A METHODOLOGY-FOR GENERATION CAPACITY
AND NETWORK REINFORCEMENT PLANNING

Panagis Vovos

Thesis submitted for the degree of
Doctor of Philosophy
University of Edinburgh

2005




ABSTRACT

This thesis presents a novel methodology for generation expansion planning. The method is
based on Optimal Power Flow (OPF), a common tool for the economic operation of power
systems. New generation capacity is simulated by means of virtual generators located at the
candidate connection points, so OPF is used to plan generation expansion with respect to -

operating constraints of the existing network.

Further research examined the bounds set on generation penetration by the specification of
existing switchgear equipment, specifically switchgear and the contribution of additional
generation to fault levels. Initially, the new constraints were considered in a three-step
iterative generation allocation process. In each iteration, potential generators are gradually
downsized from their original OPF allocation, which ignores expected fault currents, in
proportion to their contribution to violations of switchgear equipment specifications. The

process iterates until both system and fault constraints are satisfied.

However, the iterative nature of the above approach cannot guarantee optimality for the final
solution. Therefore, a new method had to be developed for the direct incorporation of
switchgear constraints in generation expansion. The modelling of new capacity with virtual
generators gives access to power flow control variables. Binding constraints for generation
expansion can be expressed as constrained functions of those variables. Accordingly,
expected fault currents were expressed as functions of OPF variables and switchgear
equipment specification were converted to constraints for these functions. Thereafter, the
allocation of new capacity by the OPF directly respects both system and fault constraints.
The iterative approach has been proven less efficient than the later approach, but still

- maintains some advantages should the method be commercially exploited.

Generator voltage control policies can also be converted to OPF constraints. The
functionality of the suggesfed generation capacity allocation method was expanded -to
_operate as an assessment tool of their impact on the amount of new capacity that a network
can absorb. The method was expanded further, so as to consider the impact of capacity
allocation on transmission losses. With a minor reformulation of the original method a new
tool was designed for the optimal sitting of reactive power compensation banks for the
improvement of network headroom. '

Finally, a network planhing method is presented based on the LaGrange multipliers,
sensitivity by-products of the OPF solution method, which connect network constraints with
" generation expansion. Generation expansion is planned simultaneously with network
reinforcement, so the overall optimum is achieved. The main conclusion of this work is that
OPF can be used as a powerful planning, as well as operating tool. Its flexible formulation
allows the incorporation of emerging constraints in generation and network expansion, such

as those imposed by switchgear.
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“If A equals success, then the formula is: A = X+Y+Z. X is work. Y is play. Z is keep your

mouth shut.”

Albert Einstein



To stubbornness.
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Alternating Current
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Distributed Generator
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SYMBOLS

Degrees

Conjugate of a complex number

Real power output of generator located at bus g (in MW)

Real power import/export from/to connection point T to external network (in
MW) A _

Reactive power output of generator located at bus g (in MVAr)

Reactive power import/export from/to connection: point T to external
network (in MV Ar)

Capacity of generator located at bus g (in MVA)
Apparent power of transmission line 7 (in MVA)
Cost function of variable x .
Voltage angle of bus b with respect to a reference bus voltage angle (in
degrees)

Voltage angle of generator bus g with respect to a reference bus voltage
angle (in degrees)

Fault impedance (in p.u. with respect to the system impedance base)

Fault current through fault impedance (in p.u. with respect to the system
current base)

Impedance matrix

Admittance matrix

ij element of impedance matrix (in p.u. with respect to the system
impedance base) '

Element ij of admittance matrix (in p.u. with respect to the system
impedance base)

Impedance of line connecting buses ¢ and r (in p.u. with respect to the
system impedance base) ‘

Fault current flowing through line i for a fault at bus £ (in p.u. with respect
to the system current base)

System base (for p.u. calculations, I00MVA)

Steady state reactance of generator G (in p.u. with respect to the system

impedance base) )

Transient reactance of generator G (in p.u. with respect to the system

impedance base)

Subtransient reactance of generator G (in p.u. with respect to the system
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p.u. subtransient reactance of generator G with respect to its capacity

Fault Sensitivity Factors of transmission line i,/ for a fault at bus f

Real part of complex variable K

Imaginary part of complex variable K
Impedance of Reactive Power Compensation Bank (RPCB) (in p.u. with
respect to the system impedance base)

Voltage of RPCB bus (in p.u. with respect to the voltage base at the part of

the network where the RPCB is)
MVAr size of RPCB

Transmission losses of line k,m (in MW)

