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Executive Summary

As the US moves towards competitive markets in electric power generation, the shift of
ownership and operational control of generation from the vertically integrated utilities to
independent, for-profit generation owners has raised a number of fundamental issues regarding
grid control. Questions concerning appropriate generator control loop functionality to meet grid-
wide objectives, while simultaneously enabling full profit potential for individual generator
owners, have not been fully answered more than a decade into North America’s experience in
electric utility restructuring.

Generators remain the fundamental control resource for achieving system-wide frequency
regulation, stable electromechanical dynamic response, and, to a lesser degree, voltage control.
In working toward appropriate functionality, the goal should be to develop practical generator
feedback controls that maximize a generator's contributions to the system-wide control
objectives while minimally conflicting with that generator’s profit-making, energy production
activities. Remaining issues relate to the creation of generator control designs that are more
appropriate to the new operational objectives of a restructured power network. Generator control
designs needs to address (1) regulation of bilateral transactions, (2) the interplay of generation
controls with grid congestion management, and (3) the need for large numbers of distributed,
potentially intermittently-connected generators to “do no evil” with respect to stable, system-
wide electromechanical response.

In this project, we modified the traditional “Automatic Generation Control (AGC)” to
accommodate bilateral transactions. Specific reconfiguration of the area control area
functionality in AGC was developed so that area interchange error signals could be
supplemented to account for imbalances in multiple, point-to-point bilateral transactions. As
might be expected, the finer granularity required to maintain regulation on multiple bilateral
transactions requires monitoring of a greater number of control error signals along with greater
diversity in generation setpoint-update capability. However, our design demonstrated that the
functionality of tracking bilateral transactions can successfully be incorporated in an “AGC-like”
control structure. We anticipate that such functionality could be added to existing control center
software with fairly minimal modifications. In general, the designs developed in the project
provide a practical roadmap for specifying this enhanced functionality to software vendors.

We also developed an algorithm to automate a generator’s contribution to relieving grid
congestion. The algorithm is based upon control signals that supplement direct market prices as
incentives for redispatch of generation. The redispatch signals are based on the gradient
directions that are locally optimal in “backing off” from active line flow constraints in an
Optimal Power Flow (OPF). While this approach is conceptually straightforward, it was still
necessary to develop a computationally efficient method for extracting such information in an
operational time frame. We demonstrate our approach using the IEEE 14-bus test system. The
new algorithm could be further developed for implementation in control center software.

There is an implementation issue of the OPF-based congestion relief algorithm in a very
large-scale, interconnected control area. Even with the advanced computational approach
developed in the congestion relief algorithm, its OPF-based approach might become
computationally impractical in very large-scale control areas being considered for North
American operations under Regional Transmission Operators. Anticipating this challenge, we
developed a partitioning scheme for decomposing the OPF-based computations into a sequence
of computations over smaller portions of the network. Building upon existing coherency and



synchrony-based partitioning techniques that focus on frequency, angle, and active power
deviations, we developed an extension for partitioning that incorporated reactive power flows
and bus voltage magnitude variations. Given the very novel nature of this approach, we
conducted a computational demonstration of the partitioning algorithm’s effectiveness. A
research-grade software package was created in the MATLAB environment, building on
MATPOWER, Power Systems Engineering Research Center’s MATLAB-based power flow and
OPF code. Full source code and documentation for this OPF-partitioning software is provided in
the final project report.

In the years to come there will be a growing need for small-scale generators (i.e., distributed
generation) to have controllers that will allow the generators to participate in meeting system
stability objectives . We created a framework for standardized design of fast-time scale governor
controllers for such generators. The approach was to develop controllers for small-scale
generators so that the generators would not degrade the network’s small-signal
electromechanical stability as the number of on-line generators grows. The approach uses the
well-established Linear-Quadratic-Regulator (LQR) controller design methodology, with an
added constraint placed on the controllers to guarantee that their interconnection with generator
dynamics is passive. We simulated use of the controllers with the IEEE 14-bus test system. This
initial investigation suggested that a relatively small degree of frequency regulation performance
is sacrificed in exchange for this standardized, guaranteed stable behavior. This contribution of
the project is an initial feasibility study into a new class of controller designs for distributed
generation. More development work could proceed to more thorough simulation of the governor
control designs, with subsequent progression to hardware implementation and testing on grid-
connected, small-scale, distributed generation units.
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1. Generation Control in a Restructured Environment

1.1 Background and Motivation

As the US moves towards competitive markets in electric power generation, the shift of
ownership and operational control of generation from the vertically integrated utilities to
independent, for-profit generation owners has raised a number of fundamental questions
regarding grid control. Some of the questions relating to appropriate generator control loop
functionality are still not completely answered, more than a decade into North America’s
experience in electric utility restructuring. Generators remain the fundamental control resource
for achieving system wide goals of frequency regulation, stable electromechanical dynamic
response, and to a lesser degree, voltage control. In broad terms, the goal is development of
practically implementable feedback controls that maximize a generator's contributions to these
system-wide control objectives, while minimally conflicting with generators’ primary profit
making activity of producing energy. Key questions relate to the creation of generator control
designs that are more appropriate to the new operational objectives of a restructured power
network, including the control of bilateral transactions, the interplay of generation controls with
congestion relief in the grid, and the need for large numbers of distributed, potentially
intermittently connected generators to “do no evil” with respect to stable system-wide

electromechanical response.

Contributions Reported in this Work

The first area of investigation concerned modification to traditional “Automatic Generation
Control (AGC)” to accommodate bilateral transactions. In this aspect of the work, specific
reconfiguration of the area control area functionality in AGC is proposed, in such a way that area
interchange error signals can be supplemented to account for imbalances in multiple point-to-
point, bilateral transactions. As might be expected, the finer granularity required to maintain
regulation on multiple bilateral transactions requires a greater number control error signals to be
monitored, with greater diversity in generation setpoint update capability. However, the design
proposed here demonstrates that the functionality of tracking bilateral transactions can

successfully be incorporated in an “AGC-like” control structure.



The report next turns to methodologies to automate generators’ contributions to network
congestion relief. The approach employed is based upon control signals to supplement direct
market price outcomes, where these signals seek to incentive redispatch of generation. The
direction of redispatch is obtained from gradient directions that are locally optimal in “backing
off” from active line flow constraints in an Optimal Power Flow (OPF). While conceptually
straightforward, this work demonstrates a computationally efficient method for extracting such
information in an operational timeframe. The approach is demonstrated in the context of the
IEEE 14 bus test system. However, even with the advanced computational approach advocated,
there remains concern that an OPF-based approach for congestion relief might become
computationally impractical in the very large scale 1ISO’s and RTO being considered for North
American operations. Anticipating this challenge, work under this project also considered a
partitioning scheme for decomposing the OPF-based computations into a sequence of
computations over smaller portions of the network. Building upon existing coherency and
synchrony based partitioning techniques, an extension to incorporate consideration of reactive

power flows and bus voltage magnitude variations was developed.

The final contribution of the report addresses a problem we anticipate to become increasingly
relevant with penetration of large numbers of small-scale generators; e.g., distributed generation.
We develop a framework for standardized design of fast-time scale governor controllers. The
basic premise is to develop controllers with the property that successive additions of any number
of such small generators with these designs can be guaranteed not to detract from the small-
signal electromechanical stability of the network. The approach uses the standard Linear-
Quadratic-Regulator (LQR) linear controller design methodology, with an added constraint
placed on the controllers to guarantee that their interconnection with generator dynamics is
passive. Our sample designs for the IEEE 14 bus test system suggest that a relatively small
degree of regulation performance is sacrificed in exchange for this standardized, guaranteed
stable behavior.



1.2 Organization of the Report

The report is organized into five chapters, representing each of the major thrusts of contribution
in the work. Chapter Two addresses the redesign of traditional AGC to accommodate bilateral
transactions. Chapter Three describes the use of generation redispatch for automated congestion
relief, based upon price signals obtained from an optimal power flow (OPF) formulation.
Anticipating the challenges in employing an OPF-based control methodology in the operation of
very large scale ISO’s and RTO’s, Chapter Four addresses the extension of coherency-based
methods of network partitioning to account for reactive power flows and bus voltage magnitude
variations, with the goal of partitioning into smaller sub-problems the calculations necessary for
Chapter Three’s techniques. Finally, Chapter Five considers the impact of generation controls on
network-wide electromechanical dynamics. Recognizing concerns that increasing penetration of
distributed generation will mean large numbers of smaller units that may connect and disconnect
from the grid intermittently, this chapter’s premise is that such distributed generators’ governors
will need a standardized design. In particular, we anticipate such units should possess faster time
scale controls such that connecting/disconnecting any set of units can be guaranteed to “do-no-
evil” with regard to electromechanical stability. The approach described in that chapter examines
modification of well-known LQR design techniques, applied to generator governor design, with
the novelty that passivity constraints are imposed on the resulting generator/controller
input/output characteristic, to guarantee that connection to the network should not undermine

system-wide electromechanical small-signal stability.



2. Automatic Generation Control (AGC) Adapted to a Restructured Power
Systems Operating Environment

2.1  The Need for AGC Redesign

In a restructured power system environment, allowing independent, competitive generating units
the flexibility to enter into bilateral contracts raises new engineering issues in planning and
operation, even though the underlying physical behavior of units and the operational goals for
the system operator remain essentially the same. With the emergence of the distinct identities of
GENCOs, TRANSCOs, DISCOs and the ISO, many of the ancillary services of a vertically
integrated utility will have a different role to play and hence have to be modeled differently.
Among these ancillary services is the automatic generation control (AGC). In the new scenario, a
DISCO can contract individually with a GENCO for power and these transactions are done under
the supervision of the ISO.

In this chapter, we formulate the two area dynamic model following the ideas presented by
Kumar et al [1], [2]. Specifically we focus on the dynamics and trajectory sensitivities. The
concept of a DISCO participation matrix (DPM) is proposed which helps the visualization and
implementation of the contracts. The information flow of the contracts is superimposed on the
traditional AGC system and the simulations reveal some interesting patterns. The trajectory
sensitivities are helpful in studying the effects of parameters as well as in optimization of the
ACE parameters viz. tie line bias and frequency bias parameters K and B respectively. The
traditional AGC is well discussed in the papers of Elgerd and Fosha [3], [4] as well as in text-
books [5], [6], [7]. Research work in deregulated AGC is contained in [1], [2], [8], [9].

This chapter is organized as follows. In section 2, we explain how the bilateral transactions are
incorporated in the traditional AGC system leading to a new block diagram. Simulation results
are presented in section 3. In section 4, we discuss trajectory sensitivities and the optimization of
K and B parameters using these sensitivities. Section 5 presents conclusions.



2.2 Traditional Versus New AGC

There is a wealth of analyses available in the literature on traditional AGC. In a traditional power
system structure, the generation, transmission and distribution is owned by a single entity called
‘Vertically Integrated Utility’ (VIU) which supplies power to the customers at regulated rates.
The definition of a control area is somewhat determined by the pooling arrangements of utilities.
Sometimes the physical boundaries of a VIU define a control area. All such control areas are

interconnected by tie lines.

It is a primary goal of the AGC to control the tie line power flow at the scheduled value defined
by the contracts among various VIUs, to maintain a generation equal to the local load, thus
controlling the frequencies of the control areas as close to the nominal value as possible during
normal load changes. In cases of loss of generation in an area the neighboring utility will come to
help it. In the classical AGC system, this balance is achieved by detecting the frequency and tie
line power deviations to generate the ACE (area control error) signal which is in turn utilized in
the integral feedback control strategy as shown in the block diagram (Figure 1) for a two-area
system. It should be noted that this is a linearized model of the AGC, hence is based on an

assumption that the frequency and tie line power deviations are small.

During a sudden load change within an area, the frequency of that area experiences a transient
drop. A generator in each area is designated to be on regulation to meet this change in load in
steady state. In the transient state there will be power flows from other areas to this area to
supply excess load. Here, the feedback mechanism comes into play and generates appropriate
raise/lower signals to the turbines to make generation follow the load. In the steady state, the
generation is exactly matched with the load, driving the tie line power and frequency deviations
to zero. The area control error (ACE) vanishes in the steady state. This system has performed

exceedingly well in the past.
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Figure 2-1: Two area system (traditional scenario)

In a competitive market structure, vertically integrated utilities no longer exist. The utilities do
not own generation-transmission-distribution any more, instead there are three different entities
viz. GENCOs (generation companies), TRANSCOs (transmission companies) and DISCOs
(distribution companies). GENCOs can be imagined to be at par with ‘independent power
producers’ (IPPs) and they compete with each other to sell the power they produce. TRANSCOs
are accessible to any GENCO or DISCO for wheeling of power. Again, a control area is defined
by physical boundaries as before, but now, a DISCO has the freedom to contract with any
GENCO, in its own area or otherwise for a transaction of power with a GENCO in another area.
This is called a “bilateral transaction’. All the transactions have to be cleared by the ISO [10].

There can be various combinations of contracts between DISCOs and GENCOs which can be
conveniently visualized by the concept of a ‘DISCO participation matrix’ (DPM). The rows of a
DPM correspond to GENCOs and columns to DISCOs which contract power. Each entry in this
matrix can be thought as a fraction of a total load contracted by a DISCO (column) towards a
GENCO (row). The sum of all the entries in a column in this matrix is unity e.g. for a two-area
system, DPM will have the structure that follows.



1 Cpfll: Cple Cpf13 Cpfl4 G)
Areal 2 Cpfné cpfy, cpfy  Cpfy E
3 opfyi ooy, cpfy cpfy| 8

Area 2 4 |cpf,i cpf, cpf, cpfy,

where cpfig = Contract Participation factor of j™ GENCO in the load following of d™ DISCO.
DPM shows the participation of a DISCO in a contract with any GENCO, hence the name Disco

Participation Matrix.

As any entry in a DPM corresponds to a contracted load by a DISCO, it must be demanded from
the corresponding GENCO involved in the contract and should be reflected in the control loop.
Whenever a load change takes place in this new restructured system, it is felt in its own area as in
the traditional case, but as defined by the contractual agreement (hence DPM), only a particular
GENCO must follow the load change demanded by a particular DISCO. Thus, information
signals must flow from the DISCOs to the GENCOs specifying corresponding demands. This
introduces new information signals which were absent in the traditional scenario. These signals
carry information as to ‘which GENCO has to follow a load demanded by which DISCO’. Also,
for those DISCOs having a contract with GENCOs NOT in their area, demand signals must
adjust the scheduled flow over the tie lines. This change in scheduled flow produces a tie line
power error which is used to derive ACEs for the control areas involved. Based on all
abovementioned ideas, a block diagram for an AGC in a deregulated system can be
conceptualized and depicted as in Figure 2. Structurally it is based upon the idea of [1]. Dashed

lines show the demand signals.
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2.3  Simulation Results of Two-Area System in the Deregulated Environment

A two-area system is used to illustrate the behavior of the proposed AGC scheme. The data for

this system is taken from [3].

2.3.1 Case 1: Base case

Consider a case where the GENCOs in each area participate equally in AGC, i.e., ACE
participation factors are apf; =0.5, apf,=1-apf,;=0.5; apf;=0.5, apf,=1-apf;=0.5.

Assume that the load change occurs only in area . Thus, the load is demanded only by DISCO;
and DISCO;. Let the value of this load perturbation be 0.1 pu MW for each of them.

05 05 0! 0
05 05 0i 0
0

...................

Note that as DISCOs; and DISCO, do not demand from any GENCOSs, corresponding
participation factors (columns 3 and 4) are zero. DISCO; and DISCO, demand identically from
their local GENCOs viz. GENCO; and GENCO,. The frequency deviations in area | and 11,
actual tie line power flow in a direction from area | to area Il and the generated powers of
various GENCOs following a step change in the loads of DISCO; and DISCO, are shown in
figures 2.3.A, 2.3.B and 2.3.C respectively.

freq. dev 1 (rad/sec)

freq. dev 2 (rad/sec)

Figure 2.3.A
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Figure 2-3: Base case simulation

The tie line power goes to zero in the steady-state as there are no contracts of the DISCOs in one
area with the GENCOs in other areas. In the steady state, the generation of each GENCO
matches the demand of the DISCOs in contract with it. e.g. GENCO; generates

4
2 (pu_MW _load _of _DISCO _'d")*cpf,, =0.1pu
=1

As GENCO3; and GENCOg are not contracted by any DISCOs, their generation change is zero in
the steady state.
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2.3.2 Case 2: Individual DISCO Contratcs

Consider a case where all the DISCOs contract with the GENCOs for power as per the following
DPM,

Assume that the total load of each DISCO is perturbed by 0.1 pu and each GENCO participates
in AGC as defined by following apfs:

apf,=0.75,apf,=1-apf,=0.25; apf;=0.5, apf,;=1-apf3=0.5
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Figure 2-4: Simulation with demand from DISCOs

DISCOs in area | demand 0.08 pu MW from the GENCOs in area Il. (This is obtained by
summing the entries in the lower left block of the DPM matrix.) Likewise, DISCOs in area Il
demand 0.03 pu MW from the GENCOs in area I. (This is given by the top right block of the

DPM matrix.) The tie line power settles down to the net scheduled value viz. 0.05 pu MW from
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area Il to area | (Figure 4.B). Again, as in the base case, GENCOs generate power equal to the
contracted demands of the DISCOs. (Figure 4.C).

2.3.3 Case 3: Contract violation

Consider case 2 again except that DISCO; demands an additional 0.1 pu MW which is not
contracted out to any GENCO.

The uncontracted load of DISCO; reflects in the generations of GENCO; and GENCO,. Thus,
this excess load is taken up by the GENCOs in the same area as that of the DISCO making the
uncontracted demand. GENCO3; and GENCO, generate to satisfy their own demands as in case 2

and are not affected by this excess load (Figure 2.5).

13



freq. dev 2 (rad/sec)

time (sec)

Figure 2.5.A

20 25 30 35 40 45 50
time (sec)
20 25 320 35 40 45 50

actual tie line pawer (pu M)

30 35 40 a5 50
time (sec)
Figure 2.5.B
Generated power (pu M)

gl 1 @ & & & |
8 02 — P L
j ; : : :
o i i ; ; ; ; ; :

20 25 30 35 40 45 50
I~ ] ! : ' ' '
o) : : )
o} SN i N
et : ' ;
} : ' "
o i i i ; ; ;

20 Yis) 30 35 40 45 50
@ : - - . ; E
o) : !
o} : i
e ; ?
@ : :
© i i i i i i

20 25 30 3B 40 45 50
T : : : : : :
o) : :
o} [ i
4 ! ;
} : :
© i i i i i i

20 25 30 3B 40 45 50

Figure 2-5: Two area system (deregulated scenario)

time (sec)

Figure 2.5.C

14



2.4  Trajectory Sensitivities and Optimization

The two-area system in the deregulated case with identical areas can be optimized with respect to
system parameters to obtain the best response. Figure 2.2 showed a closed loop system with
feedback that is derived from the states of frequency deviations and the tie line power flow
deviation. The parameters involved in the feedback are the integral feedback gains (K;=Ky=K)
and the frequency bias (B;=B,=B). The optimal values of K and B depend on the cost function
used for optimization [11]. The integral of square error criterion is chosen for this case [3],

C = [[er (AR e ° +B (AT )]0

The ‘equi-B’ cost curves can be plotted as shown in Figure 2.6 assuming a=1 and $=1. The
optimum values of K and B correspond to the point where the curves reach the minimum.

!"‘
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e 14
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Figure 2-6: “Equi-B’ cost curves

The cost curves in Figure 2.6 correspond to the case of AGC in the deregulated environment
where DISCO; and DISCO, contract to have 0.05 pu MW equally from the local GENCOs.
Thus, the contracted load perturbation in area | is 0.1 pu MW. DISCO; demands an excess
(uncontracted) load of 0.1 pu MW. DISCO; and DISCO, do not have contracts with any
GENCO. The cost function is plotted against K for various values of B to obtain equi-B curves
as shown in Figure 6. It is found that the optimum values of the parameters K and B are
consistent with those obtained from the optimization of the case of two-area traditional AGC
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system i.e., the two-area system in the ‘Vertically Integrated Utility’ environment with only one
generating unit in each area [3].

The optimal parameter values given above were obtained by evaluating the cost function for
many sets of parameter values. A more systematic approach to the optimization can be achieved
by using trajectory sensitivities in conjunction with a gradient type Newton algorithm.

The closed loop system of the form in Figure 1 or Figure 2 can be characterized in the state-
space as follows.

x=A"X+B" (2.1)

where

X: states

A closed loop A matrix

B closed loop B Matrix

u: pu MW load change of DISCOs

Differentiating with respect to a parameter A,

X, = (A"), x+ A% (x), +(BY), U 2.2)

where the subscript ‘A’ denotes a derivative. Equations (2.1) and (2.2) can be solved

simultaneously to obtain trajectory sensitivities X;.

