for transmission losses in
a deregulated/competitive power industry, including possible compensation of transmission
losses at the end-user level, i.e., at the level of their cause. The question posed in this thesis
is if the localized response of system voltages and angles to input changes could be used to:
(i) locally estimate transmission losses caused by an end user, keeping in mind availability
of real-time information networks, and, (ii) compensate for these losses by injecting the
power corresponding to this estimated transmission loss, and not be dependent on the cost
for this service dictated by someone else.

Thesis Supervisor: Marija Ili¢
Title: Senior Research Scientist
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Chapter 1

Introduction

This thesis is concerned with what may appear to be a well-understood and extensively
researched topic in the electric power engineering. The basic problem is the one of computing
how much power is lost in transferring across an electric power network, as the power is
injected into particular nodes of the network that represent points of power supply and
taken out at other nodes, that represent points of power consumption. This problem is not
unique to the electric power networks. The problem has been of much interest in all other
electric networks, for various reasons. In smaller (than electric power networks) scale electric
networks the losses of the network are of interest either because of thermal constraints on the
hardware, or because of a need to design circuits whose efficiency, as measured in terms of
voltage and/or current sources needed to meet the performance specifications of the circuit,
is high. The well-known maximum power transfer theorem [5, 4] provides an analytic bound
on how much is the most power that could be transferred from a source to a demand point.
In the simplest case of a single source connected to a single load, maximum power that
can be delivered to the load is half of total sent; the other half amounts to the resistive
losses of the network. Obviously, at the point of maximum power transfer the loss is very
high compared to the ratio of the power delivered, i.e., the efficiency is only 50%. For this
reason, network design is such that the system operates relatively far from the conditions
defined by the maximum power transfer.

To consider the problem of transmission losses for electric power networks in the context
of more general electric networks, electronic circuits in particular, we recognize that a power

network has the basic function to deliver specified power to the points of demand; the



objectives of typical electronic circuits are not defined in terms of power delivered. It is
for this reason that the problem of transmission losses becomes more of a dominant one in
the electric power networks, than in many others. A power network design is subject to
two obviously conflicting objectives, of (i) delivering prespecified power, and (ii) minimizing
transmission losses in the network as this is being done. It follows from the maximum power
transfer theorem that the more power is transferred between two nodes of a power network,
the higher transmission loss is. As a result, electric power networks are typically designed so
that for nominal (expected) system demand, the total transmission loss is not higher than
5% of the total power injected into the system. This, furthermore, implies that the system
operating conditions are quite far from the maximum power the network could transfer.

Power industry has well-developed tools for computing total transmission loss as a func-
tion of all power injected into the network. The formulae range from approximate formulae
that only require knowing power into the network, and do not require solving the network
[6], through the completely accurate formulae that require full-blown load flow computations
[6]. These are briefly summarized in this thesis.

The main reasons for re-visiting the topic of transmission losses at this time are at least

threefold:

1. Increased tendency for economic transfers that go beyond the transfer levels at which

transmission loss is relatively small.

2. Question of compensation for transmission losses in a deregulated/competitive power

industry.

3. Question concerning possible compensation of transmission losses at the end-user level,

i.e., at the level of their cause.

More specifically, the Federal Energy Regulatory Commission (FERC) in the United
States has over the past couple of years been particularly concerned with the problems of
systems services traditionally provided by utilities in the process of meeting their obligation
to serve customers. These services are referred to in several FERC-originated documents as
ancillary services [18], implying that they are in some sense auxiliary to the primary sup-
ply/demand power market that has been becoming increasingly competitive. Transmission

loss compensation is considered to be one of such ancillary services, among several others.



These services are necessary to balance generation and demand in an interconnected electric
power network in response to system input changes and various uncertainties. Transmission
loss is a consequence of activities in the primary supply/demand market, and, as such, it is
not known ahead.

In most of the strictly engineering-based literature, an a priori assumption is made
that all ancillary services are provided at the interconnected system level in a somewhat
coordinated manner [10]. The same assumption is made in the FERC documentation [18].
The so-called pro forma tarrifs recommended by FERC are intended to compensate utilities
for providing power associated with transmission loss, and for all other interconnected
operations services. The tarrifs are, unfortunately, insensitive to the locational and temporal
differences. As such, they are approximate and do not provide incentives to their users
(participants in the primary supply/demand) for minimizing the need for such services. In
particular, the pro forma tarrifs cannot differentiate effects of two economic transactions! on
the operating conditions of the interconnected system, as long as the power quantities traded
are the same. Consequently, two transactions that inject the same amount of power into
the system, are required to pay utilities for transmission losses caused on the interconnected
system the same amount of money, independently form the actual losses caused by the two
transactions. We observe this without an intent to be critical of these tarrifs. As a matter
of fact, the real reason that a simple, approximate tarrif of this type is being proposed,
comes from recognizing the generic complexity involved in computing and allocating losses
associated with individual transactions in a potentially very active primary market. It has
been proven recently that, strictly speaking, power flows through transmission lines of an
interconnected network depend on all system inputs, and cannot be uniquely allocated to
individual transactions [30]. This is not a surprising result, given the inherent non-linearity
of the governing equations, known as load flow equations [23], when expressed in terms of
power. There always exists an interaction component in line power flows caused by each
specific system input, that is non-zero only when other system inputs are present.

Aside from concerns regarding computational complexities, this non-linear character of
the problem points out into an entire new set of questions that must be addressed prior to

attempting to claim accuracy and equity of tarrifs for transmission loss compensation. The

!By an economic transaction one means a contractual agreement between two parties on the intercon-
nected system to exchange power.



most important issue is the dependence of these tarrifs on the type of primary market (indus-
try structure) adopted. In a strictly bilateral, competitive market the cost of transmission
loss created on the system by each bilateral transaction depends on the order in which
the transactions are implemented. In a fully coordinated market management in which
an independent system operator simultaneously coordinates the specific supply/demand re-
quests and manages/charges for ancillary services associated with these requests, one could
envision periodic computations of costs caused by all transactions present on the system?.
In the most general, multilateral primary supply/demand market in which both bilateral
transactions and coordinated supply/demand management through an independent sys-
tem operator, take place at arbitrary times, the allocation of transmission losses and their
dependence on the other activities throughout the system is even more complex.

This dependence of ancillary services on the specifics of the primary market is not well
understood at present. Depending on the motivation and the level of general understanding
of the problem, one encounters at least three distinct schools of thought when it comes to

dealing with the cost of ancillary services, including transmission losses.

1. Traditional providers of interconnected operations services in a regulated industry
assume that these services can only be provided in a coordinated way from the level

of an independent system operator.

Much effort is put into developing computational methods for allocating cost of trans-
mission losses and other services in response to the primary market in a poolco-like
environment [30, 31, 32]. Often only a bundled cost of accommodating a specific sup-
ply/request through an ISO is seen, without an explicit unbundling of the price/cost
of transaction from the cost of system services. It is well known that this bundled
cost is computed as a short-run marginal cost (SRMC) at each node and it reflects
the cost of providing net power input into the system3 and cost compensation for
transmission losses and other types of ancillary services. This SRMC is referred to as
a spot price, and it generally varies as the net system inputs at various locations in

the system vary. The poolco-based primary market, in principle, makes the allocation

2This coordinated management very closely resembles the operations of present power pools, and is often
referred to as a poolco [9]

3When the net nodal power into the system is positive, a market player connected to this node supplies
power to the system; when it is negative, this player is seen as a power demand to the rest of the system.
In this sense, there is no qualitative difference between a supply and demand.
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of ancillary services fairly straightforward since it does not require unbundling of the
cost of primary market activities from the cost of ancillary services. In particular,
assuming full information about the system, in such structure the need for explicit

computation of losses is un-necessary.

2. Proponents of strictly bilateral markets base their fundamental thinking on parallels
with other competitive industries. Opportunities for profit making are viewed by
each specific market player in dealing directly with other market players. In such
environment cost of all ancillary services is an un-necessary burden that market player

would like to minimize as much as possible.

This primary market structure creates to the providers of ancillary services a challenge
to develop cost allocation methods for ancillary services provided to the bilateral
market players. This is in concept new thinking to the traditional power engineers

whose software methods rest on seeing the system as one.

3. Finally, a hybrid industry structure that allows for mix of bilateral and coordinated

primary market players, combines complexities of the previous two structures.

These non-traditional industry structures raise at least three new conceptual questions.

These are:

1. Do all ancillary services have to be provided in a coordinated way by an independent
system operator, or the end users, i.e., the market participants could estimate the
power mismatch caused at their own level and compensate by adding more (or less)

into the system at their location than trading?

2. If the ancillary services are provided to the market players in a coordinated way, how
could one at the ISO level unbundle primary level activities from the ancillary services,
and, furthermore, how can one allocate these costs to the specific market participants

in a fair and rigorous way?

3. If it is shown to be possible to decentralize compensation of ancillary services to each

individual end user level, how can this be done?
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1.1 Approximation of Transmission Losses

It ought to be clear, based on the above, that an absolute accuracy and equity in providing
for transmission loss is basically not possible. This is consistent with one of the conclusions
in Joskow’s recent article concerned with the power industry in transition; the article clearly
communicates author’s assessment that the cost of system services at the end of transition
never got computed and allocated exactly [14]. This is at first somewhat bothersome conclu-
sion to the power engineering community used to challenges of numerical accuracy. It leads
to the new question if it is possible to develop simple compensation methods for ancillary
services, whose accuracy could be estimated and somehow tested?.

This question is the main topic of this thesis. It is restricted to the context of trans-
mission loss sub-problem. The idea is to re-visit some of the fundamental understanding of
electric power network responses to system input changes that has been used in the past
for development of computationally effective algorithms of various types. Specifically, the
so-called localized response property of power networks to system input changes is recalled
in the context of the problem of interest in this thesis. This property basically states that
under certain mild assumptions the effect of power input change at the node i on voltage
changes throughout the system is most seen at the nodes (electrically) closest to the node
i, and it decreases in a concentric relaxation-like manner away from the input change. This
property has been studied in the past both for qualitative understanding of power network
characteristics, as in [16, 13, 11], as well as for the development of simplified computational
algorithms as in [26, 29, 28]. The question posed in this thesis is if this localized response

of system voltages to input changes could be used to

1. Locally estimate transmission losses caused by an end user, keeping in mind availabil-

ity of real-time information networks required by FERC [17, 19].

2. Compensate for these losses by injecting the power corresponding to this estimated
transmission loss, and not be dependent on the cost for this service dictated by some-

one else.

An important observation here is that these approximate formulae should be indepen-

dent from the activities on the rest of the system, except through the information exchange

%1t is important to observe that the pro forma approximate tarrifs proposed by FERC do not have this
feature.
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provided in real time by a real-time information network of some sort. It is expected
that such information network would at least regularly provide information about the sta-
tus/parameters of the network, and the system-wide state (voltages) as they are computed
at the ISO level. No information about the specific transactions and cost data is needed.
In order for the formulae of this type to exist, it is necessary to make the case that the
interaction component in flows is small relative to the main flows caused by each transac-
tion separately. While this claim was made in [30, 31, 32], it is re-visited here by further
recognizing that generation input patterns are evolving into smaller changes distributed
throughout the system, rather than large generation inputs only at a limited number of
locations in the system. The premise made here is that the theoretical problem of com-
puting the effect of many distributed small changes into the system is somewhat simpler
than the problem of computing impact of large changes at selected number of allocations®.
This is because the impact of specific changes is more localized, and, also because linearized
models are more likely to be valid. While the interaction component in the power line flows
could be non-negligible for large deviations in specific system inputs, the dispersed effects
of smaller deviations at many locations are likely to be less interacting with each other. It

is with this in mind that the derivations in this thesis are conceived.

1.2 Thesis Organization

In Chapter 2, the basic governing equations of electric power networks in steady-state, i.e.,
the load flow equations are briefly reviewed. These equations define constraints on real and
reactive power inputs into the network, by stating that the power injected into the system
at each node must equal the power transferred by the network. Next, the decoupling
assumption under which real power load flow equations are separable from the reactive
power load flow equations is defined and conditions under which this assumption is valid
are stated. It is recalled that under the real/reactive power decoupling assumption, the
real power load flow problem can be interpreted as a problem of a DC nonlinear resistive
network. Similarly, it is reviewed how is the decoupled reactive power/voltage problem
interpreted as a problem of a DC nonlinear resistive network.

A localized response property, essential for the methods described in this thesis, is

5In both cases the same total demand is met.
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stated next for the decoupled nonlinear real power load flow problem. This result is a direct
consequence of interpreting the problem as a nonlinear resistive network with nondecreasing
resistors, that is known to have the localized response property. Loosely speaking, the
localized response property in the context of the decoupled real power load flow problem
means that the largest voltage phase angle at the nodes directly connected to the location
i, at which an increment in real power APF; takes place, is never smaller than the largest
voltage phase angle change at nodes one tier away from bus %, and so on.

This property is not sufficient, however, for the changes in phase angle differences across
the transmission lines to have the same property, i.e. to be decreasing away from the cause
of their change. For this to hold true, it is sufficient to have a relatively meshed network, as
seen from the location i; starting with a relatively small number of lines directly connected
to the location ¢, the number of lines across the cutsets away from the location 7 increases.
It is intuitively clear that for a transmission network whose reactances are uniform, the
changes in real power line flows decrease in proportion to the increase of number of lines
across the cutsets away from node <.

This qualitative property is important for the real power loss estimation methods pro-
posed in this thesis. To introduce the problem of transmission losses basic formulae for
transmission loss calculation in power networks are briefly reviewed. Present state-of-the-
art is briefly reviewed for computing transmission losses.

Next, in Chapter 3 a closed form formula for computing voltage phase angle changes
created by the end user located at bus i is introduced. This formula only requires knowledge
of the power increase AP; at the location 7 and the network parameters of the entire
system. The algorithm is based on the linearized, decoupled real power load flow equations.
Numerical methods similar in concept could be derived without making the linearizating
assumption. The results of this algorithm, combined with the updated nominal voltage
phase angles of the entire network are used as the starting information for estimating real
power transmission loss created by the end user at bus 7 when injecting AP, into the system.
First, a formula for computing real power losses is described that reflects the interaction
of nodal power increments in the interconnected system. This formula cannot be used by
each end user independently from the others. It is next proposed that for the most typical
power networks the line flow changes AP;; decrease in absolute value away from the location

where power is injected into the system. Given this property, it is possible to claim that
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the voltage phase angle differences across the transmission lines also decrease in proportion
with the line reactances. This further leads to the conjecture that the effects of power input
changes resulting from economic transactions are separable to a significant degree, unless
the transactions are very close electrically. This conjecture is formally derived.