System transmission losses (in MW)

LaGrange multiplier of constraint i
Complex power consumption of load located at bus i (in MW/MVAr or p.u.
with respect to the system MVA base)

Percentage increase of load at bus i per time unit
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1. INTRODUCTION

1.1 Generation capacity

A basic axiom in physics is energy conservation. Upon this axiom is based the main
operation rule in power systems: supply of energy must always meet demand. Since large
scale energy storage is not an economically viable solution yet, there must be enough electric
power available to cover consumption at all times. Unfortunately, consumption is not
constant, even in the short term. It fluctuates according to the electric energy needs
throughout a time period. However, there must be enough installed generation to cover the
_ highest demand, even if this is experienced for only a few hours or minutes per day. This
means that the sum of generators’ capacity must always be equal, or for security reasons
‘higher, than expected demand. Otherwise, either the supply will be disrupted or part of the
demand must be disconnected to prevent unacceptable reduction in system frequency (load
shedding). ‘Generation capacity’ or for simplicity ‘capacity’ is the maximum power output

of a generator.

1.2 Generation capacity allocation

In the long term, demand constantly increases, thus, nev:' generation capacity is needed. The
equipment of the transmission and distribution network sets several technical limitations to
the location and size of new capacity or the expansion of the existing plants. For example,

~ both power flows in lines and voltages on buses rise as new generation is installed. The new
power system, which is created after the connection of a new generator onto the grid, must
operate within thermal limits of existing transmission and distribution lines and bus voltage
statutory limits. Hereafter, these limitations of network infrastructure will be referred to as
network constraints. Capacity allocation is the problem of defining the location and capacity
of new generation, so that the available system will not violate the constraints of the existing
network.

Usually the allocation of network capacity for generation is done in a heuristic manner, some
times based solely on engineering experience. The candidate locations for new capacity are
few, so a small number of power flow studies for the suggested expansion options is enough
to determine if the future system will respect system constraints. Loads are considered equal
to their lowest values, because it is assumed (not always true) that this case corresponds to
the highest power flows. However, as Distributed Generation (DG) increases the candidate
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locations become numerous. So a more concise method is needed to coordinate the
allocation of new capacity on the network in order to exploit the existing network
capabilities to the maximum [1]. Optimal capacity allocation is the cépacity allocation that
maximises an objective function, for example total new capacity, with respect to network

constraints.

Capacity allocation becomes even more complicated when it is performed on small-scale
generation connected to distribution networks. As it will be proven later, the number of such
applications increased significantly following the latest drivé towards renewable energy (see
Section 1.4). The distribution network was not originally designed to accommodate
generation. Therefore, additional constraints that were not practically binding in the
transmission level now have to be considered. One major problem from the installation of
generators in low voltage networks is the raising of fault levels. The specifications of the
existing switchgear equipment have to be respected if the operation of the distribution
network is to remain reliable and safe. It is a new challénge for power engineers to design a
capacity allocation method that respects security constraints, such as the ones imposed by

switchgear equipment.

1.3 Network reinforcement

As it was mentioned before, the installation of new generation capacity brings the network
closer to its operational limits. One way to remedy this problem is to invest in the network,
so that those limits are increased. However, the deregulation of the energy sector followed
by increased competition between energy companies has reduced profit margins and with it
available investment budgets (see Section 1.5). Therefore, a mechanism is needed to plan the
limited investment on the grid in the most efficient way. Since the problem is caused by the
rise of capacity, due to demand growth, it is logical to seek the foundation of the new
mechanism close to the theory of capacity allocation and even find a combined approach for
the optimum overall result. Such a combinational approach of capacity planning and network
investment is formally suggested by TSOs for the integration of booming wind power into
the grid without compromising reliable operation [2].

Finally, political and environmental reasons often hinder or even prohibit the expansion of
existing networks. Therefore, the mechanism could be simplified, without significantly
limiting its applicability, by focusing on the reinforcement of the existing infrastructure

rather than its expansion.
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1.4 Distributed generation impact on distribution network
operation

Environmental concerns push governments to encourage the exploitation of ‘cleaner’ energy
sources, particularly Renewable Energy Sources (RES). Unfortunately, RES are mostly
located in remote or rural areas. The load is low and sparse at these areas, mostly served
from radial distribution networks. Therefore, the new renewable generation connects to

networks, which were not originally designed to accommodate power injections.