2.4.1 Gradient type Newton algorithm

Optimization of the deregulated AGC system used trajectory sensitivities in the following way:

r=[K BT (parameter vector)

C =}[oz(AF>ﬁwmr)2 +B(Af)]dt (the cost function)
0

M =[Ko Bg]" (guess values)
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Do until converged with required accuracy:
1. Using the latest A, simulate the system along with trajectory sensitivities i.e.,

aAPtie,errur aAfl aAPtie,error aAfl
oK oK' 9B 9B

to obtain

aC . IAF; IS
— =2((ct.AR; . =T+ BAfL—1)dt
9K {( tie,error 9K /3) 1 oK )

ac dAP, BN
— =2 (a.AP, . =T+ BAf L —1)dt
BB {( tie,error aB ﬁ 1 aB )

2. Form,
VWP[& Q]T
oK B
9°C i(ﬁ)
oK? 9B "oK
Hf()")=

3. Update parameters,

A=A-[H, W] VEQR)
End

When this procedure is applied to the two-area system in the deregulated case, the optimum
values of the parameters match with those obtained by plotting ‘equi-B’ cost curves. This
‘trajectory sensitivity approach’ to optimization will be useful for any general control strategy,
particularly when nonlinearities are involved.

2.5  Conclusions on AGC Redesign for a Restructured Environment

AGC provides a relatively simple, yet extremely effective method of adjusting generation to
minimize frequency deviations and regulate tie-line flows. This important role will continue in
restructured electricity markets. However some important modifications are necessary to cater
for bilateral contracts that span control areas.
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Bilateral contracts can exist between DISCOs in one control area and GENCOs in other control
areas. The scheduled flow on a tie-line between two control areas must exactly match the net
sum of the contracts that exist between market participants on opposite sides of the tie-line
(taking account of contract directions). If a contract is adjusted, the scheduled tie-line flow must
be adjusted accordingly.

A key concept in the work here is that of the ‘DISCO Participation Matrix’ (DPM. The DPM
provides a compact yet precise way of summarizing bilateral contractual arrangements. The
modeling of AGC in a restructured environment must take account of the information flow
relating to bilateral contracts. Clearly, contracts must be communicated between DISCOs and
GENCOs. As demonstrated here, it is also important that information regarding contracts is
taken into account in establishing/adjusting the tie-line setpoints.
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3. Congestion Management in the Restructured Power Systems
Environment — An Optimal Power Flow Framework

3.1 Problem Motivation and Chapter Organization

The restructuring of the electric power industry has involved paradigm shifts in the real-time
control activities of the power grids. Managing dispatch is one of the important control activities
in a power system. Optimal power flow (OPF) has perhaps been the most significant technique
for obtaining minimum cost generation patterns in a power system with existing transmission
and operational constraints. The role of an independent system operator in a competitive market
environment would be to facilitate the complete dispatch of the power that gets contracted
among the market players. With the trend of an increasing number of bilateral contracts being
signed for electricity market trades, the possibility of insufficient resources leading to network
congestion may be unavoidable. In this scenario, congestion management (within an OPF
framework) becomes an important issue. Real-time transmission congestion can be defined as
the operating condition in which there is not enough transmission capability to implement all the
traded transactions simultaneously due to some unexpected contingencies. It may be alleviated
by incorporating line capacity constraints in the dispatch and scheduling process. This may
involve redispatch of generation or load curtailment. Other possible means for relieving
congestion are operation of phase-shifters or FACTS devices.

In this chapter we look at a modified OPF whose objective is to minimize the absolute MW of
rescheduling. In this framework, we consider dispatching the bilateral contracts too in case of
serious congestion, with the knowledge that any change in a bilateral contract is equivalent to
modifying the power injections at both the buyer and the seller buses. This highlights the fact
that, in a restructured scenario, contracts between trading entities must be considered as system
decision variables (in addition to the usual generation, loads and flows). Figure 1.1 shows a
transaction network [12] in a typical deregulated electricity system. It displays links of data and
cash flow between various market players. In the figure, G stands for generator-serving entities
(or GENCOs), D for load or demand-serving entities (LSEs or discos), E for marketers, and 1SO
for the independent system operator.
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Figure 3-1: Transaction network

The dispatch problem has been formulated with two different objective functions: cost
minimization and minimization of transaction deviations. Congestion charges can be computed
in both the cases. In a pool market mode, the sellers (competitive generators) may submit their
incremental and decremental bidding prices in a real-time balancing market. These can then be
incorporated in the OPF problem to yield the incremental/decremental change in the generator
outputs. Similarly, in case of a bilateral market mode, every transaction contract may include a
compensation price that the buyer-seller pair is willing to accept should its transaction be
curtailed. This can then be modeled as a prioritization of the transactions based on the latter’s

sensitivities to the violated constraint in case congestion occurs.

In this chapter, we also seek to develop an OPF solution incorporating FACTS devices in a given
market mode (pool or bilateral dispatch). FACTS devices assume importance in the context of
power system restructuring since they can expand the usage potential of transmission systems by
controlling power flows in the network. FACTS devices are operated in a manner so as to ensure
that the contractual requirements are fulfilled as far as possible by minimizing line congestion.

Various optimization techniques have been used to solve OPF problems. These may be classified
as sequential, quadratic, linear, nonlinear, integer and dynamic programming methods, Newton-
based methods, interior point methods, etc. Nonlinear programming methods involve nonlinear
objective and constraint equations. These make up the earliest category of OPF techniques as
they can closely model electric power systems. The benchmark paper by Dommel and Tinney
[13] discusses a method to minimize fuel costs and active power loss using the penalty function
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optimization approach. Divi and Kesavan [14] use an adapted Fletcher’s quasi-Newton technique
for optimization of shifted penalty functions. Linear programming deals with problems with
constraints and objective function formulated in linear forms. Sterling and Irving [15] solved an
economic dispatch of active power with constraints relaxation using a linear programming
approach. Chen et al. [16] developed a successive linear programming (SLP) based method for a
loss minimization objective in an ac-dc system. In the SLP approach, the nonlinear OPF problem
is approximated to a linear programming problem by linearizing both the objective function as
well as the constraints about an operating state. At every iteration, a suboptimal solution is found
and the variables are updated to get a new operating state. The process is then repeated until the
objective function converges to an optimal level. Megahed et al. [17] have discussed the
treatment of the nonlinearly constrained dispatch problem to a series of constrained linear
programming problems. Similarly, Waight et al. [18] have used the Dantzig-Wolfe
decomposition method to break the dispatch problem into one master problem and several
smaller linear programming subproblems. Combinations of linear programming methods with
the Newton approach have been discussed in the literature [19]. In [20], Burchett and Happ apply
an optimization method based on transforming the original problem to that of solving a series of
linearly constrained subproblems using an augmented Lagrangian type objective function. The
subproblems are optimized using quasi-Newton, conjugate directions, and steepest descent
methods. Quadratic programming is another form of nonlinear programming where the objective
function is approximated by a quadratic function and the constraints are linearized. Nanda et al.
[21] discuss an OPF algorithm developed using the Fletcher’s quadratic programming method.
Burchett et al. [22] discuss a successive quadratic programming (SQP) method where the
approximation-solution-update process is repeated to convergence just as in the SLP method. In
this method, a sequence of quadratic programs is created from the exact analytical first and
second derivatives of the power flow equations and the nonlinear objective function. Interior
point methods are fairly new entrants in the field of power system optimization problems. Vargas
et al. [23] discussed an interior point method for a security-constrained economic dispatch
problem. In [24], Momoh et al. present a quadratic interior point method for OPF problems,

economic dispatch, and reactive power planning.
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The chapter is organized as follows. In Section 2 we look at congestion management
methodologies and how they get modified in the new competitive framework of electricity power
markets. A simple example is given for the calculation of congestion charges in a scenario where
the objective of optimization is to maximize societal benefit. In Section 3, we work out different
OPF formulations. Objective functions that are treated include cost minimization and transaction
curtailment minimization. Market models involving pool and bilateral dispatches are considered.
The possibility of using these formulations in an open access system dispatch module and in
real-time balancing markets is discussed. In Section 4, we treat the subject of including FACTS
devices in the OPF framework. Various device models are considered and then applied in the
problem formulation. The impact of these devices on minimizing congestion and transaction
deviations is studied. In Section 5, the OPF results are displayed on two test systems and
inferences are drawn from the same. Further areas of research in this field are then explored in
the concluding section.

3.2 Congestion Management Methodologies

In this chapter, we look at congestion management methodologies and how they get modified in
the new competitive framework of electricity power markets. A simple example is given for the
calculation of congestion charges in a scenario where the objective of optimization is to

maximize societal benefit.

The unbundling of the electric power market has led to the evolution of new organizational
structures. Unbundling implies opening to competition those tasks that are, in a vertically
integrated structure, coordinated jointly with the objective of minimizing the total costs of
operating the utility. In such a traditional organizational structure, all the control functions, like
automatic generation control (AGC), state estimation, generation dispatch, unit commitment,
etc., are carried out by an energy management system. Generation is dispatched in a manner that
realizes the most economic overall solution. In such an environment, an optimal power flow can
perform the dual function of minimizing production costs and of avoiding congestion in a least-
cost manner. Congestion management thus involves determining a generation pattern that does
not violate the line flow limits. Line flow capacity constraints, when incorporated in the

scheduling program, lead to increased marginal costs. This may then be used as an economic
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signal for rescheduling generation or, in the case of recurring congestion, for installation of new

generation/transmission facilities.

3.2.1 Unbundled operation

In a competitive power market scenario, besides generation, loads, and line flows, contracts
between trading entities also comprise the system decision variables. The following pool and
bilateral competitive structures for the electricity market have evolved/are evolving:

(1) Single auction power pools, where wholesale sellers (competitive generators) bid to supply
power in to a single pool. Load serving entities (LSEs or buyers) then buy wholesale power
from that pool at a regulated price and resell it to the retail loads.

(2) Double auction power pools, where the sellers put in their bids in a single pool and the
buyers then compete with their offers to buy wholesale power from the pool and then resell
it to the retail loads.

(3) In addition to combinations of (1) and (2), bilateral wholesale contracts between the
wholesale generators and the LSEs without third-party intervention.

(4) Multilateral contracts, i.e., purchase and sale agreements between several sellers and
buyers, possibly with the intervention of third parties such as forward contractors or
brokers. In both (3) and (4) the price-quantity trades are up to the market participants to
decide, and not the 1SO. The role of the ISO in such a scenario is to maintain system

security and carry out congestion management.

The contracts, thus determined by the market conditions, are among the system inputs that drive
the power system. The transactions resulting from such contracts may be treated as sets of power
injections and extractions at the seller and buyer buses, respectively. For example, in a system of
n buses, with the generator buses numbered from 1 to m, the nodal active powers may be
represented as [25]

P =P, + ZPTKJ + loss compensation, i =1, 2, ...m (3.1)
ke

D, =Dp0,j+zDTKJ, j=m+1, ..n (3.2)
S
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where

P; = active injected power at generator bus i’

D; = active extracted power at load bus j

K = set of bilateral / multilateral transactions

Ppoy = pool power injected at bus i

Dpoj = pool power extracted at bus j

Prwi = power injected at bus i in accordance with transaction Tk

power extracted at bus j in accordance with transaction Tk

Dy,
Loss compensation = power supplied at bus i by all transaction participants to

make good the transmission losses.

3.2.2 Congestion management methodologies

There are two broad paradigms that may be employed for congestion management. These are the
cost-free means and the not-cost-free means [26]. The former include actions like outaging of
congested lines or operation of transformer taps, phase shifters, or FACTS devices. These means
are termed as cost-free only because the marginal costs (and not the capital costs) involved in

their usage are nominal. The not-cost-free means include:

(1) Rescheduling generation. This leads to generation operation at an equilibrium point away
from the one determined by equal incremental costs. Mathematical models of pricing tools
may be incorporated in the dispatch framework and the corresponding cost signals
obtained. These cost signals may be used for congestion pricing and as indicators to the
market participants to rearrange their power injections/extractions such that congestion is
avoided.

(2) Prioritization and curtailment of loads/transactions. A parameter termed as willingness-to-
pay-to-avoid-curtailment was introduced in [25]. This can be an effective instrument in
setting the transaction curtailment strategies which may then be incorporated in the optimal

power flow framework.

In the next chapter we look at OPF formulations incorporating both (1) and (2) above. These
models can be used as part of a real-time open access system dispatch module [27]. The function
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of this module is to modify system dispatch to ensure secure and efficient system operation
based on the existing operating condition. It would use the dispatchable resources and controls
subject to their limits and determine the required curtailment of transactions to ensure

uncongested operation of the power system.

3.2.3 Example of congestion management in an economic dispatch framework

We now look at an example for calculating optimal bus prices and congestion costs for a power
system, wherein an independent company (ISO) controls the transmission network and sets nodal
prices that are computed as part of a centralized dispatch. A simple power system is considered
here for the calculation of congestion charges. A three-bus system is shown in Figure 3.2.1 with
generator cost/marginal cost and load benefit/marginal benefit functions as shown. Also shown

in the figure are the maximum line flow limits and line susceptances.

C1=2P*$/hr
MC; = 2P $/MWhr

1

C2=3P,2$/hr
MC = 3.34P, $/MWhr

2

P™ = 5 MW
b2 =-2 p.u.

P™ = 15 MW
b23 =-15 p.u.

P™ =15 MW
b13 =-1.0 p.u.

B3 = -55P3 $/hr
MB3 = -55 $/MWhr

Figure 3-2: Sample power system

For simplicity we make the following approximations:

(1) Each transmission line is represented by its susceptance bj;.

(2) A lossless DC power flow model is assumed; i.e., the bus voltage angular differences are
assumed to be small and the voltage magnitudes approximately 1.00 p.u.

The real power flow on each line is given by
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Pij = bij (6, _51') (3.3)
where §; and 9; represent the voltage angles at buses i and j, respectively.

The total power injection at bus i is given by

Pi = E Pij (3.4)

]

As mentioned above, we solve this problem in a centralized dispatch framework where the
objective is to maximize social benefit. This optimization problem thus seeks to minimize the
system operating costs minus the consumer benefit, subject to the binding line flow inequality
constraints and the power flow equality constraints. The problem involves solving a quadratic
Lagrangian (quadratic in the decision variables and multipliers).

The variables are given by

Z= [E!éf&lﬁ] (35)

where

P denotes the net power injections at all the buses
0 denotes the voltage angles
A denotes the Lagrangian multipliers for the equality constraints

u denotes the multipliers for the inequality constraints.
The problem may be thus stated as

rgién{Cl(P1)+Cz(P2)_ B,(P;)} (3.6)

subject to

R =-26,-0, 3.7)
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P2 - 3552 = 1 553 (38)

P, =-156,+2.56, (3.9)

|Po|< B3™,

max
Py|< P3™,

Ri|< A" (3.10)

In this example, the inequality constraint limiting the flow on line 1-2 is taken as binding. The

Lagrangian function for this problem may be given as

0=2P* +3P? +55P, + A,(-25, - 8, — )+ A,(3.55,~1.55, — B,) + A,(~1.55,+2.55, - P)

+1,,(=26,-5) (3.11)
The optimality condition is given by
9 _ 0 (3.12)
0z

and

9%

1 al
(2)==2" —7+|—
(2) 2 9zt [

0z

} "z (3.13)

From equations (2.12) and (2.13), it can be seen that the optimal value of z may be obtained by

solving

2
o, (3.14)
0z 0z},
Solving the problem in the above example yields the following optimal values:
z = [16.21 8.06 —24.27 | -2.5-11.21 | 64.86 48.42 55| -21.36]" (3.15)

The Lagrange multipliers A = [64.86 48.42 55]" can be interpreted as the optimal nodal prices at

each of the three buses in $MWhr. In other words, if these had been used as the bus prices, the
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generator and load responses to these prices would have been the same as what was obtained in
the above optimal dispatch.

We now compute the congestion charges (for the flow on each transmission line). The
congestion charge may be looked upon as the inherent cost of transmitting power across the line.
A simple way to compute this is given here. The congestion charge c;; for line ij is the difference

in the congestion costs ¢; and ¢; at buses i and j, respectively; i.e.,

Cij = Cj - Cj, (3.16)

Now, each bus nodal price A is made up of three components, viz., the marginal cost of
generation at the slack bus, the marginal cost of losses, and the congestion cost. Hence,
dC,(R) 9P,

A = +c (3.17)
P, oP

where C4(P1) is the cost function at bus 1, which has been considered as the slack bus in this

example.

We have considered the lossless case in this example. Hence we have,

Cij = A - A (3.18)

Thus the congestion charge for any line ij may be computed as the difference in the nodal prices
between buses i and j. The values obtained in this problem are ¢;, = -16.43 $/MWhr, 3 = 6.58
$/|\/|Whl’, C13 =-9.86 $/MWhr.

3.2.4 Congestion Management Using Pricing Tools

In [26], Glavitsch and Alvarado discuss congestion pricing as may be done by an ISO in the
absence of information on the marginal costs of the generators. The methodology suggested
involves observing the behavior of generators under a variety of conditions, based on which

quadratic coefficients for all generators may be inferred.

28



In [28], Bhattacharya et al. discuss the method of market splitting to alleviate transmission
congestion. The basic principle of this method lies in sending price signals that either exceed or
are less than the marginal costs to generators and thereby effecting a change in the generation
pattern. The market is “split” into different bid areas and the area-prices are calculated for each
bid area using a “capacity fee.”

In the next section we work out different OPF formulations in the various market modes

discussed earlier.

3.3  Optimal Dispatch Methodologies in Different Market Structures

3.3.1 Market structure issues and section organization

In this section, we look at ways of managing the power dispatch problem in the emerging
electricity market structures. The operating strategies that may be used by the ISO in different
market modes have been explored and test cases have been studied to determine the
compatibility of the strategies with the market environment. Emphasis is placed on dealing with

congestion management.

The conventional OPF problem comprises scheduling the power system controls to optimize a
given objective function under a set of nonlinear inequality constraints and equality constraints.
Under a deregulated environment, mechanisms for competition and trading are created for the
market players. This leads to the introduction of new OPF controls. In this chapter we look at
how to deal with these controls.

The fundamental entity in all competitive market structures is an 1SO. “Successful” trading
requires that the 1ISO match the power bids from the supply side (GENCOs) with the offers from
the demand side (discos). This is true for all market structures. The important way in which
market structures differ is in the manner of the main contractual system that is followed by the
market players on both the supply and demand sides. We look at two different market modes,
viz., pool dispatch and bilateral dispatch.
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3.3.2 Pool dispatch

Interconnected system operation becomes significant in a deregulated environment. This is
because the market players are expected to treat power transactions as commercial business
instruments and seek to maximize their economic profits. Now when several GENCOs decide to
interchange power, complications may arise. An economic dispatch of the interconnected system
can be obtained only if all the relevant information, viz., generator curves, cost curves, generator
limits, commitment status, etc., is exchanged among all the GENCOs. To overcome this complex
data exchange and the resulting non-optimality, the GENCOs may form a power pool regulated
by a central dispatcher. The latter sets up the interchange schedules based on the information
submitted to it by the GENCOs. While this arrangement minimizes operating costs and facilitates
system-wide unit commitment, it also leads to several complexities and costs involved in the
interaction with the central dispatcher. Conventionally, the optimal operation of a power system
has been based on the economic criterion of loss minimization, i.e., maximization of societal
benefit. Pool dispatch follows the same criterion but with certain modifications necessitated by
the coexistence of the pool market with a short-term electricity spot market. Namely, these
effects are demand elasticities and the variation in the spot price with the purchaser’s location on
the grid. The existence of the spot market or bilateral market behind the scene does not explicitly
affect the operation of the 1SO.

3.3.3 Pool dispatch formulation

Neglecting the effects of price elasticities and location, the dispatch formulation may be stated as

PT,LDjZC‘(PGi)_EBj(PDj) (3.19)
subject to
g(x,u)=0
3.20
h(x,u) <0 (3.20)
where
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g and h are the sets of system operating constraints, including system power flow equations
and line flow limits

u is the set of control variables, viz., active powers at the generator and load buses

X is the set of dependent variables

i and j are the set of GENCOs and discos, respectively

This OPF uses the bids and offers submitted by the participants and sets the nodal prices (that are
obtained as the Lagrangian multipliers), which are in turn used to charge for the power
consumption at every node. The vectors of generation and load are denoted as Pgi and Pp;,
respectively. The nodal prices applied to the generation and load controlled by players i and j are
obtained as a byproduct of the OPF and are represented as A; and Aj, respectively. The cost and
benefit functions of each generator and load are denoted by C; and B;, respectively. The cost and
benefit functions are assumed to be well described by quadratic functions.

Ci(P)=ag; Ps +bg, Py +co;, IEG (3.21)
B;(Py;)=ap; P +by; Py +Cp;, JED (3.22)

where G represents the set of all GENCOs and D represents the set of discos.

The equality constraint may be written as
P, —YP, +L=0 (3.23)
37 -3n
where L is the transmission loss function.
The capacity constraint (inequality) may be given as

P, -P

i G;,max

<0 (3.24)

Problem (3.1) leads to the solution and Kuhn-Tucker conditions given as
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oB. oh
—-p,-A 0+ aL)+Zﬂk k=0
0Py, 0Py 0Py,
, oh
ﬁ_}‘i(l—i)—ﬂi _Zﬂk =0
P, P, dP;

i (P, = Po, ma) =0 and  p; =0
ah, =0 and m, =0 (3.25)

where A represents the system incremental cost (dual multiplier on the equality constraint) and u
and s represent the sets of Kuhn-Tucker dual variables on the capacity and operating constraints,

respectively.