In Chapter 4, the problem of estimating reactive power losses in an interconnected power
network is studied. First, the decoupled reactive power-voltage (QV) load flow equations
are briefly reviewed. These form the governing equations of direct interest. Next, the state
of-the-art results concerned with a non-linear network interpretation of the QV load flow
problem are summarized. It is concluded that such an interpretation is possible. However,
the resulting non-linear network, because of the presence of shunt capacitors on a primarily
inductive network, is analogous to a non-linear DC resistive network, not all of whose
resistors are monotonically increasing. A qualitative implication of this situation is that it
is not possible to state unconditionally that a change in reactive power injection AQ; into
bus i leads to uniform decrease in voltage changes AV; [13]. This can only be proven when
the shunt capacitors are not present.

This obstacle could be overcome in the context of the functions of an end user in a
competitive environment by decomposing the problem of reactive power loss compensation

into®

1. The shunt reactive power loss component, measurable directly in terms of local power

factor compensation.

2. The reactive power losses created in the planar transmission grid that interconnects

all nodes.

An underlying modeling assumption here is that the reactive power inputs into the
nodes are represented as ideal reactive power injections into the grid’. The total reactive
power injection could be thought of as consisting of the portion flowing from the node to
the ground, and the portion flowing into the planar transmission network. It is proposed
here that the shunt reactive losses be directly estimated and compensated by each end user;
this is trivial to do. The method proposed in this thesis introduces an approach to estimate

the second component. It is proven in this thesis that the voltage changes AV; away from

®The same idea was recognized recently in [1].
"This includes flows through the capacitors.
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the reactive power injection into the planar portion at node 7 of the grid decrease uniformly
away from this location. A closed form solution for estimating the voltage deviations in the
entire network caused by the specific end user is derived by using only the information about
the local injection into the grid AQ; and the network parameters of the entire grid. Next,
an approximate formula for reactive power losses in response to reactive power changes at
several locations in this system is derived. This formula requires knowledge about nominal
voltages, that is assumed to be provided by a real time information network of some sort
[17, 19]. Tt is proposed that for system input changes that are not very close electrically,
reactive power loss can be estimated and compensated individually by each end user.

In Chapter 5, numerical results on the standard IEEE 39 bus system are described in
support of theoretical propositions made in this thesis. It is concluded that an acceptable
accuracy is achievable.

In Chapter 6, possible ways of using the proposed method for real time loss compensation
by the end users themselves, instead of paying for loss compensation at the interconnected
system level are described. It is pointed out that this approach is not intended to be
exclusive. End users not interested in compensating for transmission loss themselves could
continue to pay for the ancillary services according to agreed upon tarrifs.

In Chapter 7, the main intent in this thesis has been recaptured. It is suggested that,
at least in concept, it is possible to allow the end users to provide for transmission loss
themselves by injecting an additional amount of power at the location where the injec-
tion for primary market is carried. The estimates are based on the recognition of several
characteristics associated with power flow propagation in electric power networks. Much of
this knowledge is hidden in the highly technical literature, and is just beginning to play an
important role for providing and developing systems service tarrifs under competition. The
validity of the approach is demonstrated on the IEEE 39 bus system. Several immediate

open questions are stated in the concluding remarks of this thesis.
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Chapter 2

Theoretical Background

In this chapter, the basic governing equations of electric power networks in steady-state,
i.e., the load flow equations are briefly reviewed. These equations define constraints on
real and reactive power inputs into the network, by stating that the power injected into
the system at each node must equal the power transferred by the network. Next, the
decoupling assumption under which real power load flow equations are separable from the
reactive power load flow equations is defined and conditions under which this assumption is
valid are stated. It is recalled that under the real/reactive power decoupling assumption, the
real power load flow problem can be interpreted as a problem of a DC nonlinear resistive
network. Similarly, it is reviewed how is the decoupled reactive power/voltage problem
interpreted as a problem of a DC nonlinear resistive network.

A localized response property, essential for the methods described in this thesis, is
stated next for the decoupled nonlinear real power load flow problem. This result is a direct
consequence of interpreting the problem as a nonlinear resistive network with nondecreasing
resistors, that is known to have the localized response property. Loosely speaking, the
localized response property in the context of the decoupled real power load flow problem
means that the smallest voltage phase angle at the nodes directly connected to the location
i, at which an increment in real power AP; takes place, is always larger than the largest
voltage phase angle change at nodes one tier away from bus 7, and so on.

This property is not sufficient, however, for the changes in phase angle differences across
the transmission lines to have the same property, i.e. to be decreasing away from the cause

of their change. For this to hold true, it is sufficient to have a relatively meshed network, as
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seen from the location 7; starting with a relatively small number of lines directly connected
to the location ¢, the number of lines across the cutsets away from the location ¢ increases.
It is intuitively clear that for a transmission network whose reactances are uniform, the
changes in real power line flows decrease in proportion to the increase of number of lines
across the cutsets away from node 1.

This qualitative property is important for the real power loss estimation methods pro-
posed in this thesis. To introduce the problem of transmission losses basic formulae for
transmission loss calculation in power networks are briefly reviewed. Present state-of-the-

art is briefly reviewed for computing transmission losses.

2.1 .Load Flow Equations

In order to present the exact formulation of real power losses in a transmission network it is
necessary to review the load flow problem. The load flow equations form a consistent set of
algebraic equations for computing voltage magnitudes and angles throughout the system for
a given network topology and parameters, and the specified generated and required power
throughout the system. They basically represent power flow balance equations resulting
from the familiar nodal equations in electric circuits [3].

Certain assumptions made about the steady state models of different system components
which lead to the simplification of the general form of steady state equations to the specific
form recognized as the load flow equations are reviewed first. The load flow formulation
assumes that both exciter and governor controls are ideal, so that they maintain voltages at
the generator buses at any reference constant value, and the mechanical power output at the
specified value. For this reason generators are often referred to in load flow computations as
the “PV” buses, since their steady state specifications are parametric in terms of real power
P and voltage magnitude V. The same way for load buses, loads are characterized as “PQ”
buses with voltages magnitude and angles unknown. A sufficient number of equations for
defining a load flow problem consists of 2n real and reactive power balances at all n load

buses and the k real power balances at generator buses. They are of the form

V2 ViV;
P = Z (Z—‘ cos (ij — —Z—l cos(d; — 05 — Gij)) (2.1)
jek; “Y "
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2 V.
QLi = Z (ﬁ_ sin Cij - VZVJ sin(d; — 6]' - Cij)) (2-2)

JEK; Zij Zij
fori=1,...,n. ,
V: AL
Pei= Y, (E'T cos (ij — —é—’ cos(d; — 05 — Gij)) (2.3)
jeK; Y] L)

for i =n +1,...,n + k. The notation Pr;, Qr; and Pg;, stands for real and reactive power
injections into load buses and real power into generator buses, respectively. V;/é; stands
for nodal voltage magnitude and phase angle at each bus % in the system. Z;;/(;; is the
complex-valued impedance of a transmission line connecting nodes ¢ and j.

Two explanations for distinguishing among all generator busses and the “slack” bus
are, first: an engineering argument that it is not possible to specify real power inputs to
all busses (loads and generators), prior to knowing transmission system losses indicates
the necessity not to specify real power at least at one of the generators before load flow
calculations are performed and the losses are known. In practice, it is common to designate
one of the largest generators as the “slack” bus to assure it has sufficient real power output
to compensate for the transmission losses. Second, it is needed for mathematical reasons;
it is straightforward to show that the real power balance equation of type (2.3) is linearly
dependent on real power equations at all other generators. It is, therefore, necessary to
assume phase angle of the “slack” generator known and not directly use equation (2.3) to
compute it. The slack bus is modeled as an ideal voltage source whose magnitude and phase

angle are fixed.

2.2 Real/Reactive Power Decoupling Assumption

Two simpler formulations of the load flow problem can be found under operating conditions
of the network. These formulations are based on the real and reactive power decoupling.
The basic idea on which this decoupling assumption is found can be best illustrated on the
simplest case of a two bus example as the one shown on Figure 2-1.

Computing sensitivity of real power P; delivered to the load with respect to change in
phase angle difference (J; — d;), one obtains,

o _WVV; . o o .
3(6; —6]) - % Sln(67- 6] _C‘U) (24)
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/\./ | Z=R+jX |

Generator Node i Node j

Figure 2-1: Simple 2 Bus System

Similarly, sensitivity of real power P; with respect to change in voltage magnitude Vj is

oP; Vi
5‘—/27 = ;:; COS((S,' — 61' ot Cij) (2.5)

For highly inductive lines (;; = Zrad, and voltage magnitudes close to 1 p.u., it follows

that,
OP; OP;
306 =5 > av, (2.6)
The same way for the reactive power, we have
oQ; oQ;
2.
‘ av; |~ 3@ - o)) @7

Taking this into account, one can separate the load flow problem into sub-problems: one for
analyzing the effect of real power and nodal voltage phase angles (P — § problem), and the
other for studying dependence of reactive power and voltage magnitudes (Q — V' problem).
Since we are more interested in estimating real power losses we place more emphasis on the

(P — 6) formulation.
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2.3 Linearized P — § Problem

The decoupled real power-phase angle problem is defined as the problem of computing phase
angle differences (9; — d;) for specified real power demand P; at loads ¢ = 1,...,n and real
power generation at buses ¢ = (n + 1),...,(n + k), and the specified angle at the slack bus
do.-

Suppose that the resistive part of transmission lines is negligible relative to its inductive
part. Let A € R¥N*¢ (N = n + k) be the reduced incidence matrix of the system obtained
by deleting all shunts and the ground node. The slack bus is taken as reference. Let [y] be
the diagonal matrix with elements By;|k # 4,k,i =0, ..., N and define J,, € RNXN a5

Jp = AlylAT (2.8)
It is simple to show that the linearized decoupled load flow equations take on the form

N
Pi(8) = Bri(6; — 6) (2.9)
r

for k = 1,..., N. Under the assumptions that the network is connected, J, is non-singular

and a compact linearized matrix representation of the P — § problem takes on a form
P(9) = Jpd (2.10)

This formulation, also known as the DC load flow, is equivalent to the nodal equations
representing a linear resistive network whose branch parameters are B;, and in which
currents and voltages are replaced by real power flows and phase angles, respectively. Note
that this formulation assumes linearization of nonlinear constituent relations, which is only
meaningful for small phase angle differences. For large changes in phase angles problems
may arise in certain ranges of operating conditions. This leads to the need to study a

decoupled P — § problem as a non-linear resistive network problem.

2.4 Nonlinear P - ¢ Problem

Employing the commonly used fact in network theory that each network which consists of

devices whose constituent v—: relations are nonlinear monotone functions defined in the first
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quadrant has a behavior of a linear resistive network [3], a nonlinear network formulation for
the real power-phase angle problem was introduced in [21, 20]. The formulation is similar to
the linearized problem formulation given above, except for the constituent relations defining

line power flows in terms of phase angle differences being nonlinear

pik = ViV Bix sin(d; — d) (2.11)

Since this constituent relation is not monotone for the entire range of phase angle differences,
limits on phase angle changes Ad;; around a nominal operating point d;; need to be defined
first for which the real power-phase angle problem can be interpreted as a nonlinear resistive
problem of the certain range of operating conditions.

From the decoupled real power equations, the change in real power input at each node

1 can be expressed as

AP, =V Z V}B,;j(sin(dij + Aéi,-) — sin (5,']'),1: =1,...,(n+k) (2.12)
JEK;
or,
AP; = Z c,-jh,-j(A&i,-) (2.13)
JEK;

where, h;;j(Ad;;) = sin(d;;+Ad;;) and K; are nodes directly connected to node i, excluding i.
It can be seen that h;;(Ad;;) is monotonically increasing in the following region of interest:
Assuming Ad;; < ryj where r;; is prespecified, the function defined before will be monotone

increasing as long as

dhij(Adij) _ ¥ .
ins,; cos(dij + Ady;) >0 (2.14)
or,
- < (Gy+A) <] (2.15)

Next, create a linear system of equations of the form

AP, = ) Abjjgijeij (2.16)
JEK;

where g;; = g;i. If we examine solutions of (2.12) for which (2.15) holds, then it is only
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necessary to consider g;; in (2.16) which are bounded by

sin(6,-j + ’I'ij) —sin (Sij <gii< sin(d;; — rij) — sin d;;

—Tij Tij

(2.17)

Every solution to (2.12) with bounded Ad;jthen corresponds to one solution of (2.16) with
some set of coefficients bounded by (2.17). The set of non-linear equations (2.12) has a

non-linear resistive network interpretation, since it is of the form

AP = HpA¢ (2.18)
The off-diagonal elements are
and the diagonal elements
hij = — Z CijGij (2.20)
JEK i i#]

The matrix Hp can be thought of as a conductance matrix of a resistive network with the

same topology as the underlying power network.

2.5 Localized Response Property

It is known, that the change in voltage phase angles decreases monotonically as the electrical
distance from the triggering event increases [12, 11]. This is what is known as the localized
response property. In order to study this property, it is convenient to introduce another
bus enumeration dependent on the bus where the triggering event (change in power input,
AP;) occurred [29]. We partition buses into tiers as in Figure 2-2. Let us call the bus where
the change in power input AP; occurs, tier 1. The buses directly connected to it are tier 2.
The buses directly connected to tier 2 are tier 3 and so on. Now let us partition vectors AP
and AJ¢ into subvectors AP, and Ad; corresponding to all bus voltage angles and power
injections in buses in tier k.

Now, for a P — ¢ network partitioned into tiers, the localized response property estab-

lishes that for a single change in power injection in bus 1, AP,

[Ad1]loe 2 [|Ad2]lco-- 2 |Adploo (2.21)
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Figure 2-2: Tier-based Enumerated Network

where ||z||s denotes the sup norm of z and Ady is the vector of phase angles changes in tier
k. In other words, it states that the largest change in phase angle in tier 1 is not smaller
that the largest change in phase angle in tier 2, and so on.

Proof: Note that it is enough to show that,
[A8k-1]lo0 = [|Adkloo (2.22)

Note also that by our proceeding results it is enough to show the result for the linear P —§
formulation defined in equation (2.10).

Lemma: In the case of the linear problem it is enough to show the previous equation
for k = N, where N is the number of tiers.

Proof: For £k < N, one can by star-mesh transformation eliminate the nodes in tier
(k+1) through tier N without affecting the solutions in tiers 1 through k. Also the reduction
will only introduce new lines between busses in tier k£ and thus not affect the tier structure

of the network.