The technological mismatch between the original purpose and the usage of the distribution
networks creates a wide range of technical problems in their operation [3], [4]. Several
corrective measures have to be taken to maintain the reliability and quality of supply. The
distribution equipment is possibly re-regulated or even upgraded to facilitate bidirectional
power flows or voltage rise during normal operation. The existence of generation in the
distribution power system increases the expected fault currents and alters transient stability.
Therefore, the upgrade of switchgear equipment and their coordination mechanisms may be

crucial for secure and reliable operation.

When there is a request for connection of new generation capacity, Distribution Network
Operators (DNOs) consider the above measures by examining the impact the new capacity
will have on the network ope'ration under worst case conditions. The dominant factor
constraining generation capacity in radial networks, such as the rural distribution networks,
is local voltage rise. In this context, voltage rise is caused by the reverse power flows
injected from the new generators. The maximum reverse power flow, thus highest voltage
rise, is attained when the new generation capacity is operating at full capacity whilst local

load is at a minimum.

If the DNO decides theré is a need for network upgrading to maintain quality and reliability
of supply, the generator bears the financial responsibility. Therefore, DNOs’ current policy
in issuing connection permits on a first-come-first-serve basis without properly exploiting
the existing network capabilities may result in high connection costs that could repel

investment in distributed generation.

The above analysis emphasises the need for a method that would identify the maximum
potential connection capacity. New capacity should be optimally allocated to the connection
points, with respect to the existing network’s constraints and security restrictions (i.e. fault
levels). DNOs could use the results of such a method to guide investment to the points of

spare connection capacity in an efficient manner in order to utilize fully the existing network.
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1.5 Allocation of new generation capacity in a deregulated
electricity market

In a regulated environment, a central authority plans the expansion of all three layers of a

power system: generation, transmission and distribution. Knowing the limits of the

transmission and distribution network, forecasting the increase of demand and managing a

specific investment budget, it coordinates the development of the power system in the most

efficient way. ’

As the electricity markets continue to move to a deregulated electricity generation
environment, the need for enhanced capacity allocation increases. The private sector takes
over the investment in new generation capacity and an independent authorit).'1 operates the
transmission system. The legal frameworks currently used in deregulated markets encourage
investment in new generation capacity, especially from RES. Some may also adequately
protect the system from crossing its operating limits due to misplaced capacity. However,
they are generally inadequate in providing appropriate incentives, to guide the process of
installing new generation in an efficient manner, concerning both rate of development and
location. Inadvertently, they potentially limit the capability of the network to absorb new
generation capacity.

Any capacity planning method should direct financial incentives towards the correct location
and size of new capacity rather than directly ‘allocate it’. In a deregulated environment only
the investment force can implicitly allocate new capacity in an efficient manner. The TSO
seems to be the most appropriate authority to provide such economic signals (e.g. subsidies)
for efficient allocation of new capacity, as it possesses a largely complete picture of the

status of the power system and predictions of future increases in demand.

1.6 Thesis statement

This thesis has three consecutive targets. They are consecutive in the sense that previous

targets have to be achieved before the next one is attempted.

Allocation of new capacity is currently done in a heuristic manner with no theoretical
grounds of efficiency. The first target is to create a more sound methodology for the
optimum allocation of new capacity; the definition of ‘optimum’ is also to be determined. If
the objective of the allocation is to maximize total new capacity with respect to the
limitations imposed by the existing network infrastructure, then optimum coincides with

! The independent authority responsible for the maintenance, operation and expansion of the
transmission system is usually called Transmission System Operator or TSO.
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making use of available network capacity or headroom.

Most of the applications of such a methodology would be on the allocation of DGs, where
there are many possible connection points and the network is not even designed to
accommodate generation. However, one of the major problems created by the penetration of
DG is rising of fault level. Therefore, additional constraints such as the ones imposed by the
specifications of existing switchgear equipment should be taken into account during the
allocation of new capacity. The second target of this research is to extend the methodology
of capacity allocation, so that constraints imposed by switchgear equipment are also
considered.

The third target is to investigate the possibility of exploiting the method developed for
allocation of new capacity in order to provide economic signals for efficient investment on
the network. Again, ‘efficient’ depends on the objective of investment strategies. The
objective for most strategies is the maximization of profit, but this raises the question ‘profit

from what?’, or better, ‘who pays for what’.

Consequently, even if the targets of this research are clear, the statement of the thesis leaves
plenty of space for extensions, some of them in the engineering and some of them in the

economic field.