3.3.4 Example of corrective rescheduling in pool dispatch

When the system is insecure and there are violations in the system, the objective of the pool
central dispatcher is to eliminate the system overload and come up with the corrective
rescheduling to eliminate the violations as fast as possible. Minimum operating cost, minimum
number of controls, or minimum shift from the optimum operation may be used as the objective
function. We now look at an OPF example where the objective function is to minimize the
rescheduling of generation. Consider a five-bus system as shown in Figure 3.3. The system data
is given in Table 3.1
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Figure 3-3: Three-generator five-bus system
Table 3.1: Data for Figure 3.3
Table 3.1A: Bus data
Bus number | Load MVar | Gen Gen Gen Voltage Cost
MW MW min max setpoint | ($/MWhr)
MW MW
1 (slack) 0 0 270 0 1000 1.05 15

2 120 60 100 100 400 1.02 17
3 100 30 - - - - -
4 80 20 50 50 300 1.02 19
5 120 30 - - - - -




Table 3.1B: Bus data

From bus To bus p.u. impedance MVA rating Base case power
flow(MW)
1 2 j0.06 150 197.27
1 3 j0.24 100 72.72
2 3 j0.12 50 46.39
2 4 j0.18 100 34.29
2 5 jo.12 120 96.60
3 4 j0.03 100 19.12
4 5} j0.24 100 23.40

The base case power flow for the system shows (Table 3.1B) that congestion occurs on line 1-2.
The aim is to reschedule generation to remove this congestion and any other induced congestion.
We first compute the sensitivities of line flow Pjk to changes in generation PG1, PG2, PG4. For
that we use the chain rule:

0Py [ank}T[afP]'l[afP}
P, | a6 | |96 | |oP, (3.26)

p
where f represents the power flow equation at bus i, which is given as

Exi(ei _Bj) - (PGi - PDi) =0
i (3.27)

In matrix formulation the power flow equation is ¢ = —B_lp, where B is the bus susceptance
matrix computed from the line impedance data. Fixing bus 1 as the slack, we can then get the

equations for line flows and the line flow sensitivities to generation. The sum of all the products
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of line flow sensitivities with changes in generation (rescheduling) gives the overload in that

particular line.

In this particular example, the objective is to minimize the rescheduling of generation required to
limit the flow on line 1-2 to 150 MVA. The OPF problem can then be given as

min(AP; + AP + APy + AP +APR; +AR;))

(3.28)
subject to
AP — AP + AP — AP + AP} — AP, =0 (3.29)
and
P
o [ap: —ap; |+ P2 apy —ap; | - -047
gp, & & e d Ty e T e,
s, o (3.30)

where 0.47 is the overload on line 1-2.

This OPF problem can be solved to minimize the rescheduling of generation. We get the result
that bus 1 must drop its generation by 56.2 MW, bus 2 must raise its generation by 52.37 MW,
and bus 4 must raise its generation by 3.88 MW,

AP, ~ 56.2 MW

AP, — 52.37 MW

AFs, = 3.88 MW (3.31)

3.3.5 Bilateral dispatch

The conceptual model of a bilateral market structure is that GENCOs and discos enter into
transaction contracts where the quantities traded and the prices are at their own discretion and

not a matter for the ISO:; i.e., a bilateral transaction is made between a GENCO and a DISCO
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without third party intervention. These transactions are then submitted to the I1SO. In the absence
of any congestion on the system, the ISO simply dispatches all the transactions that are
requested, making an impartial charge for the service.

3.3.6 Bilateral dispatch formulation

In a bilateral market mode, the purpose of the optimal transmission dispatch problem is to
minimize deviations from transaction requests made by the market players. The goal is to make
possible all transactions without curtailments arising from operating constraints. The new set of
rescheduled transactions thus obtained will be closest to the set of desired transactions, while
simultaneously satisfying the power flow equations and operating constraints. One of the most
logical ways of rescheduling transactions is to do it on the basis of rationing of transmission
access. This may be modeled as a user-pay scheme with “willingness-to-pay” surcharges to
avoid transmission curtailment. The mathematical formulation of the dispatch problem may then

be given as

min f (x,u)
where

fu,x)=[(u-u®)"-A]‘W -[(u-u®)" - A]" (3.32)

subject to

g(x,u)=0

h(x,u) <0
where

W is a diagonal matrix with the surcharges as elements

A is a constant matrix reflecting the curtailment strategies of the market participants
u and u’are the set of control variables, actual and desired

X is the set of dependent variables
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g is the set of equality constraints, viz., the power flow equations and the contracted
transaction relationships,
h is the set of system operating constraints including transmission capacity limits

The bilateral case can be modeled in detail. We consider transactions in the form of individual
contracts where a seller i injects an amount of power Tj at one generator bus and the buyer j
extracts the same amount at a load bus. Let the power system consist of n buses with the first m
assumed to be seller buses and the remaining n-m as buyer buses. One particular bus (bus 1) may
be designated as the slack, to take into account transmission losses. The total power
injected/extracted at every bus may be given by the summation of all individual transactions
carried out at those buses. Thus,

ij

fori=2tom, P = ) T,, and
2
forj=m+lton, P. = ) T. (3.33)
J 1

The transactions Tj; also appear in the power flow equality constraints since they act as the
control variables along with the usual generator bus voltages. The set of control variables can

thus be represented as u ={ET.

i V}, where V is the vector of generator bus voltages.

The real and reactive power flow equations can be written in the usual form represented by

g(x,u) =0.

The transaction curtailment strategy is implemented by the ISO in collaboration with the market
participants. In the case of bilateral dispatch, this strategy concerns the individual power
contracts. One such strategy is such that, in case of an individual contract, the curtailment of the
transacted power injected at the GENCO bus must equal the curtailment of the transacted power
extracted at the DISCO bus.

In this case, we may rewrite the dispatch formulation as

min f (x,u)
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where

o) =3 S, (T, -T2 (3.34
Zj;ﬁ j Vi T
where

w;; = the willingness to pay factor to avoid curtailment of transaction

T, = the desired value of transaction T,

3.3.7 Test results

We consider a six-bus system (Figure 3.4) representing a deregulated market with bilateral
transactions. An OPF will be solved for this system to determine the optimal generation schedule

that satisfies the objective of minimizing deviations from the desired transactions.

Table 3.2A provides the system data pertaining to generation and load. Table 3.2B provides the
system network data. Figure 3.2 shows the system network configuration. Buses 1 and 2 are
GENCO buses and, being PV buses, the voltages here are specified exactly. At the other buses,
the allowable upper and lower limits of voltage are specified. The losses are assumed to be
supplied only by the generator at bus 1.

G G
A A A

4 5
\/ v \/

Figure 3-4: Two-generator six-bus system
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Table 3.2A: System Data

Bus

Generation capacity,
MW

Generator cost
characteristic, $/hr

Voltage, pu

100 < P; =400

P’ +85P, +5

1.05

50 < P, <200

3.4P7 +25.5P, +9

1.06

09< V3 =
1.1

09< V4 =
1.1

09< V5 =
1.1

09< Ve =
1.1

Table 3.2B: System Network Data

From bus — to bus Resistance, pu Reactance, pu Line charging
admittance, pu
1-4 0.0662 0.1804 0.003
1-6 0.0945 0.2987 0.005
2-3 0.0210 0.1097 0.004
2-5 0.0824 0.2732 0.004
3-4 0.1070 0.3185 0.005
4-6 0.0639 0.1792 0.001
5-6 0.0340 0.0980 0.004

In this case, bilateral contracts have been considered between each GENCO and each DISCO.

Table 3.3 shows the desired power transactions.

Table 3.3: Desired Transactions Before Curtailment

Bus #

Desired transactions,
MW

20.0

30.0

35.0

50.0

42.0

OO WIN(F

55.0
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Three strategies for the curtailment of transactions are adopted for congestion management:
1. The curtailment on the DISCO loads is assumed to be linear. In this case, all the
willingness to pay factors are taken to be equal.
2. Same as case (1), except that the willingness to pay price premium of loads on buses 1 to
3 is assumed to be twice that of loads on buses 4 to 6.
3. Inthis case, the price premium of loads on buses 4 to 6 is assumed to be twice that of
loads on buses 1 to 3.

The OPF problem is solved using the MINOS-5.0 nonlinear programming solver in the
Generalized Algebraic Modeling Systems (GAMS) programming environment [29].

Table 3.4 shows the constrained generation and load data obtained from the OPF solution. It can
be seen that the willingness to pay and the participants’ curtailment strategy are two factors that
significantly affect the constrained dispatch. The higher the willingness to pay, the less is the
curtailment of that particular transaction. The curtailment strategies implemented have complex
effects. These factors not only affect the curtailment of its own transaction, but will also impact
that of other transactions.

Table 3.4: Constrained generation and load data after running OPF

Bus # Constrained generation and load, MW

Case (1) Case (2) Case (3)
1 109.63 109.62 109.68
2 124.24 124.41 123.60
3 34.72 34.93 33.95
4 48.87 48.86 48.94
5 40.74 40.72 40.81
6 53.99 53.97 54.05

3.3.8 Treatment of transaction-based groups

In a competitive market scenario, relationships among market players may develop over time and
may lead to the formation of electricity supply and consumption groups. The concept of a group
as a collection of buyers, sellers, and market brokers functioning together in a cohesive manner

has to be dealt with. The formation of such transaction-based groups in a power system
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necessitates changes in power dispatch. In the following sections we look at dispatch

formulations taking into account the group concept.

3.3.9 Dispatch formulations

Here the concern is to make possible a group transfer without curtailment, even if the individual
generators within the group or utility have to be rescheduled. The objective function is

min f (x,u)
where
= S (ST, - ST (3.35)
where

wy = the willingness to pay factor to avoid curtailment of the kth group transaction

T, = the desired value of transaction T;

In this group curtailment dispatch formulation, there is the need to develop a strategy to allocate
the total group power curtailment among all the group participants. That is, if the GENCO
powers within a group need to be curtailed, the resulting shortfall has to be allocated to all the

group discos in accordance with some predetermined strategy.

Another way of implementing curtailment of group transactions is by minimizing the change to
every injected or extracted power transaction at the generator bus and load bus of a group based
on the willingness to pay factors. In this case, the objective function may be expressed as

min f (x,u)

where
f(u,x) =§ \ w, - (T, -T.))?] (3.36)

41



where w, = the willingness to pay factor to avoid curtailment of the injected power block T, .

In this optimal transmission dispatch problem, all power transactions are required to be as close
as possible to the initial desired power transfers, and the curtailment decisions are based on the
market players’ willingness to pay to avoid curtailment, their preferred curtailment strategies,
and on the system security conditions. The dispatch procedure starts with the market participants
submitting their multilateral transactions to the 1SO. If the operating and capacity constraints are
satisfied while all the desired transactions are dispatched, there is no need to go through the
curtailment routine. Otherwise the optimal dispatch models described above (Sections 3.2.2,
3.3.2, 3.4.1) are used to curtail the requested power transfers. Finally, the original/curtailed
power transfers are dispatched and the ISO buys the required regulating power at bus 1 to

compensate for transmission losses.

3.3.10 Test Case

We now look at an optimal transmission dispatch problem in a deregulated market having
transaction-based groups. We consider the IEEE 14-bus system here (Figure 3.5).
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Figure 3-5: IEEE five-generator fourteen-bus system

Some slight modifications are made. Bus 4 is renumbered as bus 1 and it is assumed that this bus
is contracted by the system ISO to provide for the transmission losses; i.e., bus 1 is the system
slack bus. This bus, in addition to bus 5, is usually shown connected to a synchronous condenser.
But in this problem, we treat bus 1 as a generator bus owned by a GENCO. Similarly, bus 5 is
treated as a PV-bus in the problem.

Table 3.5A provides the generation bus data. Table 3.5B provides the system network data. The
voltages at the GENCO buses are specified since they are P-V buses, whereas at the DISCO
buses, the allowable upper and lower limits of voltage are specified.
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Table 3.5: Generation and System Network Data

Table 3.5A Generation Bus Data

Bus Generation Generator cost Voltage, pu
capacity, MW characteristic, $/hr
1 - - 1.01
2 20 =P, <100 0.5P/ +3.51P, + 44.4 1.045
3 20 = P3 =100 0.5P/ +3.89P, + 40.6 1.07
4 50 = P, =200 0.5P7 +2.45P, +105.0 1.06
5 - - 1.09

Table 3.5B: System Network Data

From bus — to Resistance, pu Reactance, pu Line charging
bus admittance, pu
4-8 0.05403 0.22304 0.0246
2-8 0.05695 0.17388 0.0170
1-9 0.06701 0.17103 0.0173
9-8 0.01335 0.04211 0.0064
4-2 0.01938 0.05917 0.0264
2-1 0.04699 0.19797 0.0219
5-6 0.00000 0.17615 0.0000
2-9 0.05811 0.17632 0.0187
6-7 0.00000 0.11001 0.0000
7-10 0.03181 0.08450 0.0000
3-11 0.09498 0.19890 0.0000
3-12 0.12291 0.25581 0.0000
3-13 0.06615 0.13027 0.0000
7-14 0.12711 0.27038 0.0000
10-11 0.08205 0.19207 0.0000
12-13 0.22092 0.19988 0.0000
13-14 0.17093 0.34802 0.0000

We now assume that there are two groups in this power system: Group 1 consists of buses 2 and
3 and makes transfers to DISCO buses 7, 9, 11, and 14. Group 2 consists of the single GENCO
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bus 4 and makes tranfers to DISCO buses 8, 10, 12, and 13. Table 3.6 shows the desired power

generation and load for both groups.

Table 3.6: Desired Generation and Load Before Curtailment

Bus # Pre-curtailment MW
1 38.1
2 138.4
3 92.6
4 213.5
5 0.0
6 0.0
7 54.3
8 155.4
9 91.5
10 16.8
11 56.6
12 13.1
13 28.2
14 28.6

It is seen from the power flow solution that the dispatch of the contracted transactions without
any curtailment leads to overloading of the lines between buses 3 and 11, and buses 7 and 9.
Therefore, to remove this congestion and to ensure that the system security limits are not

violated, the ISO needs to curtail the power transactions

The following four strategies for the curtailment of transactions are adopted for congestion

management. The results are shown in Table 3.7.

(¢D)] Both groups 1 and 2 employ the group curtailment formulation as described by (3.35).
The curtailment on the DISCO loads is assumed to be linear. The total group power
curtailment is taken as a linear combination of the individual DISCO curtailments. In this

case, all the willingness to pay factors are taken to be equal to unity.
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(2)

©)

(4)

Table 3.7 shows the constrained generation and load data obtained from the OPF solutions using
the four curtailment strategies.

The optimal dispatch gives an uncongested system solution (Table 3.7); i.e., all the line
overloads are removed. In case (1), both the groups use the same curtailment strategies with
identical willingness-to-pay factors, and this results in all power transactions getting curtailed in
varying degrees. In case (2), the willingness to pay of group 1 is increased. This does not lead to
a proportionate reduction in the curtailment of the transactions in group 1 or a proportionate

increase in the curtailment of transactions in group 2. In case (3), the use of two different

Same as case (1), except that the willingness to pay price premium of the players in group
2 is assumed to be twice that of the players in group 2.

In this case, group 1 employs the curtailment strategy given in (3.35), whereas group 2
adopts the curtailment formulation described in (3.34). Willingness to pay premiums are

maintained at unity.

Same as case (3), except that the willingness to pay premiums on the transactions

between buses 4 and 10, and buses 4 and 12, are doubled.

Table 3.7: Constrained Generation and Load Data after Running OPF

Bus # Constrained generation and load, MW
Case (1) Case (2) Case (3) Case (4)
(group #1)
2 (GENCO) 138.42 138.40 138.51 138.47
3 (GENCO) 78.53 79.76 87.20 84.73
7 52.11 52.33 53.58 53.04
9 86.37 87.20 89.71 88.33
11 53.10 53.24 55.13 54.75
14 25.40 25.42 27.32 27.11
(group #2)
4 (GENCO) 204.10 197.31 207.01 210.75
8 149.62 144.36 155.20 155.22
10 15.53 14.96 12.84 15.32
12 12.62 12.25 11.25 12.81
13 26.37 25.81 27.78 27.65
(loss
compensator)
1 (GENCO) 35.41 35.23 35.62 36.27
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curtailment strategies for the two groups seems to affect some transactions more than others. For
instance, the transaction between buses 4 and 10, and buses 4 and 12, get relatively heavily
curtailed. This is remedied in case (4) where the willingness to pay for both these pairs of players
is doubled.

3.4 Optimal Dispatch Using FACTS Devices in Competitive Market Structures

In the previous sections of this chapter, we have looked at congestion management in
competitive power systems using models that include pricing tools such as prioritization and
curtailment of transactions. In this chapter we look at treating congestion management with the
help of flexible AC transmission (FACTS) devices. We consider an integrated approach to
incorporate the power flow control needs of FACTS in the OPF problem for alleviating
congestion. Two main types of devices are considered here, namely, thyristor controlled series
compensators (TCSC) and thyristor controlled phase angle regulators (TCPAR).

The concept of flexible AC transmission systems (FACTS) was first proposed by Hingorani [30].
FACTS devices have the ability to allow power systems to operate in a more flexible, secure,
economic, and sophisticated way. Generation patterns that lead to heavy line flows result in
higher losses, and weakened security and stability. Such patterns are economically undesirable.
Further, transmission constraints make certain combinations of generation and demand unviable
due to the potential of outages. In such situations, FACTS devices may be used to improve
system performance by controlling the power flows in the grid. Studies on FACTS so far have
mainly focused on device developments and their impacts on the power system aspects such as
control, transient and small signal stability enhancement, and damping of oscillations [31]-[34].
Here we look at solving the OPF problem in a power system incorporating FACTS devices. As
we have seen in the earlier chapters, different solution approaches are possible to solve the OPF
problem. The main conventional control variables are the generation MWs when the DC power
flow model is used. With the increased presence of independent GENCOs in the deregulated
scenario, the operation of power systems would require more sophisticated means of power

control. FACTS devices can meet that need.
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3.4.1 Static modeling of FACTS devices

For the optimal power dispatch formulation using FACTS controllers, only the static models of
these controllers have been considered here [35]. It is assumed that the time constants in FACTS
devices are very small and hence this approximation is justified.

3.4.1 Thyristor-controlled series compensator (TCSC)

Thyristor-controlled series compensators (TCSC) are connected in series with the lines. The
effect of a TCSC on the network can be seen as a controllable reactance inserted in the related
transmission line that compensates for the inductive reactance of the line. This reduces the
transfer reactance between the buses to which the line is connected. This leads to an increase in
the maximum power that can be transferred on that line in addition to a reduction in the effective
reactive power losses. The series capacitors also contribute to an improvement in the voltage

profiles.

Figure 3.6 shows a model of a transmission line with a TCSC connected between buses i and j.
The transmission line is represented by its lumped m-equivalent parameters connected between
the two buses. During the steady state, the TCSC can be considered as a static reactance -jxe.
This controllable reactance, X, is directly used as the control variable to be implemented in the

power flow equation.

Sij Rt « S
>
Bus i Bus j

jB JB,

Figure 3-6: Model of a TCSC

Let the complex voltages at bus i and bus j be denoted as ViZd and V;£4;, respectively. The

complex power flowing from bus i to bus j can be expressed as
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Sy =Py - 1Q; =Vl
=V TV V)Y, +V, (iB,)]
=V?[G; + j(B; +B)]-V,'V,(G; + jBy) (3.37)
where

G; + B =Y(R, + JX = jX¢) (3.38)

Equating the real and imaginary parts of the above equations, the expressions for real and

reactive power flows can be written as

Pi =V G -V\V;G; cos(6; -6;) -V\V;B; sin(; - 9,) (3.39)

IJ'J

Q; = V (BIJ +B,)- V\V;G; sm(é -0, )+V cos(d; -6 ) (3.40)

IJ'J

Similarly, the real and reactive power flows from bus j to bus i can be expressed as

P; =V, G -V\V;G; cos(6; —6;) +V,\V,;B; sin(6, -6 ;) (3.41)

'J'J

Q; = V (B; +B.) +V\V,;G;sin(6;, -6;) +V,V;B; cos(6;, -6 ;) (3.42)

'J'J

These equations are used to model the TCSC in the OPF formulations.

3.4.2 Thyristor-controlled phase angle regulator (TCPAR)

In a thyristor-controlled phase angle regulator, the phase shift is achieved by introducing a
variable voltage component in perpendicular to the phase voltage of the line. The static model of
a TCPAR having a complex tap ratio of 1:aZa and a transmission line between bus i and bus j is

shown in Figure 3.7

49



Sij RitiX, Sji

> \ - i
Bus i/ Bus j

l:alo

Figure 3-7: Model of TCPAR

The real and reactive power flows from bus i to bus j can be expressed as

P, =Re{V,'[(a"V, -a'V,)Y; 1} = a’V;’G, - aV\V,G; cos(8; - & + @) —aVV,B;sin(s; - 6, + ) (3.43)

i
and

Qij == Im{vi*[(azvi - a\/j )Yij]}

=-a’V’G; —aVV,B; cos(8, -8, +a) —aVV,G; sin(8, - 8, +a) (3.44)

L ]

Similarly, real and reactive power flows from bus j to bus i can be written as

Pji = Re{\/j*[(vj - aVi)Yij]}
=V/G; - aV\V,G; cos(§; - &, +a) +aVV,B;sin(s, - 8, + ) (3.45)

ivjij

and

jS == Im{\/j*[(\/j - aVi)Yij]}

= -V/B; +aV\V;B; cos(d, - 8, + ) + aVV,G; sin(5, - 6, + ) (3.46)

The real and reactive power loss in the line having a TCPAR can be expressed as

R=F+P;
= aV2G, +V2G, - 2VV.G, cos(6. - 6. +a) (3.47)
i ij j i) [ || 1 J
Q= Qij + jS
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=-a’V’B; - VB, + 2V\V,B, cos(d, - &, + )

(3.48)

This mathematical model makes the Y-bus asymmetrical. In order to make the Y-bus

symmetrical, the TCPAR can be simulated by augmenting the existing line with additional power

injections at the two buses. The injected active and reactive powers at bus i (AP;, AQ; ) and bus j

(4Pj, AQ; ) are given as
AP, = -a’V’G; —aV,V,[G; sin(§; -6 ,) - B; cos(d; -6 ,)]
AP; = -aV\V,[G; sin(6; - 6;) + B cos(6; - 9;)]
AQ, =a’V’B; +aV\V,[G; cos(8;, -8 ,) + B; sin(8; -6 ,)]
AQ; =-aV\V,[G; cos(6; -6;) - B; sin(6; - ;)]
These equations will be used to model the TCPAR in the OPF formulation.