Proof of the Localized Response Property (linear case): Since we have ordered
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the network tier-wise, we have the following block tri-diagonal system of equations after the

tier based bus re-enumeration

Byt B 0 0 . 0 Adq AP,
B2y Bz Bas 0 : 0 Ady 0
0 B3 Bss B3y . 0 Adg | | O
B(n-1yw-2) Bw-nw-1 Bww-nwn Aén-1 0
i 0 0 0 . Byv-1) Byn 1L Ady | ] 0 |
(2.23)

From above we can see that,

BN(N—l)A(sN_—l + BNNA(SN =0 (2.24)
Ady = (—BK[}VBN(N—l))AéN_-—I (2.25)
Hence,
1A8N llooll = By B(v-1)llool Adn-1loo (2.26)
where,
I = BynByv-1)lloo = m?XZ I(=BynBnv—p,;)ll == v (2.27)
J

Denote by 1 the vector all of whose components are 1. From elementary properties fo the
admittance matrix it follows that every element in the diagonal of By y is non-negative and

every element of By(y_1) is non-positive. Hence,
v= miaXZ(_B;]}VBN(N—l)U) = m?‘X(_B;f}vBN(N—l)l)i (2.28)
J
Since the sum of entries in each row is greater than or equal to zero
Bynl+Byiwv-11 20 (2.29)
where > means a component-wise inequality. Multiplying the above equation on both sides
by B;,}V,

1+ ByyByw-11 >0 (2.30)
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Figure 2-3: Relatively Meshed Network

or

— ByyBnv-npl < liew <1 (2.31)

which proves the property.

2.5.1 Localized Response of Phase Angle Differences

This property, however, is not sufficient for the changes in phase angle differences across
the transmission lines to have the same property, to be decreasing away from the cause of
their change. Let us introduce an arbitrary relatively meshed network as in Figure 2-3, that
branches out from a single node, that we are going to call node 1. From the DC load flow

formulation we can see that linearity holds and we have,
P;; + AP;; = B;j(0; + Ad; — (65 + Ad;)) (2.32)

Thus,
AP;; = B;j(Ad; — Adj) = B;jAd; (2.33)

Since, the DC load flow formulation assumes lossless lines by an argument analogous to the
current dividers of circuit theory, we can see that the change in power injection dies out from
node 1. Assuming uniform (or at least the same order of magnitude) line parameters, we

can see that if the change in power injection dies out, so does the change in angle differences,
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Figure 2-4: Simple 2 Bus System

making valid our assumption that if the changes in power injection occur 'far away’ from
each other, transmission losses can be approximated in a localized way. From Figure 2-3 we
can see that the power P, decreases away from node 1, being a, b and c the ratios of input
impedances seen from nodes 1, 2 and 3, respectively. These ratios will always be smaller

than 1, thus making our assumption valid.

2.6 Real Power Losses

From the simplest power system of a single generator and a single load connected through

a transmission line as in Figure 2-4, real power T;; going out of node 4, is given by

T; = R{VieH I} (2.34)

where I* is the complex conjugate of the current and is given by,

Vied% — Vied% \ "
= 2.35
( Rij -’:—]Xij ) ( )
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Recalling that E,%-IJ_XU = G;j — jB;; and applying the conjugate to the expression in

parenthesis, we have that,

s [ Vied% — Vel \*
T =R V’ie]‘si RSN b
J { ( R;; + 7 Xij

or,

Ti; = R{Viel% (Vie ™% — V;e7%)(Gy; + jByj)}
Tyj = R{(V? - ViV;e'“~)(Gy; + jBys)}
This takes the following form.
Ti; = V2Gij — ViV;(Gij cos(8; — 6;) + Bijsin(8; — 65))
Similarly, the real power flowing from node j to node ¢ takes on the form,
Tji = V7 Gij — ViVj(Gij cos(6; — &;) — Bijsin(8; — 6;))
Then, the losses in line ¢ — j are given as the sum of both power flows as,
Pri; =T;; +Tj;
= Gij(V? — 2V;V; cos(6; — ;) + V)
~ Gy [v;.? - 2V;V; [1 - M} + Vf]

2

= Gij((Vi = V) + ViVi(6: - &)%)

If all voltages are at nominal values, it is V; = V; = 1.0p.u. then,
Pyij = Gij(5; — 6;)?

or in matrix form,

Py, = (03517 [B3;](635]
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where §;; is the vector of angle differences and is given by,

8ij = 6; — & (2.44)

C=Ms (2.45)

d being the vector of node angles, and M a reduce incidence matrix whose elements are 0,

1 and -1.
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Chapter 3

Estimation of Real Power Losses

In this chapter a closed formula for computing voltage phase angle changes created by the
end user located at bus 7 is introduced. This formula only requires knowledge of the power
increase AP; at the location 7 and the network parameters of the entire system. The al-
gorithm is based on the linearized, decoupled real power load flow equations. Numerical
methods similar in concept could be derived without making the linearizating assumption.
The results of this algorithm, combined with the updated nominal voltage phase angles of
the entire network are used as the starting information for estimating real power transmis-
sion loss created by the end user at bus ¢ when injecting AP; into the system. First, a
formula for computing real power losses is described that reflects the interaction of nodal
power increments in the interconnected system. This formula cannot be used by each end
user independently from the others. It is next proposed that for the most typical power
networks the line flow changes AP;; decrease in absolute value away from the location
where power is injected into the system. Given this property, it is possible to claim that
the voltage phase angle differences across the transmission lines also decrease in proportion
with the line reactances. This further leads to the conjecture that the effects of power input
changes resulting from economic transactions are separable to significant degree, unless the

transactions are very close electrically. This conjecture is formally derived.
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3.1 A Localized Method for Computing Changes in Voltage
Phase Angles

Starting from the last two rows in equation (2.23) in Chapter 2 one obtains,
B(n_1)(n-2)A0N-2 + B(v_1y(N-1)A0N-1 + B(y-1)yAdy =0

Bv_1)(n-2)A0N—2 + Bv_1y(n—1)A0N—1 = B(v-1)n Byy Bn(n-1)A0y-1 =0
B(n_1)(N-2)A0N—2 + (Bv-1)(v—1) — Biv—1)N By v BN (v-1))AdNn-1 =0
This leads to a recursive relation,
Ady-1 = (—B(_A}—-l)(N—l)B(N—l)(N“Z))A(SN_—Q
where,

B(n-1)v-1) = Biv-1y(n-1) — Biv—1)Nn By N Bn(v-1)

By solving equation (2.23) backwards, Ad; is found as a function only of AP; and the

system matrix, B, as,

Aé = (By1 — B12B3;' By1) APy (3.1)

Using this expression and the expressions for all changes in voltage angles, one can find by

forward substituting the changes introduced by the power injection at bus 1 as,
Adj = (—Bj;' Bj(j—1))Adj1 (3.2)
for j = 2,..., N where

Bik = Brk — Biger1)Bes1)e+1) B+ 1)k (3.3)

for k=2,...,(N —1) and Byy = Byw.

It is now important to note that this formulation will have a solution as long as the B
matrix is nonsingular. This suggests the use of a slack bus, similar to the one in the load
flow formulation.

This result is potentially useful for distributed decision-making in a deregulated energy
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market. What this result implies is that given the change in power injection in a single bus,
nominal operating conditions on the network known, it is possible to calculate phase angle
changes for all nodes. This angle changes at the same time can be used Jo compute line

losses locally.

3.2 An Approximate Method for Computing Rjeal Power

Transmission Losses

Given nominal operating conditions of the network are known (in a deregulated power
industry this is going to be given by an On-Line Same-Time Information System (OASIS)),
voltage angle changes AJ;, introduced in the network by the power injection AP; in bus %
can be approximated using this forward-backward substitution algorithm.% Next, one can

approximate total real power losses in the network as follows,
Pp = [6i + ASi;]7 [Bij][6:5 + Adij] (3.4)
or line by line,
Prij = [[8i5 + Ady]][Bis][[6i5 + Adi]] (3.5)

where, Bj; is the matrix whose diagonal is the line conductances, [4;; + A&ﬁj] is the vector
of phase angle changes in a line, and [[d;; + Adj;]] is a diagonal matrix whése elements are

defined as phase angle differences across each line.
8ij = 6 — 6; (3.6)

6ij = M[6;..0n]T (3.7)

where 4,5 = 1,2,..., N and M is an £ X N matrix of zeros, ones and minuséones as defined
in [5], where £ is the number of lines and N is the number of nodes. The elements of this

matrix are defined by the following rule,

m; = -1 (3.8)
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if line k leaves, enters or is not incident with node %, respectively.

Let us introduce a vector T, such that I' = MJ. Following the tier-wise enumeration,

then M takes on the following form,

(110 . . . . 1 & |

1 0 -1 0 5
001 0 -1 0

0 1 0 -1 0

. 10 0 -1 0 9

10 -1 0 |

0 1 0 -10 |

0 1 -10

(n-1)

J L 61\’ .

where the vector composed of d; to dy, is the vector of node angles in tiers 1 to N. The
vector of angle differences T is divided in subvectors '/ to V-1 a.ccord{ng to tiers, for
example I'! is a subvector of angle differences between busses in tier 1 alnd tier 2, plus
intra-tier connections, that is busses in tier 2 connected between each other.; The same way,
I'’! is a subvector of angle differences between busses in tier 2 and tier 3, plus intra tier
connections in tier 3. It is easy to see that the matrix M is rank deficient. In order to make
this compatible with the rest of the formulation, it is needed to eliminate the column which
corresponds to the slack bus. i

Now, consider various transactions occurring simultaneously. The vectJ}or Ad;j reflects
the effect of all transactions on phase angle deviations from nominal cdinditions. In a
competitive industry, this information is not going to be available, so it is imperative to

find a way to estimate losses locally, or as a function only of the change in [power injection

at only one bus. To do this, let us first recall the formula for losses given in equation (2.42),

Pp, = G;j(0;; + A&i,-)"’ (3.10)
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Since Ad;j is estimated using linearized P — é model formulation, superposifion holds, i.e.,
Adij = Adijy + Abij2 + .. + Adijk | (3.11)

Here Adj;x is the vector of change in angle differences due to a change in injection at bus

k. Expanding equation (3.10) we have,
Py = Gij(6% + 20i;A8;; + ASY) (3.12)
The terms 26;;Ad;; and A% are now
20jA0;5 = 20;(Adij1 + Adijz + ... + Adijik) (3.13)

A% = A8 ) + Ao + ... + AGY f + 208151085, + 200351 Abij s + ... (3.14)

Now, recalling the localized response property and asumming the change in power injections

are electrically distant, we can approximate A&?j as,
AG% = A&y + Ao+ .. + A8 (3.15)

For example, let us assume that only one bilateral transaction is occurring! between nodes
1 and k and that they are separate enough that the localized response préperty holds. It
can be seen that the term 2Ad;;1Ad;; x will be close to zero, because the eleiaments of Ad;j1
that are significant will be multiplied by the elements of Ad;;x that are clolse to zero. The
same is true the other way around. Now we can approximate the power losses as,

P =~ Gij [5;‘; + 262']'A6i]"1 + 26ijA($ij,2 +...+ 25ijA6ij,k + A(S?j’l + Aé,?jg +...+ A(Sfj,k] (3.16)

P~ G,-,-(S?j + Gij (2(5,']'A5,'j’1 + A«Sfj,l) + Gij(2(5,'jA6,‘j,2 + A(S?j’z) ;+

+ Gij(26:5 A0 + AGZ; ) ' (3.17)
P =~ Py, (5,'_7') + APy, (A&,-j,l) + APL(AJij,z) +..+ APL(A(S,'_“) (3.18)

where P (;;) are the base case losses to be provided by the OASIS [19] and APy (Ad;jx)

is a change in transmission losses due to change in power injection at bus k.
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3.3 Algorithm for Estimating Real Power Losses

In this section, we describe the steps involved in estimating real power losses ﬁ)n transmission
lines, given that nominal operating conditions of the network are provided‘by the OASIS.
We describe, how this estimation will be done by each individual player in a de-regulated
energy market.

Step 1:

The first step in estimating real power transmission losses is to re—enuli;nerate the net-
work using the tier based re-enumeration. At the same time, it is necelksary to define
directions of power flows, in order to construct the M matrix. Special attei!ltion should be
placed in order to make this matrix correspond to the nominal conditions 5rovided by the
OASIS. At this time, the B matrix can be constructed and sub-divided iano sub-matrices
Bhi, Byg, Bay, B, ..., BN,N-1, BN,N- ‘

Step 2:

After all data is available, changes in node angles caused by this player can be com-

puted by the same player and independently of the others. This is doné; using the for-

ward /backward substitution introduced in section 3.1, i.e.,

A8y = (Bn — B12B3; Bay) APy | (3.19)
Ad; = (—Bj;'Bj(j—1))Adj_1 (3.20)

for j = 2,..., N where ,
By = Bik — Biger) By er) Be 1)k (3.21)

for k = 2,...,(N —1) and Byy = Byn After change in node angles are li:nown, one can

compute change in angle differences as,
Ady = MAS§ (3.22)

Step 3:

The next step in estimating real power transmission losses is to compute line by line
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change in real power losses introduced by a transaction using the formulation described as,
APL(A(SZ‘J',I) = Gij(26ijA6ij,1 + Aé,?]’l) i (323)

where Ad;; 1 is defined, in the same way as before, as the vector of change in a;ngle differences
due to a change in power injection at node 1. |

Step 4:

Now it is appropriate to mention, how would each individual player #ct in order to
compensate for the losses introduced by each transaction. The idea is that évery individual
player compute the losses introduced by its transaction and then compensate for it. Let us
analyze how would each player act in a bi-lateral transaction. Let us say there is a load X
that wants to buy 100 MW from Generator Y. What will actually happen is that load X
will estimate the losses that a 100 MW change at its node will introduce. Let us call this
losses APx. Then the load will have to make a contract to buy (100 + Ah’X)MW. From

the generator side, Generator Y will have then to compute how much losses this increase

of (100 + APx)MW will create. Let’s call this APy. In effect, Generator' Y will have to
increase its generation by (100 + APy + APy)MW, in order to compensate for its losses.

36



Chapter 4

Reactive Power-Voltage

Magnitude Problem

In this chapter, the problem of estimating reactive power losses in an interconnected power
network is studied. First, the decoupled reactive power-voltage (QV) load flow equations
are briefly reviewed. These form the governing equations of direct interest. jNext, the state
of-the-art results concerned with a non-linear network interpretation of tHe QV load flow
problem are summarized. It is concluded that such an interpretation is posisible. However,
the resulting non-linear network, because of the presence of shunt capacitors on a primarily
inductive network, is analogous to a non-linear DC resistive network, not all of whose
resistors are monotonically increasing. A qualitative implication of this situation is that it
is not possible to state unconditionally that a change in reactive power injection AQ; into
bus 7 leads to uniform decrease in voltage changes AV; [13]. This can only be proven when
the shunt capacitors are not present.

This obstacle could be overcome in the context of the functions of an end user in a
competitive environment by decomposing the problem of reactive power logs compensation

into!

1. The shunt reactive power loss component, measurable directly in terms of local power

factor compensation.

2. The reactive power losses created in the planar transmission grid thét interconnects
|

!The same idea was recognized recently in [1].
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all nodes.