1.7 Literature review

1.7.1 Generation capacity allocation methods

Generation expansion planning is a challenging problem due to its large-scale, non-linear
nature. Due to the lack of sufficient computational tools, until recently engineers were forced
to rely on their intuition and experience to solve it. With the rapid advance of computers,
several methodologies have been developed for the efficient allocation of new generation
capacity to an existing network.

The accumulated experience gathered by engineers in planning can be translated to a large
set of rules connecting generation expansion scenarios with the properties of the power
system under development. The theory of expert systems can use those rules in order to
solve the problem of generation expansion planning [5]. One of the first approaches was
developed by Farghal, who used thé decision tree technique to emulate the one-at-a-time
problem-solving approach of human experts [6]. Several other rule-based expert systems
followed, capable of handling economic and environmental constraints, besides technical

constraints on planning [7], [8].
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However, expert systems are incapable of handling uncertainties, such as the ones existing in
investment policies implemented by. expansion planning, simply because they mimic
responses from an existing knowledge base. Fuzzy logic is more appropfiate in facilitating
decision making in uncertain environments. David and Zhao used fuzzy logic to formulate a
portion of the decision making procedure in their expert system, which contained uncertainty
[9]. Another hybrid approach was developed by Su et al., which involved dynamic
programming as the optimisation technique [10]. Methodologies purely derived from fuzzy
set theory have also been developed [1 1],-[12], [13].

Keane and O’Malley in [14] use linear programming to find the optimal allocation of
distributed generation. However, they are forced to make several assumptions in order to
convert non-linear constraints, such as the ones imposed by existing switchgear equipment
on eipected fault currents, to linear constraints. This approximation may result in reduced

accuracy of the final solution and possibly even not finding a global optimal solution.

Several methods based on metaheuristic techniques attempt to directly trace the globally
optimum allocation. In reference [15], a method based on tabu-search is suggested for the
optimal placement of distributed generators. Kannan et al. exploited the global search
characteristics of evolutionary programming [16], in order to overcome the highly nonlinear
nature of generation expansion constraints [17]. Sasaki et al. expressed the relationship
between expansion constraints and decision variables by the weighting factors of a neural
network. An iterative scheme was then used to train the network, so that it will produce the

optimum expansion plan that satisfies all constraints [18].

Nevertheless, genetic algorithms and simulated annealing are probably the most promising
heuristic techniques [19]. They are capable of solving large-scale non-linear problems,
avoiding local minima and in many cases obtaining better solutions than the other heuristic
approaches [20]. K. Wong and Y. Wong attempted to combine the strengths of those two -
. promising techniques by creating a hybrid method with the primal target of solving the
generation scheduling problem, but with direct extensions to planning [16]. Kuri et al
extended methodologies based on genetic algorithms, so that it considers the impact of the
allocation on network operation and expected losses [21]. Improved algorithms were soon
developed in order to reduce the computational power needed to perform these large scale
combinatorial genetic processes [22], [23].

Even if all the above methods produce satisfactory results for most practical cases they do
have two significant dis‘advantages:
a) They do not provide any kind of indication, as to which part of equipment on the
network limits the penetration of new generation.

b) They are based on bespoke algorithms which most power engineers are not familiar
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with.

Harrison and Wallace in [4],[24],[25] provide a different approach using a widely known
commercial Optimal Power Flow (OPF) package software to allocate new capacity by
simulating new generators as negative loads. They use the inherent capability of the software
to perform load shedding to minimize the loss of load, i.e. maximise negative load
represénting new generation capacity. By practically maintaining the concept of the original
tool, which is based on power flow analysis, this method attempts to simulate the planning
process of generation expansion performed by engineers up to now. Traditionally, generation
expansion planning is done by the solution of numerous power flows, each of them assessing
the impact of an expansion option on system operation. When OPF is used to do the
allocation of new capacity, it practically seeks the bundle of options, which if it was
implémented would maintain acceptable system operation.

The method suggested in this thesis is also based on the OPF. However, a basic difference
between the two approaches is that here new generators are simulated as virtual generators,
rather than loads, located at the candidate connection points. This basically gave access to
the OPF variables which are used during optimisation. Thereafter, it became feasible to
create a mathematical link between new generation and additional constraints not currently
handled by the original tool (OPF), such as expected fault currents, or even consider
‘conditions not currently addressed by existing planning tools, such as losses or different
voltage control policies. The OPF solution method used is Nonlinear Programming, because
it directly handles the non-linear constraints [26] and produces signals about the extent to
which they restrict the optimal solution (see Section 7.3).