Ry4iX,

Bus i Bus j

AS; AS;
The injection model of the TCPAR is shown in Figure 3.8

Figure 3-8: Injection model of TCPAR

3.4.3 Static VAr compensator (SVC)

(3.49)

(3.50)

(3.51)

(3.52)

The static VAr compensator (SVC) is generally used as a voltage controller in power systems. It

can help maintain the voltage magnitude at the bus it is connected to at a desired value during

load variations. The SVC can both absorb as well as supply reactive power at the bus it is

connected to by control of the firing angle of the thyristor elements. It is continuously

controllable over the full reactive operating range as determined by the component ratings.
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We can model the SVC as a variable reactive power source. Figure 3.9 shows the schematic
diagram of a SVC and Figure 3.10 shows its control characteristics.

Bus i

Figure 3-9: Schematic diagram of a SVC

The slope of the SVC voltage control characteristics can be represented as Xsi, the equivalent
slope reactance in p.u. The limiting values of the SVC inductive and capacitive reactances are
given by X_ and Xc, respectively. V and V¢ are the node and reference voltage magnitudes,
respectively. Modeling the SVC as a variable VAr source, we can set the maximum and
minimum limits on the reactive power output Qsyvc according to its available inductive and

capacitive susceptances Bing and Bcap, respectively. These limits can be given as
Qmax = Bind .Vrif (353)
Qmin = Bcap .Vrif (354)

where B, , =1/X and B, =1/X, .
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Figure 3-10: Control characteristics of a SVC

3.4.4 Problem formulation for OPF with FACTS devices

As seen in Chapter 2, the transmission dispatch in a deregulated environment may be a mix of
pool and bilateral transactions. The optimal dispatch is comprised of complete delivery of all the
transactions and the fulfillment of pool demand at least cost subject to non-violation of any
security constraint. It may be assumed that the 1SO provides for all loss compensation services
and dispatches the pool power to compensate for the transmission losses, including those
associated with the delivery of contracted transactions. The normal dispatch problem is rewritten

here as
pT,LDj zci(PGi) - > B;(Py)) (3.55)
subject to
9(Ps, P, T,,Q,V,08,F) =0 (3.56)
h(Ps,Py,T¢,Q,V,8,F)=<0 (3.57)

where P; and PDJ_ are the active powers of pool generator i with bid price C; and pool load |

with offer price B;, respectively, and F,,P,,T,,Q,V,6, and F are the vectors of pool power

injections, pool power extractions, bilateral contracts, reactive powers, voltage magnitudes,
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voltage angles, and control parameter of FACTS devices placed in the line concerned. Equation
(3.56) is a set of equality constraints comprising of the set of contracted transaction relationships
and power balance equations. Equation (3.57) is a set of inequality constraints comprising of the
system operating constraints.

If only bilateral transactions are considered, we may rewrite the dispatch formulation as

min f (x,u)
where

m n

f(x,u) = 2 PATHUTS (3.58)

=2 j=m+1

subject to the real and reactive power balance equations
Ps, + Py + (P, =P5 ) - P, =0 (3.59)

QGi + Qi'zinj) + (Qci - QDi ) - Qi =0 (360)

and the inequality constraints,

where

n=number of buses in the power system, with the first m buses being GENCOs and the
rest, discos

w;;= the willingness to pay factor to avoid curtailment of transaction

T, = the desired value of transaction T,

Ps,: Qg, are the real and reactive power generation at GENCO i
Py, Qp, are the real and reactive load demand at DISCO i

Pc, 1 Qc, are the real and reactive load curtailment at DISCO i

P. ,Q, are the real and reactive power injection at bus i

54



PF

(i), Qi) are the real and reactive power injection at bus i, with the installation of

FACTS device

The modified OPF is different from the conventional OPF due to the FACTS related control
variables. If it is desired to use the conventional linear programming based technique to solve the
modified OPF problem, the solution strategy needs to be changed. This is because, with the
introduction of the FACTS related control variables, the OPF no longer remains a linear
optimization problem. One such strategy would be to separate the modified OPF problem into
two subproblems, viz., the power flow control subproblem and the normal OPF problem. The
power flow of the system can be obtained from the initial operation values of the power system.
Using the power flow and constraint equations, the power flow control subproblem may be
solved, thereby yielding the controllable FACTS devices’ parameters. These parameters may
then be used to solve the main OPF to obtain the conventional control variable values. Then if
the solution of the power flow problem with the new control variables does not satisfy the
constraint equations, this entire process is iteratively repeated until the mismatch falls below
some predefined tolerance.

3.45 FACTS device locations

We look at static considerations here for the placement of FACTS devices in the power system.
The objectives for device placement may be one of the following:

1. reduction in the real power loss of a particular line

2. reduction in the total system real power loss

3. reduction in the total system reactive power loss

4. maximum relief of congestion in the system.
For the first three objectives, methods based on the sensitivity approach may be used. If the
objective of FACTS device placement is to provide maximum relief of congestion, the devices
may be placed in the most congested lines or, alternatively, in locations determined by trial and

error.
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3.4.6 Reduction of total system VAr power loss via FACTS devices

Here we look at a method based on the sensitivity of the total system reactive power loss (Q)
with respect to the control variables of the FACTS devices. For each of the three devices
considered in Section 3.4 we consider the following control parameters: net line series reactance
(Xij) for a TCSC placed between buses i and j, phase shift () for a TCPAR placed between buses
i and j, and the VAr injection (Q;) for an SVC placed at bus i. The reactive power loss sensitivity
factors with respect to these control variables may be given as follows:

Loss sensitivity with respect to control parameter X;; of TCSC placed between buses i and j,

1.Loss sensitivity with respect to control parameter ; of TCPAR placed between buses

iand j,

bij — aQL
00,

ij
2.Loss sensitivity with respect to control parameter Q; of SVC placed at bus i,

N
0Q;

These factors can be computed for a base case power flow solution. Consider a line connected
between buses i and j and having a net series impedance of Xj;, that includes the reactance of a

TCSC, if present, in that line. 6; is the net phase shift in the line and includes the effect of the

TCPAR. The loss sensitivities with respect to Xj; and &; can be computed as

2 2
RZ - X

®Xy (3.61)

ij
and

IQ,

ij

= -2aV\V,B; sin6; (3.62)

|
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3.4.7 Selection of optimal placement of FACTS devices

Using the loss sensitivities as computed in the previous section, the criteria for deciding device

location might be stated as follows:

1. TCSC must be placed in the line having the most positive loss sensitivity index aj.

2. TCPAR must be placed in the line having the highest absolute value of loss sensitivity index
bij.

3.4.8 FACTS-enhanced system test cases

In this section we again consider the transmission dispatch problems treated in Sections 3.3.3 and
3.4.2. Here, the presence of FACTS devices in the power system is accounted for in the optimal

power dispatch model.

3.4.9 Six-bus example system

We consider the same six bus system that as was treated earlier in this chapter. In this case, we
solve the OPF with TCSC devices installed on two of the most congested lines in the system. To
determine the optimal placement of the TCSC devices, we first perform the reactive power loss
sensitivity analysis as developed in Section 3.4. The sensitivity index a; is computed for each
line in the system and the result shown in Table 3.8

Table 3.8: VAr Loss Sensitivity Index

Line From To bus Sensitivity index
bus

1 1 4 dig = -0.179

2 1 6 as=-0123

3 2 3 ax3=-0.23

4 2 5 axs=-0.15

5 3 4 ass = -0.0189

6 4 6 aus=-0.0184

7 5 6 asg = -0.044

The lines having the most positive loss sensitivity index must be chosen for placement of the

TCSC devices. For this we select lines 5 and 6 from Table 3.8.
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When TCSC devices in the inductive mode of operation are connected in series with these two
lines, with inductive reactances of 53.6% and 48.2% of the line reactances, respectively, it is
seen that the line overloads are removed. The effect of optimal power dispatch with the TCSC

devices installed on the line flows is shown in Table 3.9.

Table 3.9: Line Flows

Line From To Line flow (in p.u.)
bus bus Rated Without With
FACTS devices | TCSCs in lines
5and 6

1 1 4 0.50 0.138 0.176
2 1 6 0.50 0.383 0.386
3 2 3 0.50 0.480 0.494
4 2 5 0.80 0.132 0.162
5 3 4 0.57 0.62 0.483
6 4 6 0.55 0.562 0.418
7 5 6 0.30 0.025 0.027

The constrained generation and load data may be obtained after running the OPF with the TCSCs
installed. Table 3.10 shows a comparison between the data obtained with and without FACTS

devices in the system for one particular curtailment strategy employed by the 1ISO (Case (1)).

Table 3.10: OPF Results with and without TCSC

Bus # Constrained generation and load, MW, Case (1) of 3.3.3
Without FACTS With FACTS
1 109.63 109.72
2 124.24 124.41
3 34.72 34.96
4 48.87 49.14
5) 40.74 41.32
6 53.99 53.99

This integrated framework covers the scenario where, even after putting the FACTS devices into
operation, there is a need for the 1SO to curtail the initial power transactions in order to maintain
the system operation within security limits. The OPF result shows that the individual power
transactions suffer less curtailment when FACTS devices are included in the system.
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3.4.10 FACTS-enhanced fourteen-bus example system

We consider the same fourteen-bus example system that was treated earlier. Here, we solve the
OPF for three different cases. In each case, one of the three FACTS controllers, viz., TCSC,
TCPAR, and SVC, is included in the problem formulation. The static models of these devices, as
developed in Section 3.4, are considered, i.e., a TCSC is represented as a static impedance, a
TCPAR as a transformer with a complex tap ratio, and an SVC as a reactive power source with
limits. The optimal locations for placing each of these devices can be determined by sensitivity
analysis. In this problem we consider these three cases:

1. A TCSC placed between buses 3 and 11, operated with an inductive reactance of
59.3% of the line reactance

2. A TCPAR placed between buses 3 and 11, operated with a phase shift of —0.039
radians and unity tap ratio.

3. An SVC connected at bus 10, operating as a reactive power source of 0.13 p.u. within
limits of 3.5 p.u., at a voltage of 1.05 p.u.

Here we consider only the Case (4). Table 3.11 shows the results of the OPF with Cases (A), (B)
and (C) referring to the results obtained with TCSC, TCPAR, and SVC, respectively.

Table 3.11: OPF Results with TCSC, TCPAR, and SVC

Bus # Pre- Constrained generation and load, MW
curtailment Case (A) Case (B) Case (C)
MW
(group #1)
2 (GENCO) 138.4 136.08 135.73 136.54
3 (GENCO) 92.6 90.29 91.36 90.60
7 54.3 53.76 53.81 53.46
9 915 89.93 90.67 90.31
11 56.6 55.31 55.20 55.25
14 28.6 27.37 27.40 28.12
(group #2)
4 (GENCO) 213.5 208.31 210.81 210.52
8 155.4 155.26 155.30 155.25
10 16.8 13.36 14.97 15.36
12 13.1 11.87 12.71 12.07
13 28.2 27.81 27.83 27.82
(loss
compensator)
1 (GENCO) 38.1 36.85 37.32 36.22
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3.5  Conclusions and Future Directions for OPF-Based Congestion Management

The operational aspects of power systems pose some of the most challenging problems
encountered in the restructuring of the electric power industry. In this chapter we looked at one
such problem. This work focuses on congestion management within an OPF framework in a
deregulated electricity market scenario. The conventional OPF problem is modified to create a
mechanism that enables the market players to compete and trade and simultaneously ensures that
the system operation stays within security constraints. The pool and bilateral dispatch functions
of an ISO are dealt with. This chapter then focused on the use of FACTS devices to alleviate
congestion. An integrated approach that includes FACTS devices in a bilateral dispatch
framework to maintain system security and to minimize deviations from contractual

requirements is then proposed. The approach is validated through numerical examples.

OPF is increasingly being used for transmission pricing and transaction evaluation in open
access transmission systems. From the case studies carried out in this chapter, it was apparent
that the interactions between market players are complex. Future work in this field may focus on
quantifying the economic risk faced by market players due to differences in their willingness to
pay to avoid curtailment. Research may also be carried out on designing different dispatch and

curtailment strategies.

The sensitivity approach for determining optimal locations of FACTS devices can at best give an
approximate idea about the optimal location for those devices in a deregulated environment.
More reliable methods need to be developed for this.
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4. Network Partitioning Schemes for Facilitating OPF-Based Control
Algorithms in Large Scale ISO’s and RTO’s

Use of OPF-based methods in power systems models of a scale appropriate to emerging 1SO’s
and RTO’s involve a huge number of state variables, which present barriers both to intuitive
understanding of behavior and practical on-line computations. To reduce the computational
burden, and to gain qualitative insight, it is often useful to partition the original model into
several reduced sub-networks. Such an approach will allow focus on smaller-scale study area and
simplify other sub-networks into equivalent models. Extensive research seeking reduced-order
models to improve numeric efficiency, while accurately representing the physical behavior of the
original systems, has been developed from many perspectives, over several decades. Our work
will begin from the foundation of equivalents developed in the context of models for
electromechanical oscillations. The work here seeks to extend the underlying rationale of such

techniques to models that account for voltage magnitude variation and reactive power flow.

4.1  Background and Related Literature

One of the popular aggregation methods based on “coherency” exploits the observation that in
multi-machines transients after a disturbance, some synchronous machines have the tendency to
“swing together”. Such coherent machines are grouped into “coherent areas” which are then
represented by “equivalent machines” [39], [40] and [48]. The approach exploits the two-times-
scale properties of the power systems in a linear, time-invariant (LTI) dynamic model. The swing
modes of the system are categorized into 2 classes, slow inter-area modes and fast intra-area
modes. The small parameter to denote the separation of the time-scales is the ratio of the
sparseness of the connections between the coherent machines to the stiffness of the connections
within the coherent machines [40]. Thus, when there is a disturbance to these slow inter-area
modes, the generator angles in each sub-network will move closely coherently together. The fast
intra-area modes are localized within these strongly connected regions.

More flexible area clustering called “synchrony”, which is an extension of the concept of
coherency, is suggested in [57], [58], and [59]. It is argued in those literatures that the synchrony
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recognition and aggregation algorithm has advantages over the slow-coherency algorithm based
on Gaussian elimination. The authors define the term “chord” as a selected subset of modes of a
linearized model. In their works, groups of generators are said to be exactly or approximately
synchronic in a chord v, or are v-synchronic, if their angular variations are exactly or
approximately in constant proportion for any transient in which only the modes in v are excited.
This is different from the earlier v - coherency that requires exact or approximate equality of the

angular variations.

As an alternative to the singular perturbation approaches for characterizing coherency, [41]
iteratively uses the sensitivity of the smallest non-zero eigenvalue to the removal of lines to
identify weak cutsets that will partition the network into coherent groups. The advantage of this
method is that it provides partitions indicating both generators and load buses within a coherent
area, while many of the previously mentioned researches identify only generator buses within an
area. This additional information of load buses in the network decomposition is useful because it
shows the boundaries of weak links between coherent areas in more details. On the other hand,
work in [63] modifies the slow coherency technique in [39] and augments the eigenbasis matrix
in [39] to also include the information of load buses. For [63], the approach identifies indices of
buses within the coherent groups by measuring the closeness of each bus to each area reference
generator. The closeness is the cosine of the angle between the two row vectors of the
corresponding eigenbasis matrix. Yet, the criteria for setting a closeness tolerance to assign bus
indices into coherent areas are arbitrary. Although the work in [41] shares certain features with
algorithms based on locating weak cutsets within the network [50], it has the advantage of
explicitly using the interaction of network topology, branch admittances, and machine inertias in
determining the electromechanical modes in an unreduced, generalized eigenvalue formulation
of the linearized dynamics [41]. However, the literature on that method to date simplifies the
analysis to the flat start operating point, treating an operating point at which all the bus voltage
magnitudes and bus voltage angles are equal to 1 and 0, respectively. Losses of the system are
ignored in this case.

Work in [60] studies the partitioning of the electrical networks using 3 different types of the
weighted Laplacian matrix from the network graph and extends the algorithm in [41] to include a
set of the smallest eigenvalues as a direct approach to simultaneously, instead of recursively,
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partitioning a system into multiple areas. That work also proposes a second method, namely the
eigenvector component correlation partitioning, which modifies the correlation function
suggested in [63] for the steps in excluding lines between generators. The authors mention that
the research is in its initial stage, so that work does not yet offer numerical results comparing
quality between these two methods. Moreover, the algorithms require uniform node weights, or
equality in all bus voltages, to yield the symmetric Laplacian structure. This analytically
desirable structure is lost in the case of a lossy network.

In contrast to the previous works that focused on partitioning the network in dynamic models,
this chapter will focus on network partitioning applications in the optimal power flow (OPF).
Without considering this OPF aspect, the resulting decomposed sub-networks from all previously
mentioned techniques may not be functional under the system’s various security constraints. A
different strategy will be introduced to obtain the system weighted Laplacian matrix, which
accounts for the real topological network structures including losses at the optimal operation
point. We notice from our new formulation of the optimal power flow Jacobian that a certain
sub-block of this matrix is in the form of graph Laplacian, and could be processed in our network
partition. This Laplacian matrix formulation also involves all relevant inequality constraints that
limit the system to sustain its security while in the optimal operation. We will apply the concept
of the recursive spectral graph bisection (RSB) presented in [38], [S11, and [56] as our basis to
formulate the network decomposition scheme. The RSB method is proven in [38] to be optimal
among various graph-partitioning techniques.

Although the ties between the areas are weak, they should not be completely disregarded during
the steps of network partition. For a higher degree of accuracy in the simulation of the reduced
sub-networks, we present here in this research the notion in replacing these ties with the

equivalent fixed demands or injections between the links.

This chapter will be organized as follows. In the section 2, we include some graph theoretic
terminology, and notation that we will use for our further discussion. The background material
on the spectral properties of Laplacian matrices and their relevance to graph partition will be
explained in the early of the section 3. The fundamental concepts of the optimal power flow and
system topology that apply to the RSB network partitioning will follow. Here, the key properties
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N

of the block matrix a;)
a

of the system optimal power flow Jacobian are exhibited. This block
matrix has a form that may be interpreted as weighted graph Laplacian, and the system losses are
accounted in this computation. We test our algorithm in the IEEE 9 and 30-buses to demonstrate
the performance of our method in preserving the optimal cost of generation for the decomposed
sub-networks and in the deviations of the bus nodal prices in scenarios in which their active load
demands are significantly increased. In addition, in the IEEE 30-bus case, we arbitrarily partition
this network to examine its characteristics comparing with our RSB approach as evidence that
the desirable properties produced by RSB are not generic to any partition. The final section

contains our conclusions and some directions for future work.

4.2  Terminology and Notation

To start, readers should be familiar with some basic graph theory terminology and notations used
in our discussion. We excerpt some of these basic definitions from [45] and [61] for readers’
reference:

A graph G with n vertices and m edges consists of a vertex set V(G)={vs,...,Vn}, and an
edge set E(G)={ei,....em}. A weighted graph is a graph for which a value w; is
associated with each vertex vi, and a nonzero weight w;j; is associated with each edge
(vi,v;). We consider a zero edge weight to indicate the lack of an edge. Note that graph G
is also a weighted graph where all edge weights are 1.
A subgraph of a graph G is a graph H such that V(H) CV(G) and E(H) C E(G); we write this as
H C G and say that “G contains H”. A graph G is connected if it has a u,v-path for each pair u,v
€V(G) (otherwise it is disconnected). For a connected graph G, an edge separator is a set S of
edges such that if removed would break the graph into components G; and G, with no edges
between G; and G,. A vertex separator is a set S of vertices such that if these vertices and all
incident edges are removed, the graph is broken in to components G; and G, with no edges
between G; and G, (such separators will be assumed to be minimal sets with respect to the

particular G; and Gy).

The adjacency matrix of G, written A(G), whose entry a;; is the number of copies of the edge
vivj in G. The incidence matrix of a graph G, written M(G), has rows indexed by V(G) and

columns indexed by E(G), with m;=1 if vertex v; is the tail of e;, and m;; = -1 if v; is the head e;.
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4.3 Background

4.3.1 Recursive Spectral Bisection (RSB)

Work in [37] and references therein explain various important applications of graph partitioning:
VLSI circuit layout, image processing, solving spare linear systems, computing fill-reducing
orderings for sparse matrices, and distributing workloads for parallel computation. Generally, the
objective of graph partitioning is to separate the graph’s vertices into a predetermined number
sub-graphs, in which each sub-graph has an equal number of vertices and the cutset links among

these sub-graphs are minimized.