An underlying modeling assumption here is that the reactive power inputs into the
nodes are represented as ideal reactive power injections into the grid®. Thle total reactive
power injection could be thought of as consisting of the portion flowing fr{)m the node to
the ground, and the portion flowing into the planar transmission network.! It is proposed
here that the shunt reactive losses be directly estimated and compensated b%' each end user;
this is trivial to do. The method proposed in this thesis introduces an appr&ach to estimate
the second component. It is proven in this thesis that the voltage changes AV; away from
the reactive power injection into the planar portion at node ¢ of the grid decrease uniformly

away from this location. A closed form solution for estimating the voltage deviations in the

entire network caused by the specific end user is derived by using only the information about

the local injection into the grid AQ; and the network parameters of the entire grid. Next,
an approximate formula for reactive power losses in response to reactive power changes at
several locations in this system is derived. This formula requires knowledge; about nominal
voltages, that is assumed to be provided by a real time information network of some sort
[17, 19]. It is proposed that for system input changes that are not very close electrically,

reactive power loss can be estimated and compensated individually by each end user.

4.1 Reactive Power - Voltage Magnitude Problehl

Under the real-reactive power decoupling assumption the reactive power-vol?k;age magnitude
problem is defined as the problem of determining load voltage magnitudes fq!»r specified load
reactive power demand; generator voltages are assumed fixed, as long as generator reserves
are available. Under the decoupling assumption all phase angles are known parameters.
The mathematical formulation of the reactive power-voltage problem follov}?rs directly from

the load flow equations defining reactive power balance at all loads,

V? ((Z Bi) — bi) — Vi) ViBirsin(8ix — (i) — Qi = 0,i = 1, ',n (4.1)
k#i i

?This includes flows through the capacitors.
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Typical inequality constraints directly relevant for voltage are

< Qe <QuTii=n+1,.,n+k (4.2)

VM < Vi< VM =1, ..n+k (4.3
2 2

Reactive power steady state problems are directly related to the operating conditions under
which operationally acceptable voltage solution does not exist within these limits, or the
solution becomes very sensitive to small variations in system inputs and pa;fameters.

The main theoretical difficulty in formulating the reactive power - vol&age magnitude
problem arises because loads are modeled as constant power models. It is simple to show
that in the case when loads are modeled as either constant impedance or constant current

devices, the reactive power-voltage problem degenerates into a linear problem of the form
Az =¢ (4.4)

where matrix A and input vector ¢ are defined in the following way [25]:

e (i) In the case of assumed constant impedance load models as
Q: = Bp;V?,Bp; = const.,i=1,...,n (4.5)

equation (4.1) degenerates into

n n n+k :
(Z B — b; + BDi)Ei - Z B,’jEj Ccos 5,']‘ = Z BijEj cos (MI (4.6)
Jj=1 Jj=1 j=n+1 ‘

The matrix representation of these equations is of the form (4.4) where

A = B + diag(Bp;) (4.7)
(B11 — b1) —Bj2 —Bin
B —By; (B2 —b2) ... —Bap (48)
N v (Ban—bn) |
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and

¢l =c1y s Cal | (4.9)
with :
n+k
c;i = Z B,'jVj cos (Sij : (4.10)
j=n+1

and the unknown vector z being the vector of load voltage
T _ .

Clearly, as long as network and load parameters are such that matrix A remains nonsingular,
the problem of voltage solution nonexistence is avoided. The only remaining question is if
the voltage solution is within the pre-specified operating limits defined previiously and it it
is achievable within the specified generation limits.

e (ii) Similarly, in the case of constant current load models of the form
Qpi = S{Spi} = EiI;sin¢; (4.12)

with ¢; being the load power factor angle, current I; - constant (under the constant current
load model assumption) and the power factor angle ¢; = constant (under the real-reactive
power decoupling assumption). The reactive power load flow equations take on the form of

linear equations in unknown voltages
V=[W,., VT (4.13)
with the system matrix equal B defined in (8-8), and the known vector ¢
¢ = [I;sin ¢y, ..., I, sin ¢, ] T (4.14)

These particular cases of reactive power-voltage problem formulation under simplifying
load modeling assumptions show an obvious problem in interpreting any theoretical results
to the reactive power-voltage problem and its dependence on load models iassumed. Any
deviation from the assumed load modes could lead to different solutions. Ti:le hope is that

the system would operate in regions with low sensitivity of voltage solutioqfl to the choice
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of load model. Otherwise, there would be too much risk involved in emplojfing theoretical
results for estimating regions within which a robust, technically acceptable I'oltage solution
exists. The most frequent modeling assumption of constant reactive power loads leads to a

genuine nonlinear problem, whose solution may not exist, or it may be non+-unique.

4.2 The Q-V Problem as a Nonlinear Resistivé Network

Problem

The reactive power-voltage (Q-V) problem can be formulated as a non-linea;i‘ network prob-
lem in two slightly different ways3: |

e As a non-linear resistive network with independent sources

e As a linear resistive network with dependent sources

We place more emphasis on the first formulation, since it is the one we use to estimate
reactive power losses. Recall that the real power-phase angle problem is inherently a prob-
lem of non-linear resistive networks with independent sources. It is less obvious how can
the reactive power-voltage problem be interpreted as a network problem tﬂan it was with
the real power-phase angle problem formulation. To show this, start withi the decoupled
reactive power-voltage load flow equations whose form under the assumpti&n of negligible

transmission line resistances becomes,

Qi=-V; > Vici (4.15)
kEK;

where K; are the busses directly connected to bus ¢ (including ¢) and

Cik = Cx; = By cos 0, (4.16)
and
cii = B;; —b; = Z Bji (4.17)
kEK;

To clarify sign convention in (4.15) notice that for inductive transmission linihs B;; <0 and

capacitive shunts b; > 0 where b; is a shunt connection at bus i. Since the |E, are voltage

3This section is a summary of the formulation in [24]
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magnitudes and as such are always positive, write

V; = % | (4.18)
to form :
Qi= Y el@+mrey (4.19)
keK;
or,
Qi=— Y flzi+zx)cir : (4.20)
keK;

Similarly as in the real power-phase angle studies, we are concerned with perturbations

around a nominal steady state, and therefore we form

AQi = — Z [f(a:, + x, + A.’Ei + A.’L‘k) — f(xz + -Tk)] (4'21)
keEK;
or,
AQi=— Y hi(Azi + Azp)cik | (4.22)
kEK;

where the function h;; is defined as
hig = €77k . (AT HATE _q) (4.23)

It can be seen that h;;(Az; + Azy) is monotone increasing and restricted ko the first and

third quadrants in (Az; + Azy). We create a linear system of equations of the form

AQi = — Y (Azi + Az)cikgix (4.24)
keK;
where gix = gri- If we examine solutions of the previous equation for whicP |Az;| < r for
Jj =1,..,n then it is only necessary to consider g;; which are bounded by |
(e—2r _ 1) ( 2r _ 1)

e
<gik <ViVg

Vi
ViV —2r 2r

(4.25)

Every solution (4.22) with bounded Az; then corresponds to a solution of (4.24) with some
set of coefficients bounded by inequalities (4.25). We show next that the set of equations

(4.22) has a resistive network interpretation. To put the linear system |[(4.24) in more
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recognizable form, rewrite it as

~ AQ = HoAz | (4.26)
where i
hix = cikgir = gixBix cos dix (4.27)
and
hi=— Y. cikgik + 2Ciigii (4.28)
ke K; ki %

The conventions involved in (4.15) produce non-positive off-diagonal entrieJ}s in the admit-
tance matrix for the power system. If we associate —AQ with a set of errents and Az
with the set of node voltages, then the matrix can be thought of as a cond{uctance matrix
of a resistive network with the same topology as the power system. NodesE t and k in the
resistive network are connected with positive conductance —g;. Bk cos ;. T;!he conductance

to ground at node 7 is given by

his = 2giicii +2 Y CikGik (4.29)
keK k#i :
his =2gii |—bi— D>, Bi|+2 Y, gikBircosdy (4.30)
keK; ki keK ki

To verify that the conductance h;; are typically negative, consider perturbations small

enough so that

gik = ViV | (4.31)

In this case

his = —2Q; (4.32)

|
The typical load bus (PQ bus) in the power system has Q; > 0 so that for sm?ll disturbances
the equivalent resistive network is composed of positive resistors to groun!d at the nodes
corresponding to load busses. The DC load flow assumptions of small angles §;; and voltage

magnitudes near unity give, for small perturbations
his & —2B; (433)

Again, the typical PQ bus has a capacitive connection to ground from the transmission line
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models and possible shunt capacitors which with our sign convention is a negative value

of h;s. Estimates fo the size of perturbations r, for which the shunt com‘}ections remain

negative can also be obtained. If we assume

>0 (4.34)

l—b,; - > B

keK; k#i

which is typical at PQ busses the h;; is maximized if g;; takes on the r#xa,ximum value

possible while each g; is the minimum. For example, for the voltage reduc’;pion case,

1 - 621' :
his = Qis + _Z_Qi2 (4.35)
r i
where
Qiz =2V7 [bi— Y Bik} : (4.36)
kEK;
and
Qiz=2 Y VViBjcosdy \ (4.37)
keK; k#i :

Since Q;s is available from the diagonal entry of the Jacobian of the load flow solution and

Qi= —(QL;Q—‘"") (4.38)

the range of r for which (4.35) is negative can be computed directly. |
An alternate, less combinatorial approach is presented next. The approL,ch is based on

formulating the Q-V problem as a linear resistive network problem with dependent sources.

4.3 Reactive Power-Voltage Problem as a Linear Resistive

Network with Dependent Sources

In order to clarify differences between the problem formulation of the @ — V nonlinear

problem as a nonlinear resistive network problem with independent sources [13] summarized
above, on one side, and the formulation given in [27, 24], which is presented |in this section,

on the other side, the following should be recognized: |

A general nonlinear resistive network problem can be thought of as an aléebraic problem
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fo n coupled equations in n unknowns of the form

gl(xlv 3xn) = (439)
92(Z1, .y Tn) = 2 : (4.40)
gn(l'h ey xn) = Cn } (441)

where each function g; depends on all unknown variables. While conditiops under which
a solution to this general problem exists are not known, by recognizing aé linear resistive
network structure of the class of the problem of interest here, it becomes ﬂiossible to solve
this problem in terms of bounds on changes within which unique solutiori guaranteed to
exist. |

It has been shown in [24] that the Q-V problem can be formulated jias a particular

subclass of the general algebraic problem defined previously of the form
Az+ f(z) = c | (4.42)

This problem and conditions for its solution existence have been studied extensively in the
area of nonlinear monotone networks [25]. Here each nonlinear function f; ?is a function of
one variable z; only. In [27, 24] nonlinear reactive power-voltage problem was formulated

as a problem of type (4.42).
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4.4 Forward-Backward Algorithm for Estimating Changes
in Nodal Voltage Magnitudes

Starting from equation (4.26) and rearranging it in a tier wise manner, we have,

- | -

Hy Hi O 0 . 0 Aay a0, -
Hy Hyp Has 0 . 0 Azs 0
0 H;s; Hss Hjy . 0 Az : 0
Hiv-nywv-z Hov-nw-1) Hoyv-ny | | Azyor | 0

| 00 0 : Hyv-) Hyy || Azy | | 0

(4.43)

From the last two rows of this equation we have,

Hn-1y(wv-2)A2N-2 + Hn-1y(v-1)A2n-1 + Hy_ynyAzy =0

Hn_1yv-2)AzN—2 + Hn_1)(N-1)ATN -1 — H(N—l)NHJQ}vHN(N—nAéwAL—l =0
Hin_yyv-2)Ary—2 + (Hn-1yn-1) — Hn-y~nHynyHy(v-1))Azy-_1 =0

This leads to a recursive relation,

Azy1 = (—Hy -1y Hv-1yv-2) Azy

where,

Hiy_1yn-1) = Hin_1ywv—1) — Hn-1ynHyyHyv-1)

By solving equation (4.43) backwards, Az is found as a function only of AQ; and the
system matrix, H, as,

Azy = (Hy — HipHy Hy ) (—AQ1) ! (4.44)

Using this expression and the expressions for all changes in z, one can find by forward

substituting the changes introduced by the reactive power injection at bus 1 as,
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for j =2,...,N where
Hik = Hyk — Higer ) H 1) o1y Hik+ 1)k

fork=2,..,(N —1) and Hyy = Hyy.
It is now important to note that this formulation will have a solution

H matrix is nonsingular. This is true as long as the our assumption that]

(4.46)

as long as the

the PV buses

have regulated voltage magnitudes, thus enabling us to get rid of the line and columns

corresponding to them.

After the vector Az is computed, voltage magnitudes at all nodes can be computed as

follows,
AV, = ﬂAIIIi
d:Ei
AV; = V;Az;

This result is potentially useful for distributed decision-making in a der¢
maket. What this result implies is that given the change in reactive powe
single bus, nominal operating conditions on the network known, it is possi
voltage magnitude changes for all nodes. This voltage magnitude changes at

can be used to compute reactive line losses locally.

4.5 Reactive Power Losses and Their Estimatios

Following the same approach used for the real power losses formulation
plest system of a single generator and a single load connected through a tr|

as in Figure 4-1, reactive power Q;; going out of node ¢ is given by
Qij = ${Vie?’I*}

or,

Qij = S{Vie™ (Vie ™% — V;e™7%)(Gy; + i Byj)}

{(V2 - Viv;e/®=9))(Gy; + jByg)}

ij = 3
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Qij Qi

"\ l R +jX ‘

Node i Node j
Load

Figure 4-1: Simple 2 Bus System

This results in,

Qij = Vi’ Bij — ViVj(Bij cos §;j + Gij sin d)
Similarly, the reactive power Q;; flowing from node j to node :
Qji = V2Bjj — ViV;(Byj cos 6;; — Gijsin ;)

where 0;; = 0; — d;. Then the reactive losses in line 7 — j are given as t

reactive power flows as,

Qrij = Bij(V}2 —2V;Vjcos 6;; + VJ?)

(6)2
zB,-j[Vf—w,-V,-[l— > + V7

= B”((Vz — VJ)2 + Vz‘/](&z])?)

Unlike in the real power losses formulation, we can not say that d;; = 0. It
by comparing the results with the exact load flow analysis that this appra
introduce unacceptable inaccuracy in computing Qr;;. However, recalling
assumption, we can say that angles do not change much because of a chs
power injection.

Provided that the OASIS is going to have a base case for the netw
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parameters, changes in voltage magnitudes at all busses due to a single change in reactive

power, can be computed using the @ — V formulation as a non-linear resistive network with

independent sources previously described.