Pothen, Simon, and Liou introduce an approach in [56] to partition the input graph using the
spectral information of the Laplacian matrix, L; this technique is referred to as recursive

spectral bisection (RSB).

Work in [36] exhibits a proposition of the Laplacian matrix L that this matrix L should satisfy:

L=MM =A-A (4.1)

where M is the incidence matrix of graph G, A is the adjacency matrix of G, and A is the
diagonal matrix whose i entry is the degree of the vertex v; (1=i <n). Thus, L is independent of
the orientation given to G.

For a connected graph, L has the property that its smallest eigenvalue is equal to zero, and each
element of the corresponding eigenvector is equal to one; all other eigenvalues are greater than
zero. Miroslav Fiedler proved several properties of the second smallest eigenvalue and its
corresponding eigenvector of this Laplacian matrix in his famous works [43] and [44]. These
second smallest eigenvalue and eigenvector have now become known as “Fiedler value” and
“Fiedler vector,” respectively, in recognition for his contribution. The RSB method that we
mentioned is based on the Fiedler vector of this Laplacian matrix L. 1

Holzerichter and Oliveria clearly illustrate in [47] to show how finding a partition of a graph,
which minimizes the number of edge-cuts, can be transformed into an eigenvalue problem

involving the graph Laplacian. In their analysis, they use Lagrange multipliers to solve
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optimization problem setting the objective function to minimize the number of edges between
the two parts. The non-linear equality constraints are stipulated in the first condition that the
number of vertices in each part be equal, and second condition that every vertex be assigned to

one of the partitions.

Chan, and Szeto in [38] show the size of the cutsets can be minimized by using, specifically, the
corresponding second smallest eigenvalue, the Fiedler value, of the Laplacian matrix, L. They
introduce the concept of median cut RSB method that maps indices of vertices which have
values above the median value of Fiedler vector to one part and below the median value of
Fiedler vector to the other. They prove that this median cut method is the optimal in the sense
that partition vector induced by this method is the partition vector closest to the Fiedler vector in
any ls norm, for s =1. The partitions are then further partitioned by recursive application of the
same procedure. The multiplicity of zero eigenvalues of L indicates the number of connected
sub-graphs in G. The magnitude of the Fiedler value is proved in [53] as a measure of the
connectivity among these sub-graphs, and the magnitude of each element of the Fiedler vector as
a measure of an approximated vertex-distance from the other vertices. If any 2 values of
elements in the Fiedler vector are closed together, the corresponding vertices connecting path
will be short.

4.3.2 Power system network modeling

Previous work in power systems network modeling in [41], with minor enhancements, will be
shown in this section. We consider here a power network, with shunts neglected, as the
interconnection structure of a directed graph G. The original power network has n buses and |
branches, or hereby n vertices and | edges. Assume each branch has weight b, thus, the

admittance matrix of the network is Y (b):= Adiag{b}A’ where matrix A is an unreduced

incidence matrix for this graph. The equilibrium system frequency is equal to a known value of

w,. With no coupled lines, no phase shifting transformers, “primitive” per phase admittance

matrix will be diagonal. We assume, in our first illustration, reactive equations are normalized by

voltage magnitude as in [55] to yield a symmetric power flow Jacobian.

Let
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Ve R V:= vector of variable bus voltage magnitudes;

ae R", &:= vector of bus voltage phase angles relative to an arbitrary synchronous
reference frame of frequency U ,;

ue R" u:= vector of generator frequency deviations, relative to synchronous
frequency U, ;

A€ R™ A:= the full bus incidence matrix for the network, (no elimination of a

reference bus);

W is constructed by taking component-wise absolute value.

b€ R' by:= vector of transmission line susceptances;

P'e ®", P":= vector of net active power injection at each bus. For indices j ranging

from 1 to (through) m, Pj' IS a constant equal to the mechanical power

input to machine j. For j ranging from m+1 to through n, component Pj'
IS a constant equal to the negative value of active load demand.

Q" MM — R"™™ Q'(V):= vector valued function of net reactive power injections at load
buses, normalized by voltage magnitude. Each component Q J' isa
function of voltage magnitude at that bus only.

L:= rows m+1 through n of an nxn identity matrix (e.g., projection operator selecting

components m+1 through n of an n-vector);

Under the above simplified assumption, active and (voltage-normalized) reactive power
absorbed by the network at each bus may be written to follow MATLAB? format as below.

In particular

PV (a,V): = vector-valued function of active power absorbed by network at each bus
= Adiag{b}diag{exp(JA|"In(V))}(sin(AT4) (4.2)

! MATLAB is a highly efficient matrix computational program developed by MathWorks [51].
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[diag(V)] "Q"“(&,V ): = vector-valued function of reactive power absorbed by network at each load bus,

normalized by bus voltage magnitude
= Ldiag{JA| by }V - [diag{V.}Lo|A|diag{ b; }diag{exp(JA|"In(V)}cos(ATa) (4.3)

Its corresponding power Jacobian is:

where

4.3.3

J :mn x ERn—m — ER(Zn—m)x(Zn—m)

opN opP"
R v (4.4)
Q" dQ" -Q
94 v,
aap; = Adiag{b, }diag{exp(| A|" In(V))}diag{cos(A" a)}A"
: = Adiag{b, }diag{exp(| A|" In(V))}diag{sin(A"&)}| A[" L' [diag{V }]"
a?; = [diag{V, }™" L | A| diag{b, }diag{exp(| A|" In(V))}diag{sin(AT&)}A" (4.5)
% = Ldiag{| A|b,}L" + H - diag{diag(H )} + diag{Q}[diag{V, *}]™

H = LAdiag{b, }diag{cos(AT&)}A" L'

Role of optimal power flow concepts in partitioning

In this section, we will explain some fundamental concepts of the optimal power flow (OPF)

before we proceed further. We summarize some OPF concepts from [62] as below:

Basic OPF will seek the operating point of a power system with the objective to reach a

minimum active power generating cost while balancing the entire power flow, and satisfying

other sets of security constraints. The limits on P; <P, <Py, Q; =Q, =Q:, V| =V,|=V,

+

and flows on transmission lines will allow the dispatch of the generation while not allowing the
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transmission system to violate a limit while achieving the minimum cost of generation. “Bus
incremental costs” or (BICs) from OPF solution can be used in power systems economic

analyses to set the marginal cost of power at any bus in the system.

From a standard OPF formulation, one approaches the general optimization problem:

Min 2Ci (Pyi) (total cost of active power generation)
subject to
- P,
f.v)+ Pd_ = 0 (active power balance equations)
0

9(8,v) - Qq =0 (reactive power balance equations)

P, = P, = P, (active power generation limits)
Qg = Qg = Qg (reactive power generation limits)

Line flow limits and other inequality constraints (4.6)

For convenience, we underline some of the above variables to emphasize their vector or matrix

structures. The state vectors, §, and v, are the voltage angles at all buses (including the slack

bus) and the non-generator bus voltage magnitudes respectively. The above f(8,V) denotes the
real power absorbed into the network at all buses; g(é,v) denotes the reactive power absorbed
into the network at all non-generator buses; and C;(P,) in the objective function denotes the

variable cost of operation for each generator.

To solve the above OPF problem, we construct the following Lagrange equation:

L(P,.P,,8.¥) = 3 C,(P,) + A E(P,,Py.8.v) +7" §(P,. Py, 8,V) @.7)
Torla 2 g T A AN RS

g’
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In equation (4.7), E(P,, Py ,6,Vv) and ¢(P,,P,,8,v) represent the real and reactive power balance

equality constraints and all inequality constraints from (6) respectively.

A candidate optimal solution can then be determined by solving for the Kuhn-Tucker conditions

[49]:

G-~ , 1=1..m
ani ani
T d¢9
—=A; =0, =1..,n
Py J
af of
AT a0  av T % % _q
g aa|*T a0 ay
90 IV
E(Evi’ Qv\_/) = Q
?(P 7&’@’!) SQ
r'9=0
y' =0 (4.8)

Each element of the vector ZT in (4.8) indicates whether the inequality constraints are binding. If

the element of y is zero, the corresponding inequality constraint is free to be non-binding; if the
element of y is positive, then the corresponding inequality constraint must be binding. We refer

these last 2 equations of (4.8) as the complimentary slackness conditions.
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4.3.4 Median cut spectral bisection power systems network partitioning

N

] P
We can observe that the block matrix 9

in (4) is in the form of Laplacian matrix associated

with the weighted graph whose voltage magnitude weight V; is assigned to each vertex v;, and
branch admittance weight bj; is assigned to each edge (v;,v;). Thus, we can directly apply any

N

property of the weighted Laplacian matrix, L to the block i

Specifically by the RSB

N

method, we can use this block to partition the power systems network into smaller sub-

systems.

As an alternative to formulating the Jacobian matrix in (4), and (5), we can use another technique
to account for the losses of the study system. This derivation is described in [42] and will be
repeated below. We will use bus voltage phasors and external current injections as intermediate
variables during the Jacobian matrix construction. The overbar of the form “"» s used to

emphasize a complex valued quality.

Let
s NR", 8:= vector of bus voltage phase angles relative to an arbitrary synchronous
reference frame of frequency (reference angle is not deleted);
VeER" V:=vector of variable bus voltage magnitudes;

Ve c", V := vector of complex bus voltages; note that v =V.*exp( jo)

Y € C™ Y := full bus admittance matrix (reference bus rows and column not
eliminated);

IeC", 1 :=vector of currents absorbed into network at each bus;

note that 1 = Y *V

Se c", S := vector of complex powers absorbed into network at each bus;
note that S =V .*conj(T) = conj(T).*(\7)

N oV *exp(jo)} i HEXp(j6)3
0 90 = diagtV} EP)
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- j*diag{v}*diag{exp(jo)} = j*diag{V}

A o, oV *exp(jo)} i s HeXp(j0)}
=Y =Y *diag{V}* ———*=
a0 a0 1o}

= j*Y *diag{v}* diag{exp(j6)} = j *Y *diag{V}

% = conj(j*Y)* diag{conj(V )} = conj(j*Y *diag{V})

N _ ofexp(jo).*V} e NN\
Y = Y = diag{exp(jo)} Y
= diag{exp(jo)}
al 5. {exp(jo).*V} v .
Y =Y v =Y *diag{exp(jo)}
% — conj(Y) * diag{exp(- jo)} (4.9)

Thus,

—

% = j*diag{conj(1).*V}~ j*diag{V}* conj(Y) * conj(V )}

—

2—3 = j*diag{conj(l).*exp(j&)}+ j*diag{V}*conj(Y)* diag(exp(- j&)} (4.10)

Blocks of the power flow Jacobian in a standard form are easily recovered from the above

—

. . . . aS
expressions by selecting the appropriate rows and columns of the real or imaginary parts of Ty

—

N
or é. The block aP"
oV da

obtained from this derivation will still preserve the properties of the

weighted Laplacian matrix, and we will use this block matrix in our next steps of the network
partitioning.
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Given a power systems study network, first, we predetermine a desired number of final sub-
networks. We solve OPF to find its optimal operating point of this system. As a result, we will
obtain the un-reduced network OPF Jacobian (no deletion of the associated slack generator

components during the matrix construction). Next, we will apply RSB technique to this weighted

N
Laplacian matrix

block Jacobian. Its smallest eigenvalue is 0, and every element of the

0d
corresponding eigenvector is one. We will map indices of vertices of their magnitudes above the
median value of the Fiedler vector to one part and below the median value of the Fiedler vector
to the other. For a higher degree of accuracy in the simulation of the reduced sub-networks, we
replace the ties that link between these new decomposed areas with the equivalent fixed demands
or injections of values equal to OPF line power flows. The branch flows “from” the relating
buses will be assigned positive values, and the flows “to” buses will be assigned negative values.
If a larger number of sub-networks is required, we will then recursively partition further, using
the same approach, in the sub-network that has smaller Fiedler value of the OPF sub-network
Jacobian.

4.4  Optimal Power Flow (OPF) Solver

In our OPF computation of the nonlinear optimization with constraints, we will use fmincon
command that is a newer release than constr used in MATPOWER-OPF solver developed by
PSERC [64]. The command fmincon is included in the Optimization Toolbox (available with
MATLAB 5.3 Release 11). It uses a successive quadratic programming technique with a quasi-
Newton approximation for the Hessian matrix [54]. The performance of fmincon to solve the
OPF depends on numerous factors, i.e., fmincon has its limitations in solving the sparse non-
linear constrained minimization problem as our case, so our study networks are inherently
limited to medium-sized power systems. For a very large-scale power systems network, there are
several commercial constrained optimization solvers available, e.g. TOMLAB [46]. These
packages do exploit sparsity and claim to be more robust and more efficient, but were not tested

in this work.
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4.5 Numerical Analysis

4.5.1 IEEE 9-bus network example

In our initial presentation, we will use the 9-bus power systems data obtained from the
MATPOWER-OPF solver of PSERC. This network contains 3 generators (buses 1, 2, and 3)
injecting power to the system feeding 3 loads at buses 5, 7, and 9.

H(sec)=6.4 Hisec)= 3.01
Dlpul=2.5 D(pu)=1.0
2 7 6 3
O+ }h G
10+)0.35pu
9+ - . 5
\j
1.25 + |0.50 pu 0.90+)0.30pu
4
1
Hisecl=2364
Dipu)=9.6

Figure 4-1: 9-Bus power systems test network

Our goal here is to separate this 9-bus network into the 2 smaller sub-networks. In computing the
Fiedler eigenvector during the RSB routine, the MATLAB eigs function (finding a few
eigenvalues and eigenvectors of a sparse matrix) will be employed.

The polynomial characteristic cost functions of these 3 generators are shown in Table 4.1. The
relationship of a power generating cost (in $/hr) and a specific active power output (in MW) is in

the quadratic form: C; (P;) = ¢,;P; + ¢y P, +Cy.
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Table 4.1: The Polynomial Characteristic Cost Coefficients of the 9-Bus Network

Generator at Bus c2 cl c0
1 0.1100 5.0 150
2 0.0850 1.2 600
3 0.1255 1.0 335

The security constraints on generating active power outputs, bus voltage magnitudes, and
transmission line flows are presented in Tables 4.2 to 4.4 respectively. Note that the base voltage
for each bus is 345 KV.

Table 4.2: The Limits of Generating Active Power Outputs

Generator at Bus |Minimum Active Power| Maximum Active Power
Output (MW) Output (MW)
1 10 250
2 10 300
3 10 270

Table 4.3: The Limits of Bus Voltage Magnitudes
- Base Voltage for Each Bus = 345 KV

Bus No. |Lower Boundary (p.u.)|Upper Boundary (p.u.)
1 0.90 1.10
2 0.90 1.10
3 0.90 1.10
4 0.90 1.10
5 0.90 1.10
6 0.90 1.10
7 0.90 1.10
8 0.90 1.10
9 0.90 1.10
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Table 4.4: The Limits of Transmission Line Flows

Between Buses Maximum Active

Line Flow (MW)
1-4 250
4-5 250
5-6 150
3-6 300
6-7 150
7-8 250
8-2 250
8-9 250
9-4 250

Table 4.5: The Complex Power Demands
— Base Case Load Demands (MW/MVar)

Bus No. Pd Qd
5 90 30
7 100 35
9 125 50

We run our OPF solver to find the system’s optimal operating point at the base load demands as
in Table 4.5. The results are the optimal bus voltage magnitudes and angles, the complex power
branch flows, the active power injected from each generator, and the active power nodal price at
each bus (see Tables 6 to 9).

Table 4.6: The Resulting Optimal Bus Voltage Magnitude and Angle at Each Bus

Bus# V p.u. | Angle-degrees
1 1.1000 0.2919
2 1.0974 5.1852
3 1.0866 3.5411
4 1.0942 -2.1711
5 1.0844 -3.6902
6 1.1000 0.8945
7 1.0895 -0.9047
8 1.1000 1.1972
9 1.0718 -4.3235
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Table 4.7: The Associated Branch Flows (*100 MW)

"From"-Bus | "To"-Bus

Line Power (pu)
"From" Bus Side

Line Power (pu)
"To" Bus Side

© 000 ~NO WO b~ P
A ODNOONO O O B

0.8980 + 0.1297i
0.3522 - 0.0389i
-0.5496 - 0.1612i
0.9419 - 0.2263i
0.3822 - 0.0510i
-0.6193 - 0.1632i
-1.3432 + 0.0933i
0.7211 - 0.1015i
-0.5428 - 0.3108i

-0.8980 - 0.0905i
-0.3504 - 0.1388i
0.5597 - 0.2219i
-0.9419 + 0.2729i
-0.3807 - 0.1868i
0.6221 + 0.0082i
1.3432 + 0.0003i
-0.7072 - 0.1892i
0.5458 + 0.1294i

Table 4.8: The Optimal Active Power Output from Each Generator

Generator at Bus
number Pg (MW)
1 89.8020
2 134.3182
3 94.1864

Table 4.9: The Lagrange Multipliers (The Active Power Nodal Prices in $MWhr) of the
IEEE 9-Bus Network — Unreduced Network (Base Case Load Demands)

Bus No. | Nodal price ($/MWhr)
2475.6
2403.5
2407.6
2475.6
2499.9
2407.6
2425.4
2403.5
2499.9

2444.3

O~NO Ul WDN PR

©

average

When we substitute the values of the active power outputs from Table 4.8 to their corresponding
polynomial characteristic cost coefficients in Table 4.1, the summation of the optimal power

generating cost of this 9-bus network at the base case will be $5,296.69/hr.

The voltage magnitudes at buses 1, 6, and 8 reach their upper boundaries (1.10 p.u. volts, see
Table 4.3 and Table 4.6). Each transmission line flow limit and each generating active power
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output limit has a rating of approximately 250MW, which is much higher than the values in
Table 4.7 and Table 4.8. As a result, none of other inequality constraints is active. From Table
4.9, the active power nodal price is the highest at bus number 9 ($2,499.9/MWhr), and the lowest
at bus number 2 ($2,403.5/MWhr). The average of all active nodal prices is $2,444.3/MWhr.

N

The right eigenvectors relating to the two smallest eigenvalues of the block are shown in

oa
Table 4.10.

Table 4.10: The Right Eigenvectors Corresponding to the Two Smallest Eigenvalues of the

N
aP" block of the OPF Jacobian

da

Row First Second

1 0.3333 | 0.5282

2 0.3333 | -0.3393

3 0.3333 | -0.3198

4 0.3333 | 0.4097

5 0.3333 | 0.2440

6 0.3333 | -0.2463

7 0.3333 | -0.3031

8 0.3333 | -0.2568

9 0.3333 | 0.2403

From Table 4.10, the median value of its Fiedler vector is -0.2463. We will assign the bus
indices whose corresponding Fiedler vector element greater than this median value to one sub-
network, and the rest to the other sub-network. Figure 2 shows the graphic bisection partitioning
after our final MATLAB computation. The bus numbers 1, 4, 5, and 9 are grouped together
forming a sub-network, and the bus numbers 2, 3, 6, 7, and 8 are grouped into the other set. The
branches connected between buses 5-6, and buses 8-9 are the edge-separators between these two
sub-networks. The corresponding eigenvalues of Table 4.10 are 0.0000, and 4.6812 respectively.
As mentioned earlier, the Fiedler value can be used to indicate the connectivity of the 2 sub-
networks. Thus, the large value of 4.6812 from this solution indicates a relatively high degree of
coupling between the resulting 2 sub-networks.
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H(sec)=6.4 H(sec)= 3.01
D(pu)=2.5 D(pu)=1.0
2 8 7 6 3
o 1*1 ——0
10+)0.35pu
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1.25 + ;0.50 pu 0.90+,0.30pu
4
1
H(sec)=2364
D(pu)=9.6

Figure 4-2: The final bisection result of the spectral bisection partitioning

Next, we need to replace each cutset-link with the equivalent fixed complex (active, and
reactive) demand or injection at both connected buses, as in Fig 3. The value of each complex
OPF branch flow for this replacement is obtained from Table 4.7, and will be repeated in Table

4.11.

H(sec)= 6.4 H(sec)= 3.01
D(pu)=2.5 D(pu)=1.0
2 8 7 6 3
otH——-

10+)0.35pu r‘
L JT
'
1.25 + 10.50 pu 0.90+;0.30pu
4
1
H(sec)=23.64
D(pu)=9.6

Figure 4-3: Two separate independent sets after replacing each branch flow by fixed
complex load demands
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Table 4.11: The Equivalent Fixed Complex Power Demands or Injections of the Buses
Forming the Edge Separators (MW/MVar)

Bus Number Pd Qd
5 -54.9579 | -16.1180
6 55.9676 | -22.1907
8 72.1091 |-10.1513
9 -70.7155 | -18.9245

The accuracy of these 2 reduced sub-networks can be measured by running the OPF in each
decomposed sub-network (see Table 4.12 and Table 4.13).