—~ AQ = HoAg

Vi=e"

From this formulation we can see that, if we assume that voltages at
regulated and kept at nominal conditions (i.e. 1p.u.), the correspondi
going to be zero, thus enabling us to get rid of all the columns and line
corresponding to PV busses and taking them as reference. In that way,
that this matrix is non-singular. After re-enumeration of the busses using
enumeration introduced earlier, the matrix Hg has the topology of the Z
real power-phase angle problem. For the matrix Hg to correspond to a no
network with positive resistances only, we have to assume that no shunts ax
network. Therefore, we are modeling capacitors at nominal conditions as
power injections. It is, furthermore assumed that the end users compensate
a unity power factor at each bus. With this in mind, the proof for a locali;
the Qv problem is analogous to the proof for the real power-phase angle in

Now, let us consider how to compute changes in reactive power losses ¢

in reactive injections in a deregulated energy market. First, let’s begin w

losses formulation,
Quij = Bij(Vi + AV; = (Vi + AV)))* + (Vi + AV))(V; + AV;)(8)]

Remember that AV; and AV} are actually the sum of all the changes du

injections at different busses,
AV; = AV1 + AV + ... + AV

AV; =AVj1 + AVja + ...+ AV,
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For simplification purposes let us introduce V;; =V; — V; and AV;; = AV, +

It can be seen that the first term of equation (4.57) is similar to the es;

power losses, thus by the same argument we can approximate it as,
(Vij + AVyy)? & Vi + 2V AVig + AV 1) + (2VijAViiz + AVS,

+ (2VijAVijx + AVZ L)

b
L

AV;.

imation of real

(4.60)

Now, let us investigate how the second term can be approximated in a localized way.

First,
(Vi + AVy)(V; + AV;) = ViV + VIAV; + VAV, + AV;AV;

The first three terms do not present any problems to a localized formulation
VAV = Vi(AVj1 + AVja + ... + AVj)

ViAV; = Vi(AVi1 + AVi2 + ... + AViy)

However, on the fourth term interactions among changes in voltage mag

different changes in injection, prevent us from having a localized formulatia
AVAV; = (AV;1 + AVio + ... + AVig)(AVj1 + AVjg + ... + Al

It is now that we recall the localized response property, to say that
AV;AV; = AV 1AV + AV pAVja + ... + AV AV

since we are assuming that the changes in reactive power injection are occurri

(4.61)

, as We can see,

nitudes due to

1.

ik)
(4.62)
ng with enough

separation for the localized response property to be valid. It is to say that, for example,

the change in voltage magnitude in bus 1 due to change in injection at bus 1
than the change in voltage magnitude in bus 1 due to change in injection &
is “far” from bus 1.

In this way we can summarize the estimation of reactive power losses d
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in reactive power injection as,
QL =~ QrL(Vi, Vj)+AQL(AV;1, AVj1) +AQL(AVi2, AVj2)+...+ AQL(AV, k, AVjk) (4.63)

where Qr,(V;, V;) stands for the nominal operating conditions provided by the OASIS and
the change in reactive power losses throughout the grid created by injecting AQy into the

network is given by

AQL(AVix, AVjx) = Bij[(2VijAVije+AV;] 1) +85 (ViAV; k+ Vi AV k +AVileAV; )] (4.64)
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Chapter 5

Numerical Examples

In this chapter, numerical results on the standard IEEE 39 bus system 4

re described in

support of theoretical propositions made in this thesis. It is concluded that an acceptable

accuracy is achievable.

5.1 Localized Response Property Revisited

The localized response property establishes that the changes in voltage phase
monotonically as the electrical distance from the triggering event increase

recall the tier based enumeration and this property can be written as,
[Ad1lloe 2 [[Ad2lloc- > |A0N [loo

where ||z||oc denotes the sup norm of z and Ady is the vector of phase an
tier k. In other words, it states that the maximum change in phase angle
less that the maximum change in phase angle in tier 2.

Let us consider the 39 buses network shown in the figure 5-1, with non
given in tables 5.1, 5.2 and 5.3 (in real world this would be provided by the O/
shows values of node voltages, phase angles and real and reactive powers
demanded at each node. Table 5.2 shows values of real and reactive powe
the network with its respective losses. Line parameters are given as in Tab

Now, assume that there is a change in real power injected at bus 1 of 50%

conditions. It is AP, = 4.15p.u. This will create a change in the phase angle
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5 [12, 11]. Now

(5.1)

gles changes in

in tier 1 is not

ninal conditions
ASIS). Table 5.1
generated and
r flows through
e 5.3.

of the nominal

s, Ad; as shown




Tier | Node | Bus Type V P} Pgen Qgen Pioad Qload
1 1 PV 1.02650 8.41892 8.29999 2.04813 0.00000 0.00000
2 2 PQ 1.02163 1.24098 -0.00001 0.99999 2.83500 1.26900
3 3 PQ 1.00522 -5.40954 0.00006 -0.00004 1.39000 0.17000

4 PQ 1.01084 -1.64399 0.00000 0.00000 2.06000 0.27600

4 5 PQ 1.03432 -4.34744 0.00147 0.00622 2.24000 0.47200
6 PQ 0.99370 -7.54943 0.00003 -0.00005 2.81000 0.75500

7 PQ 0.99869 -7.34344 0.00000 0.00000 0.00000 0.00000

5 8 PQ 1.02624 -5.86400 -0.00152 | -0.00658 0.00000 0.00000
9 PV 1.02780 2.55651 5.39991 1.01253 0.00000 0.00000

10 PQ 1.00342 -6.17106 0.00000 0.00000 3.29400 0.32300

11 PQ 0.99694 -8.33359 -0.00001 | -0.00002 1.58000 0.30000

6 12 PQ 1.00018 -8.74858 -0.00013 0.00007 3.22000 0.02400
13 PV 1.04750 -3.39111 2.50004 2.73385 0.00000 0.00000

14 PQ 1.02677 -8.92140 -0.00003 0.00003 0.00000 0.00000

15 PQ 1.00972 -6.04671 -0.00001 0.00000 3.08600 -0.92200

16 PQ 1.00799 -3.65616 0.00000 0.00000 2.74000 1.15000

7 17 PQ 1.03827 -1.44251 0.00001 -0.00008 0.00000 0.00000
18 PQ 0.98574 -7.49823 -0.00001 0.00000 3.20000 1.53000

19 PQ 0.97745 -9.71276 -0.00004 0.00001 5.00000 1.84000

20 PV 1.03000 | -10.76364 9.99998 3.65052 11.04000 2.50000

21 PQ 1.02925 0.73030 0.00000 0.00000 2.47500 0.84600

22 PQ 1.03510 0.93252 0.00000 -0.00001 0.00000 0.00000

23 PV 0.99720 3.80171 6.32000 1.85971 0.00000 0.00000

8 24 PQ 0.98455 -2.89404 -0.00001 0.00001 6.80000 1.03000
25 PQ 0.98589 -6.71044 0.00001 -0.00001 0.00000 0.00000

26 PQ 0.98499 -9.55915 0.00000 -0.00001 0.00000 0.00000

27 PQ 1.00687 | -11.14197 | -0.00002 0.00000 0.00000 0.00000

28 PV 1.06350 8.68635 5.60000 1.62360 0.00000 0.00000

29 PV 1.04930 5.96491 6.50000 3.18047 0.00000 0.00000

9 30 PV 1.01230 2.31130 5.08000 2.02686 0.00000 0.00000
31 PQ 0.99587 -4.04835 0.00001 0.00000 0.00000 0.00000

32 PQ 0.97311 | -11.67785 | -0.00003 0.00001 5.22000 1.76000

33 PQ 0.98697 -9.03396 -0.00004 | -0.00001 0.00000 0.00000

34 PQ 1.00128 -2.98922 0.00001 0.00005 0.00000 0.00000

35 PQ 0.99676 -3.49542 0.00000 0.00002 0.08500 0.88000

10 36 PQ 0.97446 | -11.21005 | -0.00001 0.00001 2.33800 0.84000
37 PQ 0.98758 -8.15208 0.00000 0.00000 0.00000 0.00000

38 SB 0.98200 0.00000 5.78112 2.83664 0.09200 0.04600

11 39 PV 0.98310 5.13449 6.50000 2.78804 0.00000 0.00000

Table 5.1: Nominal Node Operating Conditions for IEEE 39 Bus N
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Tier | Line | from-to Psend Qsend Prec Qrec Pioss Rioss
I 1 1-2 8.29999 2.04826 | -8.24450 | -0.96623 | 0.05549 | 108202
2 2-3 1.92154 0.20362 -1.90115 0.01996 0.02039 | 0[22358
I 3 2-4 3.48795 0.49362 | -3.47130 | -0.31409 | 0.01665 | 017953
4 3-4 -1.40292 0.05438 1.41131 0.03809 0.00839 | 0(09246
111 5 3-5 -0.67916 | -0.83270 | 0.68281 0.86960 0.00366 | 003691
6 3-6 2.59329 0.58836 | -2.58349 | -0.48549 | 0.00980 | 0[10287
7 6-7 -0.22648 | -0.26952 | 0.22664 0.27169 0.00016 | 0[00217
v 8 5-8 2.46142 -0.98916 | -2.41537 1.04572 0.04604 | 0[05657
9 5-9 -5.38277 | -0.35052 5.39991 1.01347 0.01715 | 066295
10 7-10 -2.32927 | -0.32401 2.33315 0.37336 0.00388 | 0j04935
11 7-11 2.10263 0.05232 | -2.09952 | -0.01595 | 0.00310 | 0/03637
v 12 8-12 3.55435 1.55136 | -3.53579 { -1.33572 | 0.01857 | 0}21564
13 8-13 -2.50004 | -2.50656 2.50004 2.73286 0.00000 | 0j22630
14 8-14 1.35955 -0.09248 | -1.35338 0.16495 0.00617 | 0[07247
15 11-12 0.51951 -0.28405 | -0.51913 0.28874 0.00039 | 0/00469
16 10-15 -0.42605 | -1.04958 0.42643 1.05710 0.00038 | 0j00752
17 10-16 -3.29176 | -0.07227 | 3.30038 0.21762 0.00861 | 0/14536
VI 18 10-17 -4.50611 | -1.24157 | 4.54082 1.66467 0.03472 | 042311
19 10-18 2.59677 1.66706 -2.58825 | -1.57816 | 0.00851 | 0,08890
20 12-19 0.83478 1.02299 | -0.83251 | -0.98587 | 0.00227 | 003712
21 14-20 1.35335 -0.16495 | -1.35158 0.20902 0.00176 |.0]04408
22 15-21 -3.51244 | -0.13510 3.53910 0.55925 0.02666 | 0/42415
23 16-22 -6.04038 | -1.36763 6.07058 1.89614 0.03020 | 0/52851
24 21-22 -0.42912 | -0.59925 0.42943 0.60417 0.00031 | 0J00492
25 17-23 -6.28945 | -1.23988 6.32000 1.85964 0.03055 | 061976
VII 26 17-24 1.74864 -0.42481 | -1.74628 0.47139 0.00236 | 004658
27 18-25 -0.61176 0.04815 0.61245 -0.03974 | 0.00070 | 0.00841
28 19-26 -0.23671 | -0.56069 0.23702 0.56565 0.00031 | 0.00496
29 20-27 0.31156 0.94122 | -0.31063 | -0.91805 | 0.00093 | 0.02316
30 19-25 -3.93082 | -0.29345 3.94383 0.50324 0.01301 | 0.20979
31 21-28 -5.58497 | -0.80601 5.60000 1.62357 0.01503 | 0.81756
32 22-29 -6.50000 | -2.50031 6.50000 3.18042 0.00000 | 0.p8011
33 24-30 -5.05373 | -1.50138 5.08000 2.02684 0.02627 | 0.52546
VI 34 25-31 -4.55627 | -0.46349 4.57569 0.68144 0.01942 | 0.21795
35 26-32 3.22622 0.87258 | -3.21701 | -0.74363 | 0.00921 | 0.12895
36 26-33 -3.46324 | -0.46803 3.46575 0.50076 0.00252 | 0.p3273
37 27-32 0.31062 0.91805 | -0.30849 | -0.88442 | 0.00213 | 0.03363
38 31-34 -4.36137 | -0.80608 4.36930 0.89136 0.00793 | 0.Dp8529
39 31-35 -0.21432 0.12463 0.21442 -0.12194 | 0.00010 | 0.p0270
40 34-35 2.13070 0.86148 | -2.12860 | -0.83882 | 0.00211 { 0.02265
IX 41 32-36 -1.69453 | -0.13195 1.69575 0.14598 0.00122 | 0.01403
42 33-37 -1.82133 0.09579 1.82372 | -0.06779 | 0.00239 | 0.02800
43 33-36 4.04465 1.15305 | -4.03375 | -0.98599 | 0.01090 | 0.16706
44 33-38 -5.68912 3.18174 5.68912 2.79058 0.00000 | 5.97232
45 35-37 1.82918 0.08076 -1.82372 0.06779 0.00546 | 0.14855
X 46 34-39 -6.50000 | -1.75285 6.50000 2.78800 0.00000 | 1.03515

Table 5.2: Nominal Line Operating Conditions for IEEE 39 Bus Network
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Figure 5-1: IEEE 39 Bus Network

Lin R X Line R X
1 .0008 | .0156 24 .0006 | .0096
2 .0057 } .0625 25 .0007 | .0142
3 .0014 | .0151 26 .0007 | .0138
4 .0043 | .0474 27 .0018 | .0217
5 .0032 | .0323 28 .0008 | .0128
6 .0014 | .0147 29 .0010 | .0250
7 .0013 | .0173 30 .0008 | .0129
8 .0070 | .0086 31 .0005 | .0272
9 .0006 | .0232 32 .0000 | .0143
10 .0007 | .0089 33 .0009 | .0180
11 .0007 | .0082 34 .0009 | .0101
12 .0013 | .0151 35 .0008 | .0112
13 .0000 | .0181 36 .0002 | .0026
14 .0035 | .0411 37 .0023 | .0363
15 .0011 | .0133 38 .0004 | .0043
16 .0003 | .0059 39 .0016 | .0435
17 .0008 | .0135 40 .0004 | .0043
18 .0016 | .0195 41 .0004 | .0046
19 .0009 | .0094 42 .0007 | .0082
20 .0013 | .0213 43 .0006 | .0092
21 .0010 | .0250 44 .0000 | .0250
22 .0022 | .0350 45 .0016 | .0435
23 .0008 | .0140 46 .0000 | .0200

Table 5.3: Line Parameters
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in Table 5.4. The change in node angles can be computed using the for

substitution method described in section 3.1 as,
Aé = (Byy — B12Bgyy' Ba1) AP,

Ag,

(=Bj;'Bj(j-1))Adj-1
for y = 2,..., N where
Bik = Bik — Bigk+1)Bikr1) (k1) Bet 1)k

for k =2,...,(N — 1) and Byn = Byn. In Table 5.4 we compare the no

changes obtained using the forward/backward substitution method to acty

puted using load flow simulations.

From these results, it can be seen that the localized response property

the largest change in tier ¢ is always larger than the largest change in tier
i=1,..., N, where N is the number of tiers, and that the DC load flow (forw
formulation used to compute phase angle changes is very accurate. Note th|
ducing a fairly large change in real power injection (50% of the nominal valug

phase angles are actually larger than the nominal values, and still we can st

with high accuracy using the forward/backward method.

5.2 Numerical Accuracy of the Proposed Metho

mating Real Power Losses

For estimating real power losses at the bus where the input change occurs, an
from other system input changes, the localized spread of phase angles away
change is not sufficient. Since the transmssion loss is a function fo phase a
Ad;j, it is important that they also become smaller away from the syster

causing them. The changes in Ad;; are easily computed from Ad as Adyj

ward/backward

(5.4)

dal phase angle

nal values com-

holds, i.e., that

(1 + 1), for all
yard /backward)
at we are intro-
) and change in

ill be predicted

d for Esti-

d independently
from the input
ngle differences,
m input change

= MA)J. It is

convenient to show these values, so that it can be seen that our assumption that the angle

differences decrease away from the node where the change in injection ¢

(Recall our argument analogous to the current dividers of circuit theory [5]
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Tier | Node [ A§(DC) | AJ(LF)
1 1 27.6875 | 27.6519
2 23.9684 | 23.8180
3 16.4761 15.9800
4 22.1578 | 21.8902
4 5 13.1835 | 12.6063
6
7
8

14.4465 | 13.9557
12.0659 | 11.7235
11.7401 11.5103
9 13.1835 | 12.6315
10 11.3496 | 11.0688
11 11.5965 | 11.2805
6 12 10.8355 | 10.5932
13 11.7401 11.5375
14 10.0230 9.8274
15 11.3496 | 11.0686
16 11.3496 | 11.0930
7 17 11.3496 | 11.0944
18 10.5907 | 10.3487
19 8.3490 8.2246
20 8.9844 8.8551
21 11.3496 | 11.1210
22 11.3496 11.1220
23 11.3496 | 11.1009
8 24 11.3496 | 11.0848
25 8.8428 8.7215
26 6.3645 6.3557
27 7.9458 7.8979
28 11.3496 | 11.1409
29 11.3496 11.1359
9 30 11.3496 11.0884
31 8.4166 8.3450
32 6.4341 6.4206
33 5.9444 5.9654
34 8.2652 8.2122
35 8.1138 8.0687
10 36 6.2705 6.2642
37 6.2902 6.2996
11 39 8.2652 8.2499

Table 5.4: Changes in Node Angles
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earlier that the changes in real power losses can be estimated locally for a

power injection at node 1 as,
APL(Adij1) = Gij(26; 88351 + ASY; 1)

These results are shown on Table 5.5.

change in real

(5.5)

From the results shown in Table 5.5, we can conclude two things: first, that the accuracy

of the localized method for computing real power transmission losses is hig
that losses are, to certain extent, localized. These two conclusions help us pr

of our assumptions.

th, and second,

ove the validity

It is important to recognize that for a single power input change around nominal con-

ditions, both power imbalance and the transmission loss is compensated fq
slack bus. This should be kept in mind since in the actual operation of a po;
function is distributed among several buses. The implications of theis mod

cost for transmission loss in a deregulated industry should be carefully trea

5.3 Real Power Losses Caused by Bilateral Tran

Consider next a scenario of a bilateral transaction in a deregulated electric
instead of a single bus change in system input. A bilateral transaction repreg
neous increase of system input of X MW at location %, and decrease of X N
Jj. Bus ¢ is referred to as a supplier, and bus j as a buyer in the primary s
market. It is particularly important to develop means of effective loss est]

these transactions since their impact on the system-wide operation is unbuy|

r solely by the
wer system this
leling factor on

ted.

sactions

bower industry,
ents a simulta-
IW at location
upply/demand
mate cause by

nbled from the

profit-driven power trade. This is unlike a simple injection scenario in whi¢h system-wide

effects are managed in a bundled way with the power imbalances caused

profit-driven changes in system input.

by intentional,

A premise in this thesis is that the bilateral market participants could estimate locally

their impact on the system and have a choice to compensate for them by 1

original trades slightly. The following numerical setup illustrates typical ax

approach.
Let us consider a change in demand at node 36 of AP = —4.15p.u. No

sign, implying an increase in demand. The same way as before, we comp
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Tier | Line 0ij Adij1 APr(Ad;;1) | APL(LF)
1 1 7.1779 3.7191 0.0671 0.0742
2 6.6505 7.4924 0.0687 0.0702
I 3 2.8850 1.8107 0.0255 0.0270
4 -3.7656 | -5.6817 0.0434 0.0437
111 5 -1.0621 | 3.2926 0.0036 0.0084
6 2.1399 2.0296 0.0250 0.0230
7 -0.2060 | 2.3805 0.0062 0.0058
v 8 1.5166 1.4433 0.1120 0.0896
9 -6.9039 0 0 0.0003
10 -1.1724 | 0.7164 -0.0031 -0.0024
11 0.9902 0.4694 0.0036 0.0032
v 12 2.8846 0.9047 0.0104 0.0104
13 -2.4729 | 0.0000 0 0
14 3.0574 1.7171 0.0084 0.0085
15 0.4150 0.7610 0.0023 0.0019
16 -0.1243 0 0 0.0001
17 -2.5149 0 0 0.0002
VI 18 -4.7285 0 0 0.0015
19 1.3272 | 0.7589 0.0080 0.0072
20 0.9642 2.4865 0.0095 0.0080
21 1.8422 1.0386 0.0024 0.0024
22 -6.7770 | 0.0000 0.0000 0.0004
23 -4.5887 | 0.0000 0.0000 0.0007
24 -0.2022 0.0000 0.0000 0.0000
25 -5.2442 0 0 0.0005
Vil 26 1.4515 0 0 0.0001
27 -0.7878 | 1.7479 0.0003 0.0001
28 -0.1536 1.9845 0.0049 0.0044
29 0.3783 1.0386 0.0009 0.0009
30 -3.0023 | -0.4938 0.0047 0.0044
31 -7.9560 0 0 0.0002
32 -5.0324 | 0.0000 0 0
33 -5.2053 0 0 0.0003
VIII 34 -2.6621 | 0.4262 -0.0056 -0.0048
35 2.1187 | -0.0696 -0.0006 -0.0006
36 -0.5252 | 0.4201 -0.0024 -0.0022
37 0.5359 1.5117 0.0021 0.0022
38 -1.0591 | 0.1514 -0.0019 -0.0016
39 -0.5529 | 0.3028 -0.0001 -0.0001
40 0.5062 0.1514 0.0012 0.0011
IX 41 -0.4678 | 0.1636 -0.0007 -0.0007
42 -0.8819 | -0.3458 0.0023 0.0021
43 2.1761 | -0.3261 -0.0028 -0.0026
44 -9.0340 | 5.9444 0 0
45 4.6567 1.8236 0.0052 0.0048
X 46 -8.1237 0 0 0
Total - - - .4006 .3929

Table 5.5: Changes in Losses Due to
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nodal phase angles using the forward/backward substitution method. It

note here, that the enumeration for this computation will change. Recall the
enumeration, and in this case bus 36 will be bus 1, and busses directly cg
36, will form the second tier, and so on. To make it easier to understan

the same enumeration throughout all our examples, except where we exp

s important to

> tier-based bus

nnected to bus

d, we will keep

licitly establish

the contrary. With the changes in node angles known, we can compute cﬂlanges in angle

differences throughout the network and similarly to the first case, change

B

in real power

losses due to a change in demand at node 36. In Table 5.6, we show the ling by line values

of changes in angle differences due to changes in power at node 1 and 36, A4
together with changes in real power losses, APy, ; and APp 36
From these results, it can be observed how accurate the method is for

power losses locally, that is how real power transmission losses can be esti

Hj,l and A(sij,36,

estimating real

mated knowing

only the change in power injection at a given node and nominal or base case conditions of

the network. It is important to note (from Table 5.6) that in lines where
angle difference and power losses due to the change in power at node 1 are s|
close to node 1), the changes in angle difference and power losses due to the d
at node 36 are small (far from node 36), and vice versa. It can be seen hd
can be used even for computing real power transmission losses of a bilate
provided that the two busses involved in it are separate “enough” for our
be valid.

More work is needed to develop notions of electrical distances below wh
of transmssion loss is such that all injections should compensate for transni
formly. In other words, because of very close electrical distances among these;
the interaction component is so large relative to the component caused by in
actions that for all practical purposes these must be treated as one transacti
is needed to develop knowledge of a minimum electrical distance below whi

In the context of the 39 bus system, the following scenario illustrate sud
introduce a change in real power demand at node 4, instead of node 36, of A
It can be seen from Figure 5-1 that both nodes are close together, so it c4
that our approximation will be poor, due to the fact that the interactions wi
and can not be neglected. This is documented on table 5.7. It can be seen tH

interaction component is dominant, losses are very inaccurate.
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Line | Adj;1 | APL(Adi;,1) | Adijze | APL(Adij36) | D, _) 56 APL(Adij k) ||APL (LF)
1 3.7191 0.0671 0 0 0.0671 0.0743
2 7.4924 0.0687 0 0 0.0687 0.0704
3 1.8107 0.0255 0 0 0.0255 0.0271
4 | -5.6817 0.0434 0 0 0.0434 0.0438
5 3.2926 0.0036 0.0343 -0.0001 0.0035 0.0087
6 2.0296 0.0250 -0.0156 -0.0001 0.0249 0.0227
7 2.3805 0.0062 -0.0183 0.0000 0.0062 0.0056
8 1.4433 0.1120 0.0150 0.0008 0.1128 0.0904
9 0 0 0.0000 0.0000 0.0000 0.0003
10 | 0.7164 -0.0031 -0.0166 0.0001 -0.0030 -0.0023
11 | 0.4694 0.0036 0.0066 0.0000 0.0037 0.0033
12 | 0.9047 0.0104 -0.0659 -0.0006 0.0098 0.0100
13 0.0000 0 0 0 0 0
14 | 17171 0.0084 0.2228 0.0009 0.0093 0.0101
15 | 0.7610 0.0023 0.0107 0.0000 0.0023 0.0019
16 0 0 0.0000 0.0000 0.0000 0.0001
17 0 0 0.0000 0.0000 0.0000 0.0002
18 0 0 0 0 0 0.0019
19 0.7589 0.0080 -0.0176 -0.0001 0.0078 0.0073
20 | 2.4865 0.0095 -0.0754 -0.0001 0.0094 0.0079
21 1.0386 0.0024 0.1348 0.0003 0.0026 0.0029
22 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0006
23 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0009
24 | 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
25 0 0 0.0000 0.0000 0.0000 0.0006
26 0 0 0.0000 0.0000 0.0000 0.0001
27 | 1.7479 0.0003 -0.0405 0.0001 0.0004 0.0000
28 | 1.9845 0.0049 -0.0288 0.0000 0.0049 0.0039
29 1.0386 0.0009 0.1348 0.0001 0.0010 0.0015
30 -0.4938 0.0047 -0.0167 0.0001 0.0048 0.0049
31 0 0 0 0 0 0.0002
32 | 0.0000 0 0.0000 0 0 0
33 0 0 0 0 0 0.0004
3¢ | 0.4262 -0.0056 -0.0320 0.0005 -0.0051 -0.0041
35 | -0.0696 -0.0006 0.8586 0.0085 0.0079 0.0082
36 0.4201 -0.0024 -0.2053 0.0023 -0.0001 -0.0013
37 | 15117 0.0021 0.1962 0.0001 0.0022 0.0036
38 | 0.1514 -0.0019 -0.0114 0.0002 -0.0018 -0.0014
39 | 0.3028 -0.0001 -0.0227 0.0000 -0.0001 -0.0001
40 | 0.1514 0.0012 -0.0114 -0.0001 0.0011 0.0011
41 | 0.1636 -0.0007 0.3785 -0.0012 -0.0019 -0.0012
42 | -0.3458 0.0023 0.0259 -0.0001 0.0022 0.0019
43 | -0.3261 -0.0028 1.4424 0.0180 0.0151 0.0146
44 | 5.9444 0 -5.9444 0 0 0
45 | 1.8236 0.0052 -0.1368 -0.0003 0.0049 0.0044
46 0 0 0 0 0 0

Total - 0.4006 = 0.0290 0.4296 0.4254

Table 5.6: Changes in Losses Due to Changes in Injection at Nodes [l and 36
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Line A&;j,l APL(AJ,'J'J) A&ij,4 APL(AtsijA) Zk:l.d APL(A(sij,k) AP (LF)
1 3.7191 0.0671 0 0 0.0671 0.0725
2 7.4924 0.0687 -5.6817 -0.0191 0.0496 0.0116
3 1.8107 0.0255 1.3731 0.0182 0.0436 0.0547
4 -5.6817 0.0434 7.0548 -0.0019 0.0415 -0.0051
5 3.2926 0.0036 -3.2926 0.0165 0.0201 0.0017
6 2.0296 0.0250 -2.0296 -0.0089 0.0161 -0.0006
7 2.3805 0.0062 -2.3805 0.0087 0.0149 0.0003
8 1.4433 0.1120 -1.4433 -0.0398 0.0723 -0.0003
9 0 0 0.0000 0.0000 0.0000 0.0002
10 0.7164 -0.0031 -0.7164 0.0059 0.0027 0.0003
11 0.4694 0.0036 -0.4694 -0.0022 0.0014 -0.0001
12 0.9047 0.0104 -0.9047 -0.0076 0.0028 -0.0002
13 0.0000 0 0 0 0 0
14 1.7171 0.0084 -1.7171 -0.0047 0.0037 -0.0002
15 0.7610 0.0023 -0.7610 -0.0001 0.0022 0.0000
16 0 0 0 0 0 0.0000
17 0 0 0.0000 0.0000 0.0000 0.0000
18 0 0 0.0000 0.0000 0.0000 0.0004
19 0.7589 0.0080 -0.7589 -0.0044 0.0035 -0.0002
20 2.4865 0.0095 -2.4865 0.0012 0.0108 -0.0002
21 1.0386 0.0024 -1.0386 -0.0013 0.0010 0.0000
22 0.0000 0.0000 0.0000 0.0000 0.0000 0.0001
23 0.0000 0.0000 0.0000 0.0000 0.0000 0.0002
24 0.0000 0.0000 0.0000 0.0000 0.0000 0
25 0 0 0.0000 0.0000 0.0000 0.0001
26 0 0 0.0000 0.0000 0.0000 0.0000
27 1.7479 0.0003 -1.7479 0.0067 0.0071 0.0001
28 1.9845 0.0049 -1.9845 0.0067 0.0117 0.0001
29 1.0386 0.0009 -1.0386 0.0001 0.0010 0.0000
30 -0.4938 0.0047 0.4938 -0.0040 0.0007 -0.0001
31 0 0 0 0 0 0.0000
32 0.0000 0 0.0000 0 0 0
33 0 0 0 0 0 0.0001
34 0.4262 -0.0056 -0.4262 0.0065 0.0010 0.0003
35 -0.0696 -0.0006 0.0696 0.0006 0.0000 0.0000
36 0.4201 -0.0024 -0.4201 0.0055 0.0032 0.0001
37 1.5117 0.0021 -1.5117 0.0004 0.0024 0.0000
38 0.1514 -0.0019 -0.1514 0.0022 0.0003 0.0001
39 0.3028 -0.0001 -0.3028 0.0001 0.0000 0
40 0.1514 0.0012 -0.1514 -0.0009 0.0003 0.0000
41 0.1636 -0.0007 -0.1636 0.0010 0.0003 0.0000
42 -0.3458 0.0023 0.3458 -0.0015 0.0008 -0.0001
43 -0.3261 -0.0028 0.3261 0.0033 0.0005 0.0001
44 5.9444 0 -5.9444 0 0 0
45 1.8236 0.0052 -1.8236 -0.0035 0.0017 -0.0001
46 0 0 0 0 0 0

Total ~ 0.4006 - -0.0163 0.3843 0.1358

Table 5.7: Changes in Losses Due to Changes in Injection at Nodes|1 and 4
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Note that changes in real power transmission losses due to changes in injection at nodes

1 and 4 are significant in the same lines, meaning this, that there is a strpng interaction
between both changes in injections, making our assumptions invalid. This kind of bilateral
mpared to the

n is 50% of the

transactions can be approximated if the changes in injection is small cq
nominal conditions. Remember that in our example the change in injectio
nominal conditions. Further explanations and simulations of this case are not given in this
thesis, because that would be a complete different problem that does not have to do with
n of estimating

his thesis. This

our premise that losses can be estimated in a localized way. The problen
effects of many electrically close yet small input changes is not the topic of t
is the problem related to the operating/pricing principles for distributed generation that

may emerge as relevant in the near future.