Table 4.12: The Optimal Active Power Output from Each Generator - 2 Decomposed Sub-
Networks (Base Load Demands)

Generator Number| in Part Pg (MW)
1 1 89.8020
2 2 134.3182
3 2 94.1864

Table 4.13: The Lagrange Multipliers (Active Power Nodal Prices in $MWhr) of the RSB
Partitioning Network — 2 Decomposed Sub-Networks (Base Demands)

Bus No. | Part |Nodal prices ($/MWhr)| The magnitudes of errors % errors from the
from the unreduced network| unreduced network
1 1 2475.6 0.0 0.0000
2 2 2403.9 -0.4 -0.0166
3 2 2406.9 0.7 0.0291
4 1 2475.7 -0.1 -0.0040
5 1 2501.0 1.1 -0.0440
6 2 2406.9 0.7 0.0291
7 2 2425.3 0.1 0.0041
8 2 2403.9 -0.4 -0.0166
9 1 2499.4 0.5 0.0200
average 2444.3 0.0 0.0001

The resulting total OPF generating cost from Table 4.12 is $5,296.69/hr, which as expected, is
exactly the same as the total cost obtained from the unreduced network in Table 4.8. In addition,
the errors of the active power nodal prices in Table 4.13 are very small comparing with the
values in Table 4.9.
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Next, we increase active loads in all load buses (buses 5, 7, and 9) as high as 130% of their
original values, and then test the accuracy of the resulting reduced sub-networks using the same
approach. Consequently, the generating active power outputs of the unreduced network will be
as shown in Table 4.14, and the system active power nodal prices will be as shown in Table 4.15.
In this case, the voltage magnitudes at buses 1, 2, and 6 reach their upper boundaries (1.10 p.u.
volts). The line flow limits and the generating power output limits are still much higher than the
resulting branch flows and the generating power outputs from OPF solutions. Accordingly, none

of these inequality constraints is active.

Table 4.14: The Optimal Active Power Output of Each Generator — Unreduced Network
(130% Active Load Demands)

Generator at Bus
Number Pg (MW)
1 121.4108
2 172.6415
3 120.9157

Table 4.15: The Lagrange Multipliers (The Active Power Nodal Prices in $/MWhr) —
Unreduced Network (130% Active Load Demands)

Bus No. |Nodal prices ($/MWhr)
3171.0
3054.9
3062.4
3171.2
3214.3
3062.4
3092.4
3055.5
3214.7
average 3122.1

O~NO Ol WDN PP

©

As a result, the total OPF generating cost now is raised to $7,966/hr. The system’s lowest active
power nodal price is still at bus 2 ($3,054.9/MWhr); the highest is at bus 9 ($3,214.7/MWhr).

In the above decomposed sub-network case, if we run the OPF in each reduced sub-network
separately again, we will obtain the results as shown in Table 4.16 and Table 4.17.
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Table 4.16: The Optimal Active Power Output from Each Generator — 2 Decomposed Sub-
networks (130% Active Load Demands)

Generator at Bus
Number in Part Pg (MW)
1 1 155.1871
2 2 145.4134
3 2 109.9601

Table 4.17: The Lagrange Multipliers (The Active Power Nodal Prices in $/MWhr) -2
Decomposed Sub-networks (130% Active Load Demands)

Bus No. | Part [ Nodal prices ($/MWhr)| The magnitudes of errors % errors from the
from the unreduced network | unreduced network
1 1 3914.1 -743.1 -23.4342
2 2 2673.2 381.7 12.4947
3 2 2664.2 398.2 13.0029
4 1 3914.6 -743.4 -23.4422
5 1 3987.8 -773.5 -24.0643
6 2 2664.2 398.2 13.0029
7 2 2702.1 390.3 12.6213
8 2 2672.7 382.8 12.5282
9 1 3980.3 -765.6 -23.8156
average 3241.5 -119.4 -3.4563

Consequently, the summation of the OPF generating costs from both parts will be $8,073/hr. The

7,966 - 8,073

error from the unreduced network is ( )xloo = -2.598 %. From Table 4.17, the

highest active power nodal price of these 2 decomposed sub-networks is at bus 5
($3,987.8/MWhr), and the lowest is at buses 3 and 6 ($2,664.2/MWhr). Buses 3 and 6 are
connected next to each other. The average of all bus nodal prices is $3,241.5/MWhr. The lowest
magnitude of errors comparing with the value from the unreduced network is at bus 5 ($-
773.5/MWhr) and the highest is at buses 3 and 6 ($398.2/MWhr). The average of all error
magnitudes is $-119.4/MWhr or -3.4563%. The above analysis in OPF generating cost errors and
active nodal price errors indicates a relatively high degree of accuracy of the decomposed sub-
network OPF solution relative to the unreduced network, even when we have increased every
load demand by 130%.
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Instead of the 2 sub-networks, if we need to partition further to focus our study on a smaller scale
in 3 separated parts, we can proceed using the same technique as we did previously. Starting
from the earlier reduced 2 sub-networks, we choose to partition a sub-network with the smaller
Fiedler value, which means that sub-network will display the lower degree of the connectivity
within its own elements. The Fiedler value obtained during this third sub-network partitioning
routine is 5.6835. The Fiedler values of 4.6812 and 5.6835 indicate these sub-networks are
highly connected. If the resulting 3 sub-networks had been completely disconnected, their
corresponding Fiedler values of the second and the third partitioning should be both 0.

The voltage magnitudes at buses 1 and 8 reach their upper boundaries. None of other inequality
constraints is active. The graphic partitioning after the final RSB partitioning procedures is
shown in Figure 4. Buses 1, 4, 5, and 9 are grouped in the first independent set, buses 2, 7, and 8
in the second, and buses 3, and 6 in the third. Now, the branches connecting between buses 5-6,
6-7, and 8-9 are the edge separators between these three groups.

Hisec)z6.4 _--—"" N H(sec)= 3.01
D(pu)=2.5 \ D(pu)=1.0
L7 I N
1
|
10+i0.35 pu
———————— S——r —s5 Tl
\J
1.25 + j0.50 pu 0.90+)0.30pu
4
1
H(sec)=23.64
D(pu)=9.6

Figure 4-4: The final 3 RSB partitioning of the 9-bus network

Similarly, we delete each edge-cut and replace it with the equivalent fixed complex (active, and
reactive) demand or injection at both ends with the corresponding OPF branch flow. The final
graphic representation of these decomposed sub-networks are displayed in Figure 5. The value of
the complex OPF branch flow for each edge-cut replacement is shown in Table 4.18.
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H(sec)=6.4 H(sec)= 3.01

D(pu)=2.5 D(pu)=1.0
7 i sl ’| 5
2
I
\J
1.25 + j0.50 pu 0.90+,0.30pu

H(sec)=23.64
D(pu)=9.6

Figure 4-5: Three separate independent sets after replacing each branch flow in edge
separators with fixed complex load demands

Table 4.18: The Equivalent Fixed Complex Power Demands or Injections of the Buses
Forming the Edge Separators (MW/MVar)

Bus Number Pd Qd
5 -54.9579 | -16.1180
6 94.1596 | -27.2888
7 -38.0430 | -18.6878
8 72.1091 |-10.1513
9 -70.7155 | -18.9245

We run the OPF in each sub-network separately and check the resulting active power output

from each generator and each bus active nodal price. The solutions are shown in Table 4.19 and

Table 4.20.

Table 4.19: The Optimal Active Power Output from Each Generator - 3
Decomposed Sub-networks (Base Load Demands)

Generator Number| in Part Pg (MW)
1 1 89.8020
2 2 134.3450
3 3 94.1596
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Table 4.20: The Lagrange Multipliers (Active Power Nodal Prices in $MWhr) — 3
Decomposed Sub-networks (Base Load Demands)

Bus No. | Part |Nodal prices ($/MWhr)| The magnitudes of errors % errors from the

from the unreduced network | unreduced network
1 1 2475.6 0.0 0.0000
2 2 2403.9 -0.4 -0.0166
3 3 2406.9 0.7 0.0291
4 1 2475.7 -0.1 -0.0040
5 1 2501.0 -1.1 -0.0440
6 3 2461.0 -53.4 -2.2180
7 2 2425.3 0.1 0.0041
8 2 2403.9 -0.4 -0.0166
9 1 2499.4 0.5 0.0200
average 2450.3 -6.0 -0.2496

In this base load demand case, the total OPF generating cost of the decomposed sub-networks is
$5,296.70/hr, which is also almost the same as the total cost obtained from the unreduced
network, $5,296.69/hr. The magnitudes of errors comparing with the corresponding magnitudes
from the unreduced network are very small. However, when we compare with the previous
results of the 2-sub-network case (Table 4.13), the magnitudes and the percentages of errors in
Table 4.20 (3 decomposed sub-networks) are higher.

When we increase the active power load demands in buses 5, 7, and 9 to 130% of their original
values, we will obtain the generating active power output and the bus active nodal prices as
shown in Table 4.21 and Table 4.22.

Table 4.21: The Optimal Active Power Output of Each Generator - 3 Decomposed Sub-
networks (130% Active Load Demands)

Generator Number| in Part Pg (MW)
1 1 155.1871
2 2 164.6798
3 3 94.1596
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Table 4.22: The Lagrange Multipliers (Active Power Nodal Prices in $MWhr) — 3
Decomposed Sub-networks (130% Active Load Demands)

Bus No. | Part | Nodal prices ($/MWhr) | The magnitudes of errors % errors from the
from the unreduced network | unreduced network

1 1 3914.1 -743.1 -23.4342
2 2 2919.6 135.3 4.4290

3 3 2406.9 655.5 21.4048
4 1 3914.6 -743.4 -23.4422
5 1 3987.8 -773.5 -24.0643
6 3 2461.0 601.4 19.6382
7 2 2959.2 133.2 4.3073

8 2 2919.8 135.7 44412

9 1 3980.3 -765.6 -23.8156
average 3273.7 -151.6 -4.5040

The total optimal cost of generation now becomes $8,193. Comparing with the unreduced

7,966 -8,193

network case, the optimal cost percentage error will be ( )xlOO = -2.849 %. This

percentage error is a little higher than the percentage error of the 2 sub-network case (-2.598 %).

From Table 4.22, the highest active power nodal price of these 3 decomposed sub-networks is at
bus 5 ($3,987.8/MWhr), and the lowest is at bus 3 ($2,406.9/MWhr). The average of all bus
nodal prices is $3,273.7/MWhr. The magnitude of the highest error, comparing with the results
from the unreduced network, is at bus 5 ($-773.5/MWhr) and the lowest is at bus 3
($655.5/MWhr). The average of all error magnitudes is ($-151.6/MWhr) or -4.5040%.

The above results show that the OPF solutions from the 2 decomposed sub-networks are more
accurate than the solutions from the 3 sub-networks (both in the base load demands and in 130%
demands). The huge magnitude of the Fiedler value in the third sub-network partitioning routines
(5.6835) predicts this larger error in the case of three partitions. In general, the higher number of
partitioning of the decomposed sub-networks, the lower degree of accuracy of the OPF solutions

relative to the unreduced sub-network.

4.5.2 1EEE 30-bus network example

Next, we test the accuracy of our partitioning method in a larger network, the IEEE 30-bus
system in Figure 6. This network contains 6 generators (at buses 1, 2, 5, 8, 11, and 13) injecting
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power to the system feeding 20 loads. The generators’ polynomial characteristic cost coefficients
are presented in Table 4.23.

28

29

30
11

21

@
25 26

Figure 4-6: IEEE 30-bus power systems test network
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Table 4.23: The Polynomial Characteristic Cost Coefficients of the IEEE 30-Bus Network

Generator at Bus Number c2 cl c0
1 0.0200 2.00 0
2 0.0175 1.75 0
5 0.0625 1.00 0
8 0.0083 3.25 0
11 0.0250 3.00 0
13 0.0250 3.00 0

For this IEEE-30 bus system, we cannot perturb the active power load demands too high to test
the accuracy of the resulting decomposed sub-networks, as we did in the previous IEEE 9-bus
case, using the original security constraint values from MATPOWER data. This is one of the
disadvantages of our OPF based RSB network partitioning. The OPF decomposed sub-networks
sometimes could have no solution when the margins of system’s inequality constraints are too
narrow comparing with their corresponding OPF solutions, or when the system’s load demands

are too heavy.

For readers’ conceptual understanding, we modify some of the MATPOWER IEEE-30 bus
inequality constraints (presented in Tables 24 to 26) and use them as the limits for our further
OPF computations. The base voltage for each bus is 135 KV. The base complex power demands

are shown in Table 4.27.

Table 4.24: The Limits of Generating Active Power Outputs

Generator at Bus No.|Minimum Active Power| Maximum Active Power
Output (MW) Output (MW)
1 0 80
2 0 100
5 0 150
8 0 155
11 0 130
13 0 140
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Table 4.25: The Limits of Bus Voltage Magnitudes - Base Voltage for Each Bus = 135 KV

Bus No. |Lower Boundary (p.u.)|Upper Boundary (p.u.)
1 0.85 1.25
2 0.85 1.25
3 0.85 1.25
4 0.85 1.25
5 0.85 1.25
6 0.85 1.25
7 0.85 1.25
8 0.85 1.25
9 0.85 1.25
10 0.85 1.25
11 0.85 1.25
12 0.85 1.25
13 0.85 1.25
14 0.85 1.25
15 0.85 1.25
16 0.85 1.25
17 0.85 1.25
18 0.80 1.25
19 0.80 1.25
20 0.80 1.25
21 0.80 1.25
22 0.80 1.25
23 0.80 1.25
24 0.80 1.25
25 0.80 1.25
26 0.80 1.25
27 0.85 1.25
28 0.85 1.25
29 0.80 1.25
30 0.80 1.25
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Table 4.26: The Limits of Transmission Line Flows

Between Buses Maximum Active
Line Flow (MW)

1-2 130

1-3 130

2-4 165

3-4 130

2-5 130

2-6 165

4-6 190

5-7 170

6-7 130

6-8 130

6-9 165
6-10 130
9-11 165
9-10 165
4-12 165
12-13 165
12-14 130
12-15 130
12-16 130
14 - 15 160
16 - 17 160
15-18 160
18-19 160
19-20 130
10- 20 130
10- 17 130
10- 21 130
10- 22 130
21-22 130
15-23 160
22 -24 160
23-24 160
24 - 25 160
25 - 26 160
25-27 160
28 - 27 165
27 - 29 160
27 - 30 160
29 - 30 160
8-28 160
6 - 28 130
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Table 4.27: The Complex Power Demands — Base Case Load Demands (MW/MVar)

Bus No. Pd Qd
2 21.7 12.7
3 2.4 1.2
4 7.6 1.6
7 22.8 10.9
8 30.0 30.0
10 5.8 2.0
12 11.2 7.5
14 6.2 1.6
15 8.2 2.5
16 3.5 1.8
17 9.0 5.8
18 3.2 0.9
19 9.5 3.4
20 2.2 0.7
21 17.5 11.2
23 3.2 1.6
24 8.7 6.7
26 3.5 2.3
29 2.4 0.9
30 10.6 1.9

The OPF solutions of the unreduced network show that the voltage magnitudes at buses 1 and 11
reach their upper boundaries (1.25 p.u. volts). None of other inequality constraints is active. The
active OPF generating power and the bus nodal prices for this base case operating point are

presented in Tables 28 and 29.

Table 4.28: The Optimal Active Power Output of Each Generator of the IEEE 30-Bus
Network - Unreduced Network (Base Case Load Demands)

Generator at Bus number Pg (MW)
1 43.5079
2 57.3270
5 22.1133
8 35.0871
11 16.7068
13 16.2977
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Table 4.29: The Lagrange Multipliers (The Active Power Nodal Prices in $/MWhr) of the
IEEE 30-Bus Network — Unreduced Network (Base Case Load Demands)

Bus No. | Nodal price ($/MWhr)
1 374.0416
2 375.6500
3 381.0403
4 382.3525
5 376.4216
6 383.2506
7 382.8410
8 383.2444
9 383.5451

10 383.7384
11 383.5254
12 381.4709
13 381.4709
14 386.0133
15 387.3401
16 384.0404
17 384.8718
18 389.9821
19 390.3573
20 388.9525
21 386.4065
22 386.3546
23 389.6348
24 390.3501
25 388.5869
26 393.5271
27 385.4257
28 384.7125
29 392.8559
30 397.9208
average 385.3308

All above bus incremental costs are slightly different because of the transmission losses. Bus 1 is
the generator bus and has the cheapest nodal price ($374.0416/MWhr) contrasting with the load
bus number 30 which is the most expensive ($397.9208/MWhr). The average of all active nodal
prices is $385.3308/MWhr. The optimal cost of generation in this base case is $572.26/hr.

At this time, we will apply our RSB network partitioning method to seek the optimal 3
decomposed sub-networks. The graphic representation of these resulting 3 sub-networks is
shown in Figure 7. Hence, we will group buses 1, 2, 3, 4, 5, 6, and 7 into the first sub-network,
buses 8, 24, 25, 26, 27, 28, 29, and 30 into the second, and buses 9, 10, 11, 12, 13, 14, 15, 16, 17,
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18, 19, 20, 21, and 22 into the third. The branches connecting between buses 4-12, 6-8, 6-9, 6-10,
6-28, 22-24, and 23-24 are the edge separators among all these three groups. The Fiedler values
obtained during the partitioning routines of the second and third sub-networks are relatively
small, i.e., 0.9545 and 0.6741 respectively, which indicate the network has low degree of

coupling between elements across these 3 separated groups.

Figure 4-7: The 3 resulting sub-networks from RSB partitioning of IEEE 30-bus network

Figure 4.8 shows the result after we delete each branch connecting between these groups and
replace this cutset-link with the equivalent fixed complex power demand or injection at both
ends (see Table 4.30).
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Figure 4-8: Three separated independent sets of IEEE 30-bus network after replacing each
branch flow in edge separators with fixed complex load demand or injection
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Table 4.30: The Equivalent Fixed Complex Power Demands

Bus Number Pd Qd
4 25.7729 | 5.8852
6 41.6694 | -3.9331
8 0.6773 | 14.2295
9 -16.2073 | -3.9637
10 -12.5022 | -4.5119
12 -25.7729 | -4.6925
22 6.1142 | 0.1582
23 1.3947 | 0.4064
24 -7.4760 | -0.5141
28 -13.5994 | -2.1522

With the same base load demands, the OPF solutions of the real power production and the
network marginal prices of the decomposed RSB sub-networks are presented in Table 4.31 and

Table 4.32 respectively.
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Table 4.31: The Optimal Active Power Output from Each Generator - Decomposed Sub-
networks (Base Load Demands)

Generator at Bus Number | in Part Pg (MW)
1 1 43.5220
2 1 57.3359
5 1 221114
8 2 35.0639
11 3 16.8267
13 3 16.1717

Table 4.32: The Lagrange Multipliers (Active Power Nodal Prices in $/MWhr) of the RSB
Partitioning Network — Decomposed Sub-networks (Base Load Demands)

Bus No.| Part | Nodal Prices ($/MWhr) [ The magnitudes of errors % error from
from the unreduced network|the unreduced network
1 1 374.0803 -0.0387 -0.0103
2 1 375.6687 -0.0187 -0.0050
3 1 381.1132 -0.0729 -0.0191
4 1 382.4337 -0.0812 -0.0212
5 1 376.3993 0.0223 0.0059
6 1 383.1834 0.0672 0.0175
7 1 382.7893 0.0517 0.0135
8 2 383.2060 0.0384 0.0100
9 3 384.1385 -0.5934 -0.1547
10 3 384.1723 -0.4339 -0.1131
11 3 384.1262 -0.6008 -0.1567
12 3 380.8619 0.6090 0.1596
13 3 380.8619 0.6090 0.1596
14 3 385.5514 0.4619 0.1197
15 3 387.0164 0.3237 0.0836
16 3 383.8867 0.1537 0.0400
17 3 385.1373 -0.2655 -0.0690
18 3 389.9478 0.0343 0.0088
19 3 390.4838 -0.1265 -0.0324
20 3 389.1571 -0.2046 -0.0526
21 3 386.8590 -0.4525 -0.1171
22 3 386.8093 -0.4547 -0.1177
23 3 389.5454 0.0894 0.0229
24 2 388.9243 1.4258 0.3653
25 2 387.6074 0.9795 0.2521
26 2 392.4399 1.0872 0.2763
27 2 384.7744 0.6513 0.1690
28 2 384.6173 0.0952 0.0247
29 2 392.0520 0.8039 0.2046
30 2 397.0095 0.9113 0.2290
average 385.1618 0.1690 0.0431
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From the resulting nodal prices of the RSB method at the base case load demands, we can
observe a high degree of accuracy in this decomposed OPF solutions compared with the OPF
solutions from the unreduced network. The highest active power nodal price of these 3
decomposed sub-networks is at bus 30 ($397.0095/MWhr), and the lowest is at bus 1
($374.0803/MWhr) with the average of all bus nodal prices equal to $385.1618/MWhr. The
highest magnitude of errors comparing with the corresponding magnitudes of the unreduced
network is at bus 24 in part 2 ($1.4258/MWhr) and the lowest is at bus 11 in part 3 ($-
0.6008/MWhr). The average of all error magnitudes is $0.1690/MWhr or 0.0431%. The
summation of the optimal power generating costs from these 3 separated networks is $572.23/hr,
which is also almost the same (0.0052% error) as that of unreduced network, $572.26/hr.

Next, to measure the quality of the RSB method in maintaining the original network properties,
we will boost the active power demands in all 20 load buses as high as 170% of their base values
for both unreduced and RSB decomposed sub-network cases. For the unreduced network, the
voltage magnitudes of the buses 1 and 11 reach their upper boundaries (1.25 p.u. volts); buses 1,
8, and 11 do for the RSB decomposed sub-network. None of other inequality constraints is
active. The resulting real power production of both cases will be increased as shown in Table
4.33 and Table 4.34, respectively.