5.4 Numerical Accuracy of the Proposed Method for Esti-

mating Reactive Power Losses

In this section we present an example on how reactive power losses caused on the trans-

mission grid, excluding shunt losses can be computed on a localized way.| Again we use
the same IEEE 39 busses network to show our results. However there is a|small variation
on the nominal conditions on the system. In order to compute changes in nodal voltage

magnitudes due to changes in reactive power injections using the @ — V formulation of a

non-linear resistive network with independent sources given in equation (4.
have to define voltages at all PV busses as regulated to 1 p.u!. This will

rid of all the lines and colums of the matrix Hg when we use the transform

Vi=en

since for these PV buses, z; will be zero and we can take them as a refere;
Not only the nominal voltage will be 1 p.u., but it is also regulated, mean
will not be any change in its magnitude. This implies that there will not be
z; consequently, making our formulation valid not only for the nominal cas

the estimation of changes in node voltage magnitudes. The nominal conditidg

!This is not essential but it is done here for simplicity
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Node \4 [ Pgen Qgen Pioad Qioad
1 1.00000 10.10225 8.29999 2.32815 0.00000 0.00000
2 0.96551 2.50690 -0.00001 | 1.00000 2.83500 1.26900
3 0.94275 | -4.95302 0.00007 | -0.00005 1.39000 0.17000
4 0.95258 | -0.72291 0.00000 0.00000 2.06000 0.27600
5 0.97426 | -3.78188 0.00271 0.00507 2.24000 0.47200
6 0.92819 | -7.35888 0.00004 | -0.00004 } 2.81000 0.75500
7 0.93100 | -7.08144 0.00000 0.00001 0.00000 0.00000
8 0.96361 | -5.40700 | -0.00280 | -0.00542 | 0.00000 0.00000
9 1.00000 3.55935 5.39992 1.31311 0.00000 0.00000
10 0.93379 | -5.71570 0.00000 | 0.00003 3.29400 0.32300
11 0.93007 | -8.21395 0.00000 | -0.00001 1.58000 0.30000
12 0.93514 | -8.67977 | -0.00012 | 0.00009 3.22000 0.02400
13 1.00000 | -2.71541 2.50004 2.07025 0.00000 0.00000
14 0.98417 | -8.94619 | -0.00002 | 0.00005 0.00000 0.00000
15 0.93987 -5.57025 0.00001 0.00001 3.08600 -0.92200
16 0.93572 -2.80293 0.00000 0.00004 2.74000 1.15000
17 0.96917 | -0.26335 | -0.00001 | 0.00000 0.00000 0.00000
18 0.91703 | -7.24756 0.00002 0.00004 3.20000 1.53000
19 0.91280 | -9.74550 0.00002 0.00009 5.00000 1.84000
20 1.00000 | -10.97680 | 9.99998 4.62494 { 11.04000 | 2.50000
21 0.95800 2.27200 -0.00001 | 0.00003 2.47500 0.84600
22 0.96256 2.51556 -0.00002 | 0.00001 0.00000 0.00000
23 1.00000 4.96071 6.32000 2.14283 0.00000 0.00000
24 0.96945 | -1.73820 0.00000 0.00001 6.80000 1.03000
25 0.92250 | -6.33569 | -0.00002 | 0.00003 0.00000 0.00000
26 0.92161 -9.51997 -0.00001 | -0.00001 0.00000 0.00000
27 0.96439 | -11.37768 | -0.00003 | 0.00000 0.00000 0.00000
28 1.00000 | 11.36363 5.59999 1.88346 0.00000 0.00000
29 1.00000 8.05700 6.49999 2.93291 0.00000 0.00000
30 1.00000 3.58456 5.08000 1.67551 0.00000 0.00000
31 0.93645 -3.32899 -0.00001 0.00001 0.00000 0.00000
32 0.91248 | -11.94044 | 0.00003 0.00008 5.22000 1.76000
33 0.92583 | -8.92328 0.00002 | -0.00005 | 0.00000 0.00000
34 0.94310 | -2.13965 | -0.00003 | 0.00000 0.00000 0.00000
35 0.93706 | -2.70535 | -0.00001 | 0.00005 0.08500 0.88000
36 0.91340 | -11.40442 | 0.00001 0.00003 2.33800 0.84000
37 0.92753 | -7.92932 | -0.00001 | 0.00001 0.00000 0.00000
38 1.00000 0.00000 5.83626 3.46119 0.09200 0.04600
39 1.00000 5.78341 6.49998 3.29520 0.00000 0.00000

Table 5.8: Nominal Node Operating Conditions for the Q — V Prq

are given in Tables 5.8 and 5.9.

yblem

As in the estimation of real power transmission losses, let us introduce next a change of

50% at bus 2 of the amount AQ2 = .6345p.u. Note the positive sign, in order to make it

consistent with the earlier.

This formulation already accounts for the sign, since we are assuming that ch

occur at PQ busses. With this formulation we compute changes in z at eve

—AQ = HgAz

correspond to changes in node voltages with the following relationship,

AV; = VAz;
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Line | from-to Psend Qsend Prec Qrec Pioss Qioss

1 1-2 8.3000 | 2.3042 | -8.2405 | -1.1551 | 0.0595 | 1.1491
2 2-3 1.9182 | 0.2959 | -1.8952 | -0.0454 | 0.0231 | 0.2506
3 2-4 3.4873 | 0.5987 | -3.4685 | -0.3962 | 0.0188 | 0.2025
4 34 -1.3990 | -0.0166 | 1.4085 | 0.1207 | 0.0095 | 0.1041
5 3-5 -0.6652 | -0.8477 | 0.6694 | 0.8899 | 0.0042 | 0.0422
6 3-6 2.5695 | 0.7407 | -2.5582 | -0.6225 | 0.0113 | 0.1182
7 6-7 -0.2517 | -0.1313 | 0.2519 | 0.1329 | 0.0001 | 0.0016
8 5-8 2.4747 | -0.7639 | -2.4253 | 0.8246 | 0.0495 | 0.0607
9 5-9 -5.3814 | -0.5915 | 5.3999 1.3022 | 0.0185 | 0.7107

10 7-10 -2.3345 | -0.0804 | 2.3389 0.1364 | 0.0044 | 0.0560
11 7-11 2.0827 | -0.0516 | -2.0791 | 0.0927 | 0.0035 | 0.0411
12 8-12 3.5454 1.6058 | -3.5242 | -1.3597 | 0.0212 | 0.2461
13 8-13 -2.5000 | -1.8765 | 2.5000 2.0669 0 0.1904
14 8-14 1.3771 | -0.5545 | -1.3688 | 0.6519 | 0.0083 | 0.0974
15 11-12 0.4991 | -0.3937 | -0.4986 | 0.3999 | 0.0005 | 0.0062
16 10-15 -0.4254 | -0.9402 | 0.4258 0.9474 | 0.0004 | 0.0072
17 10-16 -3.2804 | 0.1446 3.2903 0.0221 | 0.0099 | 0.1667
18 10-17 -4.5013 | -1.1082 | 4.5408 1.5870 | 0.0395 | 0.4787
19 10-18 2.5742 1.4504 | -2.5652 | -1.3563 | 0.0090 | 0.0941
20 12-19 0.8027 | 0.9386 | -0.8004 | -0.9014 | 0.0023 | 0.0372
21 14-20 1.3688 | -0.6528 | -1.3664 | 0.7122 | 0.0024 | 0.0593
22 15-21 -3.5118 | -0.0232 | 3.5425 0.5073 | 0.0307 | 0.4841
23 16-22 -6.0303 | -1.1658 | 6.0648 1.7667 | 0.0345 | 0.6008
24 21-22 -0.4350 | -0.4270 | 0.4352 0.4309 | 0.0002 | 0.0039
25 17-23 -6.2888 | -1.5031 | 6.3200 2.1329 | 0.0312 | 0.6298
26 17-24 1.7480 | -0.0858 | -1.7457 | 0.1308 | 0.0023 | 0.0450
27 18-25 -0.6348 | -0.1735 | 0.6357 | 0.1847 | 0.0009 | 0.0112
28 19-26 -0.2968 | -0.6092 | 0.2973 0.6163 | 0.0004 | 0.0071
29 20-27 0.3264 1.4123 | -0.3243 | -1.3597 | 0.0021 | 0.0525
30 19-25 -3.9028 | -0.3278 | 3.9175 0.5648 | 0.0147 | 0.2371
31 21-28 -5.5825 | -0.9211 | 5.6000 1.8587 | 0.0175 | 0.9376
32 22-29 -6.5000 | -2.1953 | 6.5000 2.9191 0 0.7238
33 24-30 -5.0542 | -1.1543 | 5.0800 1.6672 | 0.0257 | 0.5128
34 25-31 -4.5532 | -0.7491 | 4.5758 1.0015 | 0.0225 | 0.2524
35 26-32 3.2131 0.5880 | -3.2031 | -0.4475 | 0.0100 | 0.1406
36 26-33 -3.5104 | -1.2079 | 3.5136 1.2501 | 0.0032 | 0.0422
37 27-32 0.3243 1.3597 | -0.3194 | -1.2834 | 0.0048 | 0.0763
38 31-34 -4.3561 | -0.9985 | 4.3652 1.0964 | 0.0091 | 0.0979
39 31-35 -0.2197 | -0.0039 | 0.2198 0.0063 | 0.0001 | 0.0024
40 34-35 2.1348 1.1361 | -2.1322 | -1.1078 | 0.0026 | 0.0283
41 32-36 -1.6975 | -0.0270 | 1.6989 0.0429 | 0.0014 | 0.0159
42 33-37 -1.8185 | -0.0209 | 1.8212 0.0526 | 0.0027 | 0.0316
43 33-36 4.0491 1.0717 | -4.0369 | -0.8836 | 0.0123 | 0.1882
44 33-38 -5.7443 | -2.2707 | 5.7443 3.3737 0 1.1030
45 35-37 1.8273 | 0.2199 | -1.8212 | -0.0527 | 0.0062 | 0.1671
46 34-39 -6.5000 | -2.2117 | 6.5000 3.2637 0 1.0520

Table 5.9: Nominal Line Operating Conditions for the Q — V Prablem
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Tier | Node | Bus Type \4 Ax AV(F/B) | AV(LF)
1 1 PV 1.0000 0 0 0
2 2 PQ 0.9655 | -0.0078 -0.0075 -0.0083
3 3 PQ 0.9427 | -0.0038 -0.0031 -0.0037
4 PQ 0.9526 | -0.0068 -0.0064 -0.0073
4 5 PQ 0.9743 | -0.0010 -0.0009 -0.0010
6 PQ 0.9282 | -0.0023 -0.0021 -0.0026
7 PQ 0.9310 | -0.0010 -0.0010 -0.0012
5 8 PQ 0.9636 | -0.0005 -0.0005 -0.0007
9 PV 1.0000 0 0 0
10 PQ 0.9338 | -0.0006 -0.0006 -0.0007
11 PQ 0.9301 | -0.0009 -0.0008 -0.0011
6 12 PQ 0.9351 | -0.0006 -0.0006 -0.0008
13 PV 1.0000 0 0 0
14 PQ 0.9842 | -0.0002 -0.0002 -0.0002
15 PQ 0.9399 | -0.0005 -0.0005 -0.0007
16 PQ 0.9357 | -0.0004 -0.0004 -0.0005
7 17 PQ 0.9692 | -0.0002 -0.0002 -0.0002
18 PQ 0.9170 | -0.0005 -0.0005 -0.0006
19 PQ 0.9128 | -0.0004 -0.0003 -0.0005
20 PV 1.0000 0 0 0
21 PQ 0.9580 | -0.0002 -0.0002 -0.0003
22 PQ 0.9626 | -0.0002 -0.0002 -0.0003
23 PV 1.0000 0 0 0
8 24 PQ 0.9695 | -0.0001 -0.0001 -0.0001
25 PQ 0.9225 | -0.0003 -0.0003 -0.0004
26 PQ 0.9216 | -0.0002 -0.0002 -0.0003
27 PQ 0.9644 | -0.0001 -0.0001 -0.0001
28 PV 1.0000 0 0 0
29 PV 1.0000 0 0 0
9 30 PV 1.0000 0 0 0
31 PQ 0.9365 | -0.0002 -0.0002 -0.0003
32 PQ 0.9125 | -0.0002 -0.0002 -0.0003
33 PQ 0.9258 | -0.0002 -0.0002 -0.0003
34 PQ 0.9431 | -0.0002 -0.0002 -0.0003
35 PQ 0.9371 | -0.0002 -0.0002 -0.0003
10 36 PQ 0.9134 | -0.0002 -0.0002 -0.0003
37 PQ 0.9275 | -0.0002 -0.0002 -0.0003
38 SB 1.0000 0 0 0
11 39 PV 1.0000 0 0 0

Table 5.10: Changes in Nodal Voltage Magnitudes

The results of the forward/backward substitution method for our example are given in

Table 5.10. From these results we can see high accuracy of the method for computing

locally changes in voltage magnitudes. It is important to note that these changes in voltage

magnitude are also localized, as was expected from the localized response property under

our assumptions, neglecting PV busses.

The next step, then, is to compute changes in reactive power losses in e

our formulation given in equation (4.64). This relationship is given by,

ach line by using

AQL(AVik, AVjk) = Bij[(2VijAVijk+ AV 1)+ 65 (ViAVj ke + VAV, k + AV, kAVji)] (5.9)
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Line Vij AVij2 [ AQL(AVi2,AV;2) | AQioss(LF)
1 0.0345 0.0075 0.0280 0.0316
2 0.0228 -0.0044 -0.0055 -0.0060
3 0.0129 -0.0011 -0.0046 -0.0048
4 -0.0098 0.0033 -0.0021 -0.0024
5 -0.0315 | -0.0022 0.0043 0.0053
6 0.0146 -0.0010 -0.0025 -0.0028
7 -0.0028 | -0.0011 0.0004 0.0005
8 0.0106 -0.0004 -0.0007 -0.0006
9 -0.0257 | -0.0009 0.0014 0.0016
10 -0.0028 | -0.0004 0.0002 0.0002
11 0.0009 -0.0001 -0.0001 -0.0001
12 0.0285 | 0.0001 0.0001 0.0001
13 -0.0364 | -0.0005 0.0020 0.0027
14 -0.0206 | -0.0003 0.0002 0.0003
15 -0.0051 | -0.0002 0.0002 0.0002
16 -0.0061 0.0000 0.0001 0.0001
17 -0.0019 | -0.0002 -0.0001 -0.0002
18 -0.0354 | -0.0004 0.0010 0.0013
19 0.0168 -0.0001 -0.0004 -0.0003

20 0.0223 -0.0003 -0.0006 -0.0007
21 -0.0158 | -0.0002 0.0002 0.0003
22 -0.0181 -0.0003 -0.0001 -0.0001
23 -0.0268 | -0.0002 0.0003 0.0004
24 -0.0046 0.0000 0.0000 0.0000
25 -0.0308 -0.0002 -0.0007 0.0009
26 -0.0003 | -0.0001 0.0000 0.0000
27 -0.0055 | -0.0002 0.0001 0.0001
28 -0.0088 | -0.0001 0.0002 0.0002
29 0.0356 0.0001 0.0002 0.0003
30 -0.0097 0.0000 -0.0001 -0.0002
31 -0.0420 | -0.0002 0.0005 0.0006
32 -0.0374 | -0.0002 0.0009 0.0012
33 -0.0305 | -0.0001 0.0003 0.0004
34 -0.0140 | -0.0001 0.0001 0.0001
35 0.0091 0.0000 -0.0001 -0.0001
36 -0.0042 0.0000 0.0000 0.0000
37 0.0519 0.0001 0.0003 0.0005
38 -0.0067 0.0000 0.0001 0.0001
39 -0.0006 0.0000 0.0000 0.0000
40 0.0060 0.0000 0.0000 0.0000
41 -0.0009 0.0000 0.0000 0.0000
42 -0.0017 0.0000 0.0000 0.0000
43 0.0124 0.0000 -0.0001 -0.0001
44 -0.0742 | -0.0002 0.0009 0.0014
45 0.0095 0.0000 -0.0001 -0.0001
46 -0.0569 | -0.0002 0.0009 0.0012
Total - . 0.0266 0.0334

Table 5.11: Reactive Losses Changes Due to Change in Injection af
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Chapter 6

Implications on Pricing for
Transmission Losses in a

Changing Industry

The theoretical and numerical results developed in the previous chapte)
are motivated by the recognition that the quest for entirely exact recoy
interconnected operations services in a changing industry forms a very co

It is possibly unrealistic to attempt this task prior to evaluating tradeoff &

s of this thesis
ery of costs of
plex challenge.

etween the cost

borne by the need for additional real-time monitoring of individual market players, and

the inaccuracies in pricing for these services in some approximate ways thd

extensive technical developments.

t do not require

Typical power systems are highly non-linear, high order systems. Because of their

non-linear character it is hard to separate effects of individual market plpyers on system

changes independently from other market players. At least in concept, everything depends

on everything else, and this makes pricing for system-wide support in response to the

primary supply/demand market activities a problem uniquely different than the problems

in many other industries.

Expressed in a different way, this implies that incremental calculations of individual

market players do not sum up to the system-wide effects of all market players present on

the system. This, in turn, implies that the order in which economic transa¢tions take place

also makes a difference.
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It is this complexity that has led FERC to recently propose approx
ancillary services. The pro forma tarrifs are of this type and are based on pre¢
of average costs associated with the ancillary services in the regulated indu

In this thesis an attempt is made to re-visit one particular ancillary se

pensation of transmission losses. The question is asked if, based on cert

imate costs for
vious estimates
stry.

rvice, i.e., com-

in fundamental

characteristics of electric power networks, one could develop an approximate, simple tech-

nique for estimating transmission losses caused in the grid by each individu
and independently from the others.

The results indicate that this actually is possible since most of the larg
networks show a localized response to a system input change; an incrementd
power input of AP; into node ¢ leads to the largest changes in voltage phad
nodes directly connected to the location where the change takes place, and

tier-wise manner away from bus i. Similar property is shown to hold in te

market player,

e electric power
11 change in real
e angles Ad; at
t decreases in a

s of the effects

r
of a reactive power input increment AQ; at bus 7 on changes in nodal voltz]:e magnitudes!

The localized response property is used in this thesis to develop a fol
substitution algorithm for computing changes in voltage angles caused by th
i who is injecting power AP;. Only knowledge of transmission grid paramet
reactances is assumed.

However, since the real power losses are a function of voltage phase 4
(and not the actual angles), for transmission losses to be somewhat local
bus 7 where the power input is made, one must ask the question concerning

response of phase angle differences. It is demonstrated in this thesis that re

rward-backward
e market player

ers, such as line

ingle differences
lized relative to
F the qualitative

latively meshed

networks, such as typical EHV transmission networks effectively act as a power flow divider

as one goes away from the location of the power injected. A highly meshed
has the characteristic that changes in phase angle differences further away
of power injection decrease in magnitude.

It is shown next how the real power losses caused by several market
several injections into the power grid could be approximated by each in

player, independently of the others.

More caution is needed in the reactive power case, by modeling shunt devices as

| power network

from the point

players, i.e., by

dividual market

equivalent reactive

power sources, which can always be managed locally. Only the effect of reactive power input on reactive

power propagation throughout the grid shows the localized response property.
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Only the knowledge of the system-wide nominal voltages and networ
assumed. In the context of present deregulation debate in the United States

is expected to be made available in real time [19].

‘T

parameters is

this knowledge

The estimates of transmission losses made by each individual market player could be

used by themselves to inject power (AP; + AP ;) into the system, and , effectively cancel

out power loss created on the entire network.

This, further, implies that the market players who make an option to

compensate for

transmission losses themselves would not be obliged to pay for the transmission loss ancillary

service.

This concept is simple to implement and attractive since it gives a competitive option

to the market players to compensate for their effects on the system.

It is also important to note that this solution avoids the assymetry caused
of a slack bus when compensating for transmission losses. The losses are ¢
in a distributed way, rather than by the slack bus.

A word of caution is needed here, particularly as related to the real power
if the market players are not sufficiently far apart from each other, measy
electrical distances, the interaction effects could become significant. Further
to quantify a relation between the electrical distance between two buses and
in estimating real power losses in the manner proposed in this thesis. T}
lead to certain guidelines as to which market players must be viewed as a siq
pricing for ancillary services.

The issue is less pronounced when compensating for reactive power loss

power losses are a function of actual nodal voltages, and not their difference

by the presence

bmpensated for

losses. Namely,
red in terms of
work is needed
the error made
le result should

1gle entity when

»s. The reactive

5. The localized

response property guarantees tier-wise decrease in the voltage magnitude changes away from

the reactive power input causing them.

The method suggested in this thesis implies that individual market play
for the reactive power losses created themselves by injecting additional
This is qualitatively different than having to design tarrifs for reactive poy
is fortunate, since the economic value of anything related to reactive powe

somewhat elusive and hard to justify?2.

2Recall that only heat curves for generators are in terms of real power generated, and
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Chapter 7

Conclusions

This thesis is concerned with what may appear to be a well-understood and extensively
researched topic in the electric power engineering. The basic problem is the ohe of computing
how much power is lost in transferring across an electric power network, ps the power is
injected into particular nodes of the network that represent points of power supply and
taken out at other nodes, that represent points of power consumption.

The main reasons for re-visiting the topic of transmission losses at this time were at

least threefold:

1. Increased tendency for economic transfers that go beyond the transfer levels at which

transmission loss is relatively small.

2. Question of compensation for transmission losses in a deregulated/competitive power

industry.

3. Question concerning possible compensation of transmission losses at the end-user level,

i.e., at the level of their cause.

The question posed in this thesis was if the localized response of system voltages to

input changes could be used to

1. Locally estimate transmission losses caused by an end user, keeping i} mind availabil-

ity of real-time information networks required by FERC [17, 19].

2. Compensate for these losses by injecting the power corresponding t¢ this estimated
transmission loss, and not be dependent on the cost for this service d]::tated by some-

one else.

71




In Chapter 2, the basic governing equations of electric power networks f

i.e., the load flow equations were briefly reviewed. These equations define|

n steady-state,

constraints on

real and reactive power inputs into the network, by stating that the power injected into the

system at each node must equal the power transferred by the network. Next,
assumption under which real power load flow equations are separable frg
power load flow equations was defined and conditions under which this assy
were stated. It was recalled that under the real/reactive power decoupling 4

real power load flow problem can be interpreted as a problem of a DC no

the decoupling
m the reactive
imption is valid

issumption, the

linear resistive

network. Similarly, it was reviewed how is the decoupled reactive power/voltage problem

interpreted as a problem of a DC nonlinear resistive network.

A localized response property, essential for the methods described in this thesis, was

stated next for the decoupled nonlinear real power load flow problem. This result is a direct
consequence of interpreting the problem as a nonlinear resistive network with nondecreasing

resistors, that is known to have the localized response property. Loosely speaking, the

localized response property in the context of the decoupled real power lo
means that the largest voltage phase angle change at the nodes directly cq

location %, at which an increment in real power AP; takes place, is never s;

flow problem
mnected to the

maller than the

largest voltage phase angle change at nodes one tier away from bus i, and so on.

This property is not sufficient, however, for the changes in phase angle dj
the transmission lines to have the same property, i.e. to be decreasing away
of their change. For this to hold true, it is sufficient to have a relatively mes|
seen from the location i; starting with a relatively small number of lines dir
to the location ¢, the number of lines across the cutsets away from the locaf
It is intuitively clear that for a transmission network whose reactances a
changes in real power line flows decrease in proportion to the increase of |

across the cutsets away from node i.

flerences across
from the cause
hed network, as
ectly connected
tion ¢ increases.
re uniform, the

humber of lines

This qualitative property is important for the real power loss estimation methods pro-

posed in this thesis. To introduce the problem of transmission losses bas
transmission loss calculation in power networks were briefly reviewed. Prese

art was briefly reviewed for computing transmission losses.

ic formulae for

nt state-of-the-

Next, in Chapter 3 a closed form formula for computing voltage phase¢ angle changes

created by the end user located at bus ¢ was introduced. This formula only
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edge of the power increase AP; at the location ¢ and the network parametd
system. The algorithm is based on the linearized, decoupled real power load
Numerical methods similar in concept could be derived without making t
assumption. The results of this algorithm, combined with the updated 1
phase angles of the entire network were used as the starting information for
power transmission loss created by the end user at bus ¢ when injecting AP;
First, a formula for computing real power losses was described that reflects
of nodal power increments in the interconnected system. This formula car
each end user independently from the others. It was next proposed that for 1
power networks the line flow changes A P;; decrease in absolute value away fr

where power is injected into the system. Given this property, it is possib

irs of the entire
flow equations.
he linearizating
jominal voltage
estimating real
nto the system.
the interaction
inot be used by
he most typical
om the location

e to claim that

the voltage phase angle differences across the transmission lines also decrea

e in proportion

with the line reactances. This further leads to the conjecture that the effect$ of power input

changes resulting from economic transactions are separable to a signific
the transactions are very close electrically. This conjecture was formally dd

In Chapter 4, the problem of estimating reactive power losses in an interg

degree, unless
rived.

onnected power

network was studied. First, the decoupled reactive power-voltage (QV) load flow equations

were briefly reviewed. These form the governing equations of direct inte

state of-the-art results concerned with a non-linear network interpretation

rest. Next, the

of the QV load

flow problem were summarized. It was concluded that such an interpretation is possible.

However, the resulting non-linear network, because of the presence of shunt capacitors on

a primarily inductive network, is analogous to a non-linear DC resistive 3
of whose resistors are monotonically increasing. A qualitative implication
is that it is not possible to state unconditionally that a change in reactive
AQ; into bus 7 leads to uniform decrease in voltage changes AV; [13]. T
proven when the shunt capacitors are not present.

This obstacle could be overcome in the context of the functions of a

network, not all
pf this situation
power injection

his can only be

n end user in a

competitive environment by decomposing the problem of reactive power lo:Ls compensation

into

1. The shunt reactive power loss component, measurable directly in terms of local power

factor compensation.
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2. The reactive power losses created in the planar transmission grid thaf interconnects

all nodes.

An underlying modeling assumption here is that the reactive power jnputs into the

nodes are represented as ideal reactive power injections into the grid!. The total reactive

power injection could be thought of as consisting of the portion flowing from

the node to the

ground, and the portion flowing into the planar transmission network. It was proposed here

that the shunt reactive losses be directly estimated and compensated by eac

is trivial to do. The method proposed in this thesis introduced an approach

h end user; this

to estimate the

second component. It was proven in this thesis that the voltage changes AV} away from the

reactive power injection into the planar portion at node ¢ of the grid decrease

uniformly away

from this location. A closed form solution for estimating the voltage deviatigns in the entire

network caused by the specific end user was derived by using only the information about

the local injection into the grid AQ); and the network parameters of the engire grid. Next,

an approximate formula for reactive power losses in response to reactive

power changes

at several locations in this system was derived. This formula requires knowledge about

nominal voltages, that is assumed to be provided by a real time informa
some sort [17, 19]. It was proposed that for system input changes that ar
electrically, reactive power loss can be estimated and compensated individu
user.

In Chapter 5, numerical results on the standard IEEE 39 bus system wy

i

tion network of
not very close

ly by each end

bre described in

support of theoretical propositions made in this thesis. It is concluded thaT; an acceptable

accuracy is achievable.

In Chapter 6, possible ways of using the proposed method for real time los
by the end users themselves, instead of paying for loss compensation at the
system level were described. It was pointed out that this approach is not
exclusive. End users not interested in compensating for transmission loss t]

continue to pay for the ancillary services according to agreed upon tarrifs.

!This includes flows through the capacitors.
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