Table 4.33: The Optimal Active Power Output from Each Generator — Unreduced IEEE
30-Bus Network (170% Active Load Power Increase)

Generator at Bus Number | Pg (MW)
1 63.4543
2 80.5785
5 28.7145
8 85.9350
11 33.9441
13 33.1296
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Table 4.34: The Optimal Active Power Output from Each Generator - Decomposed Sub-
networks (170% Active Load Power Increase)

Generator at Bus Number | in Part | Pg (MW)
1 1 59.0196
2 1 75.4128
5 1 27.2462
8 2 74.5636
11 3 45.3007
13 3 44.0522

The summation of the optimal power generating costs from Table 4.34 is $1,149.20/hr. It
deviates from the total cost of the unreduced network in Table 4.33, $1,140.40/hr, by

1,140.40-1,149.20

x100 =-0.7717%, which is very small even in this case for which we have
1,140.40

greatly boosted their active load demand consumptions. Note that the percentage of this error is
much smaller than that of the 9-bus RSB network partitioning. We hypothesize that this is
because the 30-bus network has the smaller Fiedler values (degree of coupling among each
separated part). For a highly coupled network, the resulting decomposed sub-networks may not

preserve the original network properties well.

Tables 35 and 36 present the bus active nodal prices from both cases at the new operating point.
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Table 4.35: The Lagrange Multipliers (Active Power Nodal Prices in $/MWhr) of the IEEE
30-Bus Network — Base Case (170% load increased)

Bus No. |Nodal price ($/MWhr)
1 453.8142
2 457.0242
3 458.9324
4 467.6545
5 469.7157
6 465.6489
7 465.7421
8 467.9373
9 469.0944
10 469.7807
11 469.7915
12 470.3024
13 465.6517
14 475.1732
15 478.0598
16 470.9923
17 472.7137
18 483.7188
19 484.5255
20 481.4941
21 475.9807
22 475.8773
23 483.0019
24 484.5781
25 481.0175
26 491.8170
27 474.2775
28 471.8815
29 490.6819
30 502.0765

average 474.2986
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Table 4.36: The Lagrange Multipliers (Active Power Nodal Prices in $/MWhr) —
Decomposed Sub-Networks (170% Load Demands)

Bus No. | Part |Nodal prices ($/MWhr)| The magnitudes of errors % error from
from the unreduced network|the unreduced network
1 1 436.0848 17.7294 3.9068
2 1 438.9367 18.0875 3.9577
3 1 446.4086 12.5238 2.7289
4 1 448.2860 19.3685 4.1416
5 1 440.5854 29.1303 6.2017
6 1 449.4016 16.2473 3.4892
7 1 450.4271 15.3150 3.2883
8 2 448.7813 19.1560 4.0937
9 3 526.6231 -57.5287 -12.2638
10 3 526.8433 -57.0626 -12.1466
11 3 526.5052 -56.7137 -12.0721
12 3 520.2594 -49.9570 -10.6223
13 3 520.2594 -54.6077 -11.7272
14 3 531.0012 -55.8280 -11.7490
15 3 534.0990 -56.0392 -11.7222
16 3 526.7901 -55.7978 -11.8469
17 3 529.2835 -56.5698 -11.9670
18 3 540.8786 -57.1598 -11.8167
19 3 542.0711 -57.5456 -11.8767
20 3 538.8510 -57.3569 -11.9123
21 3 532.5884 -56.6077 -11.8929
22 3 532.2651 -56.3878 -11.8492
23 3 539.3136 -56.3117 -11.6587
24 2 479.6238 4.9543 1.0224
25 2 469.2478 11.7697 2.4468
26 2 480.2263 11.5907 2.3567
27 2 458.7626 15.5149 3.2713
28 2 457.5107 14.3708 3.0454
29 2 475.0806 15.6013 3.1795
30 2 486.4198 15.6567 3.1184
average 494.4472 -20.1486 -4.2292

Comparing Table 4.36 with Table 4.35, the highest magnitude of errors is at bus 5
($29.1303/MWhr) and the lowest is at bus 19 ($-57.5456/MWhr). The average of all error
magnitudes is $-20.1486/MWhr or -4.2292%. We can see that the RSB reduced sub-networks

can still very well preserve the OPF solutions of the original unreduced network.

To compare the quality of this Fiedler vector based partitioning with other arbitrary network
partitionings, we exhibit one network example that produces a larger number of branches in the

three cutsets in Figure 4.9. This case contains 12 branch-cuts comparing with 7 in our RSB
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method. Buses 1, 2, 3, 4, 10, 12, 13, 14, 16, 17, 18, 19, and 20 are grouped in part 1. Buses 5, 6,
7,9, and 11 are grouped in part 2, and buses 8, 15, 21, 22, 23, 24, 25, 26, 27, 28, 29, and 30 are
grouped in part 3.

Figure 4-9: The arbitrary partitioning 3 sub-networks of the IEEE 30-bus network

Figure 10 shows the resulting 3 separated sub-networks after the deletion of each branch-cut
connecting among these 3 groups. The value of each equivalent fixed complex demand or
injection is presented in Table 4.37.
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Figure 4-10: Three separated independent sets of IEEE 30-bus network after replacing
each branch flow in edge separators with equivalent fixed complex demand or injection —
arbitrary partitioning

Table 4.37: The Equivalent Fixed Complex Power Demands of the Buses Forming the Edge
Separators — Arbitrary Partitioning (MW/MVar

Bus Number Pd Qd
2 30.8017 | -2.2235
4 12.0698 | -2.2345
5 -5.0711 | -0.6142
6 -12.0798 | -8.1854
8 0.6944 | 13.9017
9 32.915 | 17.2583
10 -21.703 | -9.1738
12 17.0906 | 6.1084
14 1.3521 0.7173
15 -12.8113 | -4.5393
18 -5.4481 | -1.9456
21 -16.204 | -8.2222
22 -7.4112 | -3.1390
28 -13.6003 | -2.2077
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In this case, when we operate these 3 decomposed sub-networks at the base load operating point,
the voltage magnitudes at buses 1, 8, 11, and 13 reach their upper boundaries (1.25 p.u. volts);
none of other inequality constraints is active. Their OPF solutions will be as shown in Tables 38
and 39.

Table 4.38: The Optimal Active Power Output from Each Generator — Arbitrary
Partitioning (Base Load Demands)

Generator at Bus Number | in Part | Pg (MW)
1 1 43.4706
2 1 57.2835
13 1 16.3742
5 2 22.1044
11 2 16.7137
8 3 35.0775
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Table 4.39: The Lagrange Multipliers (Active Power Nodal Prices in $/MWhr) — Arbitrary
Partitioning Decomposed Sub-networks (Base Load Demands)

Bus No. | Part | Nodal prices ($/MWhr) | The magnitudes of errors % error from
from the unreduced networkfthe unreduced network
1 1 373.8786 0.1630 0.0436
2 1 375.4947 0.1553 0.0413
3 1 380.6005 0.4398 0.1154
4 1 381.8522 0.5003 0.1308
5 2 376.3054 0.1162 0.0309
6 2 383.5537 -0.3031 -0.0791
7 2 382.9646 -0.1236 -0.0323
8 3 383.2304 0.0140 0.0037
9 2 383.5730 -0.0279 -0.0073
10 1 384.9490 -1.2106 -0.3155
11 2 383.5677 -0.0423 -0.0110
12 1 381.8787 -0.4078 -0.1069
13 1 381.8758 -0.4049 -0.1061
14 1 386.5854 -0.5721 -0.1482
15 3 385.6518 1.6883 0.4359
16 1 384.7865 -0.7461 -0.1943
17 1 385.9473 -1.0755 -0.2794
18 1 390.0218 -0.0397 -0.0102
19 1 390.7637 -0.4064 -0.1041
20 1 389.5619 -0.6094 -0.1567
21 3 385.2014 1.2051 0.3119
22 3 385.1325 1.2221 0.3163
23 3 388.0933 1.5415 0.3956
24 3 389.0458 1.3043 0.3341
25 3 387.6685 0.9184 0.2363
26 3 392.4885 1.0386 0.2639
27 3 384.7990 0.6267 0.1626
28 3 384.6492 0.0633 0.0165
29 3 392.0612 0.7947 0.2023
30 3 397.0122 0.9086 0.2283
average 385.1065 0.2244 0.0573

In the base load demand operating point, the highest active power nodal price of these 3
decomposed sub-networks is at bus 30 ($397.0122/MWhr) and the lowest is at bus 1
($373.8786/MWhr). The average of all bus nodal prices is $385.1065/MWhr. The highest
magnitude of errors comparing with the unreduced network is at bus 15 ($1.6883/MWhr) and the
lowest is at bus 10 ($-1.2106/MWhr). The average of all error magnitudes is $0.2244/MWhr or
0.0573%. The summation of the optimal costs of generation from these 3 separated networks is
$572.21/hr or 0.0096% error from that of the un-reduced network ($572.26/hr).
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As we did earlier, we will increase the active load demand in each bus of this decomposed sub-
network case by the same 170% of its base load. The voltage magnitudes at buses 1, 5, 8, 11, and
13 reach their upper boundaries (1.25 p.u. volts). None of other inequality constraints is active.
The optimal power productions and the bus active nodal prices at this new operating point will
be as shown in Table 4.40 and Table 4.41.

Table 4.40: The Optimal Active Power Output from Each Generator — Arbitrary
Partitioning Decomposed Sub-networks (170% Load Demands)

Generator at Bus Number | in Part | Pg (MW)
1 1 63.1000
2 1 80.0046
13 1 33.5333
5 2 26.6699
11 2 28.2027
8 3 98.2901
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Table 4.41: The Lagrange Multipliers (Active Power Nodal Prices in $/MWhr) — Arbitrary
Partitioning (170% Load Demands)

Bus No. | Part | Nodal prices ($/MWhr)| The magnitudes of errors % error from
from the unreduced network fthe unreduced network

1 1 452.4010 1.4132 0.3114

2 1 455.0086 2.0156 0.4410

3 1 465.1339 -6.2015 -1.3513
4 1 467.5034 0.1511 0.0323

5 2 433.3736 36.3421 7.7370

6 2 441.0206 24.6283 5.2890

7 2 442.3612 23.3809 5.0201

8 3 488.1613 -20.2240 -4.3219
9 2 441.0277 28.0667 5.9832

10 1 502.7701 -32.9894 -7.0223
11 2 441.0134 28.7781 6.1257

12 1 467.7012 2.6012 0.5531

13 1 467.6632 -2.0115 -0.4320
14 1 477.0171 -1.8439 -0.3880
15 3 665.3681 -187.3083 -39.1809
16 1 486.4638 -15.4715 -3.2849
17 1 500.7654 -28.0517 -5.9342
18 1 521.1987 -37.4799 -7.7483
19 1 521.2085 -36.6830 -7.5709
20 1 517.1835 -35.6894 -7.4122
21 3 663.1313 -187.1506 -39.3189
22 3 660.8830 -185.0057 -38.8768
23 3 663.5023 -180.5004 -37.3705
24 3 649.3352 -164.7571 -34.0001
25 3 571.6571 -90.6396 -18.8433
26 3 590.2068 -98.3898 -20.0054
27 3 524.5294 -50.2519 -10.5955
28 3 511.8329 -39.9514 -8.4664
29 3 548.8923 -58.2104 -11.8632
30 3 565.9198 -63.8433 -12.7159
average 520.1411 -45.8426 -9.5070

With this 12-branch cut arbitrary network partitioning, in 170% active load demands, the highest
and lowest active power nodal prices are at bus 15 ($665.3681/MWhr) and bus 5
($433.3736/MWhr) respectively. The average of all bus nodal prices is $520.1411/MWhr. The
highest magnitude of errors comparing with the unreduced network is at bus 5 ($36.3421/MWhr)
and the lowest is at bus 15 ($-187.3083/MWhr). Note that these values are much higher than the
errors from our RSB approach. The average of all error magnitudes in this arbitrary partitioning
is $-45.8426/MWhr or -9.5070%, which is about 2 times larger than the results from the RSB
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partitioning. The optimal cost of generation from all 3 decomposed parts will be $1,161.80/hr,
which is different from the unreduced network by

1,140.40-1,161.80\ . = 1 87650,
1,140.40

Even though this arbitrary partitioning preserved the optimal power flow solution characteristics
for the base load demand, it could not do so when we significantly changed the operating points.
The large magnitudes of the errors in the marginal price indicate this incapability. The huge
errors of the system marginal prices are noticeable in part 3 because the large number of load
buses locate far from the only one generator of that sub-network, bus 8. The higher number of
branch-cuts also contribute to this loss of computational accuracy when boosting the active load
demands. In our RSB network partitioning, the algorithm will minimize these undesirable
factors. The method will try to balance and optimize the bus and branch configurations among all
sub-networks. It will also seek to minimize the number of branch-cuts of the system, which in
turn will diminish the coupling between the sub-networks, and as a result, will improve the

accuracy of the OPF solution relative to the unreduced network.

Thus, we conclude that the reduced sub-networks produced by our RSB method can maintain a
higher degree of accuracy during the OPF calculation. Our motivation for this research is to
suggest an alternative approach to save the computational time of the large-scale power systems
simulation. If we want to consider only some small portions in such a large-scale grid, we do not
need to take the whole network model into our computation. We can apply the RSB network
partitioning mentioned in this research to limit our focus on the smaller areas of interest. In
practice, the RSB network partitioning could be applied as a preliminary measurement of

network variables in the routine operations of the large-scale power systems.

4.6  Conclusions Regarding Network Partitioning for OPF

We propose a network partitioning technique to separate a large-scale power systems grid into
the predetermined number of reduced order sub-networks. We use the concept of recursive
spectral bisection (RSB) from the graph theory as the heart of our algorithm. The RSB network

partitioning will locate the weak ties among these interconnections that produce the minimal
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cutset-links and will seek to equate the size of each sub-network. We exercise our method in the

IEEE 9 and 30-bus systems to test our method’s performance. The results are very promising.

However, our method still has some disadvantages. If the load demands in a study network are
too heavy, the OPF decomposed sub-networks could have no solution. Moreover, the current
implementation of the algorithms makes use of the MATLAB Optimization Toolbox version 2.0,
which unlike other elements of MATLAB is not designed to employ sparse matrices. In a power
systems context, this is a significant disadvantage that adds significantly to the computational
cost. However, the prospect of a transparent update to this toolbox that would allow sparsity to
be exploited is quite probable. As an outlook for our future work, a key concept to reduce the
computational burden may lie in the idea to include a set of smallest eigenvalues for the network
partitioning, as reported in [60].
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5. Passivity-Based Standardized Governor Control Design

5.1 Background and Motivation for Passivity-Based Controllers

Among the future trends perceived (correctly or incorrectly) as being encouraged by
restructuring is that of growing penetration of smaller-scale generation, owned or leased either
by individual customers, or by distribution companies operating micro-grids “downstream” from
the substation. More broadly, restructuring does make it very probable that the mix of generation
stock connected to the grid at any moment in time will become more volatile, and the nature of
the interconnected generator types more varied. This clearly presents a challenge to the faster
time scale controls that are expected to contribute to stable electromechanical response, as it
remains true that generators are overwhelmingly the vehicle by which such control is exercised.
In the era of the vertically integrated utility, feedback controller design for stability enhancing
loops on generating units could be carried out in an environment where the designers had
available full knowledge of both the machine’s characteristics, and that of the grid to which it
would connect. Moreover, for major units, the pattern of unit commitment was fairly predictable
season-by-season. This allowed careful controller design, that for large or otherwise stability-
critical generating units, could be tailored carefully to fairly predictable operating conditions.
The loss of this degree of predictability regarding patterns of unit commitment, and the growing
volatility of operating conditions in general, suggests a new control design paradigm may be
needed. Particularly for smaller units, such as those that might be classified as “distributed
generation,” one might seek a design of feedback control (e.g., governor loops, power system
stabilizer loops) that ideally could be guaranteed “stability enhancing” for any operating
condition, or pattern of commitment among other units on the network. If such an ideal scenario
is unobtainable, one might a least seek designs with the property that they could be expected not

to contribute to a lessening of stability.

In control system analysis techniques, “passivity” is an input-output property associated with a
subsystem that generally provides that such a subsystem will not degrade stability of a larger
system upon interconnection. Applying this concept as a design guideline must be approached
with care, as it is dependent upon the properties of the existing system (the power grid) to which
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the subsystem (a generator with appropriate feedback controls) is connected. For a thorough
treatment of these topics in passivity-based control design, the reader is referred to [65]. The goal
of the work to be presented in this chapter is to formulate a design methodology to yield passive
controllers for generator control loops, while staying within the framework of a very well-known
(and well-supported by software design tools) design method. In particular, this chapter will
approach the design of governor control loops using standard Linear-Quadratic-Regulator (LGR)
techniques, while adding a novel enhancement that the problem will be formulated to ensure the
controllers produced are passive. Our premise is that this may provide an attractive technique for
design of governor control loops for small-scale generators that connect to the grid in
unpredictable patterns.

5.2  Modeling Electromechanical Dynamics for Governor Control

The work presented here seeks to apply passivity based control and model reduction to power
system electromechanical dynamics. A power system as analyzed here will be assumed to
consist of a large number power sources that are generating plants or generators, power end
users, at loads, and a transmission network that connects them. The transmission systems of the
most electric utilities are interconnected and the systems operate as members of power pools.
The primary objective of the interconnection is improved service reliability; a loss of generation
in one area can be made up by utilizing spare capacity in another area. However, the end result
is a very large system of enormous complexity that can impede reliable control design. The
principles of power system modeling relevant to electromechanical dynamics are elementary,

but are reviewed in the following section for completeness.

5.2.1 Brief review of relevant principles in power system modeling

In a power system the fundamental power flow variables are the voltage (V [Volt]) and the
current (I [Ampere]). In the normal operation, most power system voltages and currents are (at
least approximately) sinusoidal functions of time, all with the same frequency, i.e., the current
and the voltage have the form
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“(I’) ‘-mar ("()S(W‘O t+ 61(’)) (521)
i(t) Lnaz cos(wyt + 0;(1)). (5.2.2)

In this formulation wy represents the frequency and o the phase shift of the considered system.

Vmax and Imax are real numbers denoting the amplitudes. The time dependent voltage v(t) and
current i(t) are complex quantities. The phase shift § is defined by being the phase angle of the
complex variable; e.g., for v(t)

0i(t) = Lov(t). (5.2.3)

The instantaneous power supplied to a one-port having terminal voltage v(t) and injected current
i(t) is

p(t) = v(t) - i(t) = VinazLmaz cos(wo t + 8,(t)) cos(wot + 0;(t)). (5.2.4)
Suppose
® = 6,(t) 0;(t), (5.2.5)
with P constant over the time interval [0, T].

Introducing

1 1

V=—"Voum I=—lhs
7 /2 (5.2.6)

Since transmission system will be modeled by linear admittances the voltage and the current are
related through linear algebraic constraints. Hence it is only necessary to consider either one of
the variables. As is the common practice, the voltage will be the variable that is used in this
work. For easier handling of the model, the given system is transformed with a Fourier

transformation. The associated fundamental Fourier-component are

= "(?jls', ;’ _ jpj(ff’[f,{lj. (527)
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With the so called complex admittance matrix Y the relation between current and voltage is
given by a matrix admittance relation (see, e.g. [6]):

(5.2.8)

The admittance matrix contains all the network information.

5.2.2 Modeling of generator and load buses

The fourteen-bus example network has been employed in previous chapters; here we expand the
model to include the electromechanical dynamics of generators. The parameter values for this
extended version of the fourteen bus system are described in Appendix B. The states variables
of the dynamics will be associated with the generators of the system. The modeling for
electromechanical dynamics is the subject of widely available textbook treatments; see, for
example, [6].

rotational ]
M x . = Net torque on generator shaft
acceleration b ~- - 7
Tm - le
~—
applied torque created
mechanical by magnetic
torque field in
the machine (5.2.9)

in which M is the effective rotational inertia of the generator-turbine set. The injected power P is

P = Torque x rotated speed.

Since the range of speed variation in normal operation is very small (typically less than 1.0%)
the mechanical power P can be approximated by the product of the torque T, and the constant
rotated speed ay; i.e.

P

P = TmWo < Tm =~ —u

Wy

Assuming lossless performance of the generator in transforming applied mechanical power to
electrical output, it is straightforward that the electrical torque T is given by
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in which

-
R@-1) = ! / v(t)i(t)dt.

N

The mechanical shaft angle 8, and the electrical phase angle 8¢ can be related by (see [6])

do,, do,,
L X
normalized normalized do.
mechanical mechanical —*° ~ & (5.2.10)

speed

Defining Aw as

dé,,

Aw = ——
dt

Wo

(5.2.11)

then the mechanical acceleration may be expressed either in terms of the time derivative of w or
Aw: i.e.,

dw dAw

At~ dt (5.2.12)

Using the approximations and equivalences above, the resulting equation for the rotational
dynamics at generator #k is

— S —
dt wo (5.2.13)

in which, by equation (5.2.10), we have

déy. ~ Aw dAwy, _ d?o,,
dt dt dez (5.2.14)
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Also with equation (5.2.8) and equation (5.2.7) the product defining active power can be
rewritten as a function of the voltage and the phase angle

R(T - i5) = fu(v,0). (5.2.15)

This leads to a set of differential equations, indexed by k for each node with a generator attached.
At generator nodes, there is a control system which attempts to hold the voltage magnitude of
each generator constant. The nodes j without a generator attached and their voltage Vj and phase
deviation &; yield to another set of equations. The current delivered, ij satisfies the equation

1 = Yjv; (5.2.16)
in which Yj represents admittance of an admittance load. Equation (5.2.16) can be rewritten as

v;i} <:>PIO = Q? ={) (5.2.17)

in which Pjo and Qjo are known constants. Equation (5.2.17) imposes two constraints at each
node that yields an additional vector constraint

g9(v,8) = 0. (5.2.18)

Using the index "g" for node attached to a generator bus and "I" for nodes attached to a load bus,
the following set of variables are given to model the power system:

d, )e
[ i ] _ ! Yo ] }total number of nodes n
o U (5.2.19)

The set of quantities given in (5.2.19) define the (complex) vector V and the associated
(complex) vector 1=Y. V. The admittance matrix Y is known. This yields the following structure
of the equations:

- 1 1 .
(59 = —‘\1_1 |:T(} <:>_f(() lv‘):|
h) ’ Wo

} m equations (5.2.20)
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- . setpoint
0=uv, SV, e
m equations

(5.2.21)

known

0=g(d,v) } 2(n<m) equations (5.2.22)

5.2.3 Overall linearized state-space model

The equations (5.2.20) - (5.2.22) are linearized around the equilibrium 60, VP, This equilibrium
satisfies the equations

f(8%,0°) =7, - wo (5.2.23)
and
9(6°,0%) =0 (5.2.24)
. . 0.
if the set point vg is chosen as
,1/.2 — .ll,;et])oint - Al"g — ,11,2 <:>,Uzetpoint =1

The linearized equations are then given by

1 [of . of .. of
Ao, = =M= Abg+ —— Ad + =— - Av;| ©DgampAw
g ™ [ao_q ¢+ a5 20t a, "]‘i’ famp 5g (5.2.25)
: : A
99 a5, + [ % ] N
9, 7 O[]l | Ay (5.2.26)

The term (Dgamp) is the rotational damping, appearing as a diagonal matrix. Since the second
Jacobian matrix appearing in (5.2.26) is a square matrix, and may be assumed invertible in the
vicinity of equilibria that define normal operating points, equation (5.2.26) can be solved to yield

_ dg 17" ag N
_‘:’[0[@ w]] a5, oo

Ady
Q'L’,{

(5.2.27)

Combining equation (5.2.27) with equation (5.2.25) results in
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25, | 99,

o A& v]] 90,

+ M ! A1y, ‘(:}an.mpawg

-!APIH

(5.2.28)

with the output given by
Awy = Ad,.

(5.2.29)

The applied control will measure the output frequency Awy and produce at the generator the
control input Aty,. A diagram with the principle structure is shown in Figure 2.1. Introducing
state space formulation yields a system of differential equations given by

1
Aw.‘( = <:>—‘\171:1 A(S, <:>Dunu' A‘;"‘I
‘ wo S (5.2.30)
A0y = Awy (5.2.31)
which is equivalent to
3 1 —1 y : 1 Ar—1

A“;y _ <:>l)(1(unp <:>w_“ M. 11 Aq:y " <:}>T ‘\[ AP"L
Adg I 0 Ad, 0 (5.2.32)

Note that the term APy, is input in units of mechanical power to the system. The values of the
matrices used for the IEEE14 bus network are in Appendix B.1. Conceptually, the passing of
input/output quantities between the power system, viewed as plant, and our feedback to be
designed, as controller, is illustrated in Figure 5.1.
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Figure 5-1: Signal Exchange between Power System and Controller

5.2.4 Dynamic model development summary

In this section the principles of power system modeling have been derived. A state space system
for a power system has been formulated. This model will serve as the numerical example for
further investigations to™ be carried out in subsequent sections.

In this section the principles of power system modeling have been derived. A state space system
for a power system has been formulated. This model will serve as the numerical example for
further investigations to be carried out in subsequent sections.

5.3  The Quadratic Storage Function of the IEEE 14 Bus Network

In this Chapter a quadratic storage function for the IEEE 14-bus network will be determined.
The storage function will serve as the state dependent term in the cost function for design of a
Linear Quadratic Regulator (LQR). The numerical solution for the LQR problem applied to our
example will be computed using the MATLAB [51] tool Igr. The result is a feedback matrix
with the property that it minimizes the cost function; our subsequent development will modify
this standard controller design approach in such a way as to produce controllers that are passive.
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5.3.1 The cost function

The cost function J(t) of LQ-problems is defined by

J(t) = / ()T Qx(t) + u(t)” Ru(t)dt.
t (5.3.1)

The term < x, Qx > determines the stored energy in the system. The use of the control u(t) is
penalized by the term < u, Ru >; here R will be chosen such that this penalty is negligible. For
the IEEE14 bus network the dimensions of the matrix Q are 10 x 10, and R*s are 5 x 5, where R
is selected as 1071, with | representing a 5 x 5 identity matrix.
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5.3.2 Interpretation of the storage function

In a dissipative dynamical system, the book-keeping of energy is done via the supply rate and
the storage function, as reviewed here in Appendix A. The supply rate is the rate of energy going
into the system and the storage function measures the amount of energy stored inside the system.

These two functions are related via the dissipation inequality (A.8), which states that along time
trajectories of the dynamical system the supply rate is not less then the increase in storage. This
correlates to the assumption that no system can increase its stored energy by more than the
amount of energy that is supplied to it from the outside. The difference between the internally
stored and the supplied energy is the dissipated energy.

As described in chapter A the storage function is quite important to determine whether a
dynamical system (FDLYS) is dissipative or not. Furthermore, the storage function measures the
amount of energy that is stored inside the system at any instant of time.

5.3.3 Determination of a storage function for the IEEE 14 bus network

Since our numerical example of the IEEE14 bus network is given in state space formulation, it is
reasonable to adopt this state space formulation given in 2. The IEEE14 bus network swing
dynamics are linearized, yielding the state space formulation (2.32). Introducing the state

variable X as
. Awg
"I" . o~
2% 5.3.2)
And the matrix A as
_1 _ |: <:>Ddamp ﬁ\[—l‘_ll ]
! ! (5.3.3)

with the input matrix B for the input u = AP,

) [‘\1 ! ]
B =
0 (5.3.4)
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and the output matrix C for the output y = A,

= [ 1]0 ] (5.3.5)
yields the dynamical system
& () 7 = :l T+ '; Ij

withD =0.

To apply the principle of passivity-based control, we must first establish whether our system is
indeed passive. If a system is dissipative it is also passive ([74]). Thus it will be easier to
determine whether the system is dissipative, since this implies passivity. A necessary condition
for Dissipativity (and hence passivity) is that the considered dynamical system is a minimal
realization. A system G (s) is given by

( A )
G = (= ,
C|D GeT nxm (537)

Standard results (e.g., Theorem 2.4-6 of [84]) yields to the criteria for a system in equation
(5.3.7) to be a minimal realization; these require:

* the matrices (A, B) are controllable, and
* the matrices (C, A) are observable.

Controllability and observability means the matrices
] — An—1
U=|B.4"B (538

and
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(5.3.9)
have the rank n with
A e R™",

For the IEEE14 bus network G(s) in equation (5.3.6) this can easily be verified by using the
MATLAB functions ctrb(A,B) and obsv(A,C). Since

rank(U) = 10=n (5.3.10)
rank(V) = 9#n (5.3.11)

the system G(s) is not a minimal realization and the method proposed in [88] cannot be applied
to this system in its present form. To apply this algorithm the system (5.3.7) has to be
transformed into a minimal realization. This is done in the next section.

5.3.4 Transformation to a minimal realization

The state space used for the model of the IEEE14 network will be modified through the
introduction of a reference angle. The angle deviations are defined in reference to the first angle

A(S] (5] 6]
Ads ds 01 (5.3.12)

This means that within the overall vector of states, the state variable Ad; will always be zero,
which yields a zero eigenvalue and associated unobservability. The system can be reduced by
elimination of this reference angle from the state space formulation. To eliminate this state one
uses the following dimension reducing transformation

Abyeq = Ty AS, (5.3.13)
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with

=

11 = <l Im—lxm—l

<1

r1~1 = ]Rvm—]xm. L . Adg e ]R/m-

Note that Adg € R® may be recovered from Az € R* via the relation
Adg =T Ax

with

7“2 c R“‘X"‘“l: T-z —

[m.—l xm—1

To reconstruct the complete state vector one has the relation

A_’I/‘ — I n—mxn—m 0771)(77'! _Ai‘
o | 7
= Tl
and
Ai‘ — In.—mxn—m 0771— Ixm A_’I/'_
o | B
= ~2
Using these transformation yields
T] Ar = ~| A ~2 Azx.
S—— SN——"
Aa AT

So the reduced system matrix is given by
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A= A = ThH ATy, with A € R”. (5.3.16)

The matrices B (C, D, respectively) are determined by eliminating the appropriate row or
column. Now the observability and controllability tests are applied to the resulting 9 state
dynamical system. The rank of the controllability and observability matrices are

rank(U) = 9 (5.3.17)
rank(V) = 9

(5.3.18)

/(s) = ( )
¢|D (5.3.19)

is minimal and the design in [87], [88] for the matrix Q can be applied. The size of the matrices
is shown in Table 3.1.

Hence, the new system

Table 5.1: Dimensions for MATRICES in Reduced System G

A eR™
B eRY™
C e R
D e R™
z e R’
yu €R’

All further examinations will be done for the IEEE14 bus network as represented by this G(s).
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5.3.5 Determination of a storage function

When applying the Igr algorithm to develop a feedback control, it is necessary to obtain first an
appropriate quadratic storage function. As mentioned above, the storage function will be chosen,
such that it is a quadratic function in the states, such given by

S(z) =< z,Qx > .

Assuming the IEEE14 bus network is dissipative, then the given definition of Dissipativity
(MIE) in Theorem A.3.3 holds for an appropriate Q. Instead using a matrix Q and checking for
the Dissipativity, one approach is going all the way around. Interpreting the inequality (MIE) as
an optimization problem leads to an appropriate storage function Q. In this approach the
passivity constraints are applied on the storage function Q. As a second approach to select Q, a
formulation using the (partial) derivatives of the power flow equations to determine an
appropriate Q is discussed later in this chapter. Additionally the matrix Q of the storage function
can just be taken as an identity matrix. The controls based on these three possible Q choices are
developed and investigated in Section 5.4.

First, various possible choices for the matrix Q of the storage function S(x) =< x, Qx > in the
IEEE14 bus network are determined.

5.3.6 Optimization approach to selection of design matrix Q

The determination of the matrix Q via the optimization approach is based on the definition of
Dissipativity for quadratic storage functions. The associated definition of Dissipativity for the
optimization approach is given by [88], [89]. A dynamical system is therefore dissipative, if the
matrix

ATQeQA QBeCT
BTQeC eDs&eD

N

=F(Q) (5.3.20)

with
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@ =2 0 (5.3.21)
Q = Q. (5.3.22)

This can be restated as an optimization problem. The objective function is minimizing the
maximal eigenvalue of the matrix function F(Q)

2 = m(;n (max(A(F(Q)))) (5.3.23)

with the constraint that the matrix Q is symmetric, positive definite. With this optimization
algorithm, storage functions of several examples are determined. To illustrate the concept in
simple systems familiar to most readers, we begin with examples of linear RLC-networks, which
of course are inherently dissipative. This class of examples is developed in the next section.

5.3.7 Examples of determining the matrix Q by optimization

In this section this approach of determining the storage function via the Dissipativity inequality
(MIE) is applied on several examples. The inequality is applied on some simple RCL-circuits to
determine its validity and its precision. For the circuits it is known apriori that they are
dissipative. In this way the algorithm and its implementation will be tested to see if a solution Q
that confirms passivity can be reliably computed.

Example circuit #1

The first used RCL-circuit is shown in Figure 5.2. This simple network consists of inductors,
capacitors, and resistors. Hence this RCL~network has to be a dissipative system (energy is
"destroyed"” in the resistors and dissipated in form of heat). The voltage u(t) is used as input
variable. The output variable is the voltage at the resistor R parallel to the capacitor C.
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Figure 5-2: Passive example RCL-circuit #1. Input is the voltage u(t),
output the voltage at the resistor R.

The dynamics of this RCL-circuit is described by systems equations given by

r Rre+ Rri+r.m s R 1

o L(R + "c) L(R + "'C) ; T y

g = R 1 z+ 8 u(t) (5.3.27)
B C(R+r.) C(R+r.)

‘ [ Rr, R

Yy = |5 ey ey (5.3.28)

with x = [iL.vc ] as the state variables. The numeric parameter values used for this system are

given in Appendix D.

Applying the optimization algorithm to this system should lead to a square, symmetric positive

definite matrix Q. For the numeric parameter values employed here, the result one obtains is

0.01817147437353
+0.05253395510361

o

[ 0.00017041629317
0.00024971295098
&1.65999090525947

[ 0.00986614347705
| 0.35046605399082
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0.34216072309434

(5.3.28)

(5.3.29)

(5.3.30)



Apparently the criterion of positive definiteness of the matrix Q is fulfilled, but the criteria of
negative definiteness of the matrix F( Q) is violated. The location of the eigenvalues is shown in
the Figures 5.3 and 5.4.

Eigenvaluelocation of F(Q) for the RCL—circuit (1)

0.1

0.08 - 5

0.06 |-

0.04

0.02f

((FQ))
o
>

-O. 1 L 1 1 1 1
-180  -160 -140 -120 -100  -80 -60 -40 -20 0 20
ROFQ))

Figure 5-3: Location of the eigenvalues for example circuit #1.

Obviously two of three eigenvalues of F( Q) are positive. But if one considers their relative
magnitude in the relation to the third eigenvalue, one observes that

MEQ@)] L PoF@) oo
NEQ) T EQ) T (5.3.31)

Since the eigenvalues A; and A, are much smaller than A3, we will assumed that these
eigenvalues may be treated as essentially zero. If one accepts this premise, the dynamical system
can be classified as dissipative and the concept of dissipative control will be applied.
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o
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R(F(Q))

Figure 5-4: Detailed picture of the location of the eigenvalues for example circuit (1).

Example circuit #2

Again a simple RCL-circuit is used. The circuit is shown in 3.4. Due to its construction

+ =

u(t) l O —_—C Ry

Figure 5-5: Passive RCL~circuit #2.

this RCL-circuit is only passive and not strictly passive, which is a challenge for the proposed

algorithm.

The dynamics of this RCL-circuit is described by systems equations given by
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ot 1 0
0 &g e
y = [R]0]z (5.3.33)

again with x = [ i_vc ] as the state vector. The parameters used are shown in Appendix D. Here,
the algorithm converges and the conditions in equation (5.3.20) are satisfied?

MF@Q) < 0 (5.3.34)
Q) > 0 (5.3.35)
Q =« (5.3.36)

The results are shown in Appendix C.

Knowing that the algorithm works, the IEEE14 bus system has been examined and a matrix Q
for storage function < x, Qx > can be derived.

5.3.8 The energy matrix Q determined for the IEEE14 system

The MATLAB routine simsys2 is applied on the IEEE14 example system. As in the case of our
simple circuit example above, one finds a wide range of magnitudes for the relevant eigenvalues,
with not all maintaining a single sign. However, since the critical eigenvalues (the eigenvalues at
the right side of the imaginary axis) are very small compared to the other eigenvalues, as a
heuristic, we will proceed as if these values were zero. Hence the conditions for Dissipativity of
the IEEE14 bus network will be treated as being “practically” satisfied, and we will consider the
quality of control design that results.

The matrices F( Q) and Q are shown in Appendix C. The associated eigenvalues of the matrices
F( Q) ands Q are

2 As a matter of fact, the same approximation error appears in this dynamical system. But
again,we will accept the heuristic of classifying the system as passive to within a numerical
tolerance.
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[ 0.07331395722946 | [ 0 ]
0.07331395722946 0
0.07202031479281 0
0.06123868588640 0
£0.00367694563201 <0.00367694563201
£0.00152923139098 £0.00152923139098

AMF(Q) = €0.00975405097283 | | «0.00975405097283
<0.01645200579705 <0.01645200579705
0.02821816735109 0
£0.03285589748382 £0.03285589748382
<0.09020432179642 <0.09020432179642
0.14821035586885 £0.14821035586885
<0.33506846099789 £0.33506846099789

| <0.72848705227267 | | <0.72848705227267 |

and

[ 1.02309319440031
1.03174104209236
0.99176986499408
0.97123858370697

AQ) = | 0.95030038580541

2.39701285091361

6.63156054088885

8.10467005810500

| 30.19246060693700 |

In the further developments of the control we will use the determined approximated storage
function Q as one exact storage function of the dynamical system (5.3.19). Since there is another
approach for determining a energy matrix Q (to be described in the following section), the

energy matrix as derived in this section will be labeled as Q°".
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5.3.9 Observations regarding the approach via optimization

Since the optimization did not yield to an unique result for Q in the sense of Dissipativity in
(MIE), an approximation of the objective function

z = ngn (max(A(F(Q))))

based on the Gershgorin-circles was investigated. Here in the main text we will comment only
that this approach did not improve the effectiveness of the algorithm. For completeness this
investigation is briefly summarized in Appendix D.

5.3.10 Determining the matrix Q via the approach of the partial derivatives of the power
flow functions

Another approach determining the energy matrix Q is the possibility via the partial derivatives of
the power flow function which then yields a quadratic approximation to the potential function
routinely used in power system Lyapunov functions. The energy matrix of the storage function
can be approximated by

0 IPq JdPq IPg

_ elYe iy, Jdvy,
Q= 0 | 2bL | 2BL | 2P
@(5(,' @(5[ f)l,‘,
0 | 2Qu | 29L | 9Qu
o | 00 v

& | 100 |, Con (5.3.37)

This is the matrix Q of a storage function for the power system dynamic equations. The power
system equations are given by equations:

Aw = “[_1 J {P(;((S(;. (SL. I,’L) D Aw‘} +u (5338)
Abg = Auwg (5.3.39)
0 = P(da,0r,v1) (5.3.40)
0 = Qr(dg,0r,vL). (5.3.41)
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The quadratic storage function S (Q) then is given by

5 Q) (5.3.42)

lvlr—

S(Q) =

with

g7 =| AuT AL AT A'v'fj]- (5.3.43)

With the given constraints (5.3.40) and (5.3.41) one can solve the system (5.3.38)~(5.3.41) for

Ad. and Av, in terms of Adc.

A(.5(,,' "1><"1
Ad; | = grL —L s Adg
/ = (')(5; _Q_ 2}1
Avy ng,_ oy Do }
=N (5.3.44)
The storage function expressed in terms of the state variables Aw and Adg is given by
S(O) = 7”1 T
with
A= [ AT Al ] (5.3.46)
I 0 I 0
o - [ 0] [r 0]
0 NT 0 N (5.3.47)

Note that the matrix N is not a square matrix. This method, applied on the IEEE14 bus system

yields a reduced system

i e R (5.3.48)
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The matrix Q™ created by this approach is not inherently symmetric. To force the desired
symmetry, the following standard step is performed

1
1 d 1\T
= 3" (Qrea + (Qrea)”)

The maximum magnitude component-wise error introduced by using the symmetric
approximation is quite small. For our IEEE14 bus system example this error is

Eapproz = 2.6%.
Unfortunately the matrix F(QTd) in (MIE) is also not negative definite. The eigenvalues

<0.0100
<0.0426
0.0326
<0.1078
0.0978
<40.1546
0.1446
<40.2064
0.1964
0
0
0
0
0

MF(QF) =

are positive and negative. And the ratio between the minimum and maximum eigenvalue is 10.
Comparing the eigenvalues of the matrix QPd and the eigenvalues of the matrix Qopt shows,
that the eigenvalues of these matrices are very close to each other. This yields the assumptions
the developed controls will not be very different if they are based on Qopt or QTd. For
simplification in the notation in the following sections the matrix QPd = QTd, if not otherwise
stated.
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5.3.11 Summary of storage function development

Associating a quadratic storage function with passive systems, we have demonstrated a means
by which the constraints of passivity can be imposed on an optimization problem, such as that
employed in LQR design. Upon careful examination, the model for the IEEE14 bus network is
shown to fails a rigorously imposed passivity test, since the matrix function F(Q) is not strictly
negative definite. This may be explainable with the complexity of the numerical algorithms
employed for the optimization and their sensitivity to initial conditions. The derived matrix Qopt
can be possibly better optimized in regard the function F(Q). Nonetheless, the derived Qopt was
not strictly negative definite, yet was the best derivable Q.

Via this approach, the two problems have been solved in one step ~ the Dissipativity (and
therefore the passivity) of the system is established to hold within an acceptable (heuristically
determined) numeric threshold, and the storage function Q is simultaneously determined. Based
on a choice of matrix Q a LQR based control can now be designed. Various designed control can
be compared to controls, can be compared, based on differing choices of the matrix Q.

In the next section of this chapter the controls based on this method are computed and
implemented, and their performance bears out the acceptance of a heuristic criterion of “near
passivity” as being acceptable for design purposes.

5.4  Results of the Control Design

In this section