Another interesting advantage of simulating new capacity with virtual. generators is
connected with the inherent capability of the OPF to use the different production cost
functions attached to each generator in order to decide the optimal generation pattern. Lower
or higher production costs attached to different virtual generators carry the meaning of
preferences between candidate locations for the allocation of new capacity. For example, a
lower cost attached to the virtual generafor simulating a future wind farm will result in a

higher permitted capacity at this point in the expense of lower total new capacity.

Lately, several research teams have investigated ways to improve the available planning
mechanisms, so that they are- capable of handling uncertainties due to competition in.
generation [27]. Park et al. presented a genetic algorithm which deals with the conflicting
objectives between independent generation companies that are willing to invest in new
capacity [28]. Gnansounou et al. designed an agent-based model, which considers the
interaction among participants in electricity markets [29]. Bresesti et al. claim that there are

common factors affecting both generation and transmission market-based expansions [30].
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1.7.2 The theory of optimal power flow

Optimal Power Flow is the process of dispatching the electric power system variables in
order to minimize an operation criterion (usually the minimisation of generation production
cost), while attending load and feasibility according to the restrictions imposed by the power
system operating capabilities. It was introduced by Carpienter {311,[32] and extended by
Dommel [33]. Since then, several approaches have been suggested for successful solution

due to its complicated mathematical nature [34].

Initially, the solution algorithms focused on analytical mathematics. Sun et al. exploited the
close link between the formulation of the OPF and simple power flow and created an
extension of the Newton method, widely applied in power flow analysis [35]. Alsac et al.
presented several practical assumptions in order to linearise the non-linear constraints in
OPF and solve it using linear programming [36]. Mukherjee and Douligeris completed the
applicability of the method by incorporating constraints for the slack bus, which to some
extent were ignored in the previous approach [37]. Karmaker presented a new algorithm in
linear programming, which had the ability to handle numerous inequality constraints [38].
Narger et al. successfully applied the interior point method, as it was termed later, to the
solution of the OPF [39].

However, if no simplifications or approximations are made to linearise its constraints, OPF is
a non-linear programming problem. Non-analytical mathematics has been employed in
attempts to overcome the problems of divergence and local optimality created by the non-
linear nature of the OPF. Genetic algorithms, neural networks and simulated annealing, all
stochaétically seek the optimal point of operation for power systems [40].

In this thesis a non-linear programming algorithm solves the OPF. Sequential quadratic
programming outperforms every other tested non-linear programming method in terms of
efficiency, accuracy, and percentage of successful solutions over a large number of test
problems [41]. It still has to be tested, though, on large-scale networks where many highly
non-linear constraints co-exist. Linear Programming methods have already proven their
robustness in this field that is why they are currently used by most commercial OPF solving
software (e.g. PowerWorld or P\SSfE).

1.7.3 Network éxpansion and network reinforcement planning

Network expansion is the process of e€xpanding the existing network infrastructure by
building new transmission lines, upgrading substations etc. The target is to increase the
operating capabilities of the power system, so that it can serve the future demand in a reliable
and secure manner. It is a difficult technical and economic problem, which increased in
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complexity as the transmission systems expanded across vast geographical areas and became

interconnected.

Until recently network expansion was manually planned by experienced engineers.
Therefore, it is logical for most approaches to be based on this accumulated experience.
Reference [42] suggests a generic planning framework aiming to meet the requirements of
distribution companies with particular regard to embedded generation. This framework has
been developed from an extensive survey of standard planning practices and methodologies.
Kandil et al. present a hybrid mathematical and rule-based expert system to expand the
transmission system in open access schemes [43]. The interesting point in this paper is that
the authors acknowledge the importance of a combined approach to generation expansion
and network planning. In this thesis, the connection between new generation capacity and
network operating capability is also acknowledged. The difference, though, between the two
is that the former finds sets of generation allocations and respective optimum network
investments, whereas the later plans optimum investment on the network as generation
expands gradually. In other words, this work exploits the interdependence of the two
planning functions in order to find the overall optimum, rather than trying to find the
optimum for one of the two after the other is defined. |

Carvalho and Fereira formulated the planning proBlem as a stochastic decision pljoblem [44].
Then, they exploited the property of radial networks, which have a power flow monotonic
with the generation profile, in order to convert the stochastic problem into a two-scenario
under uncertainty problem. They solved the multiple-scenario problem using a new
evolutionary algorithm, which has the intéresting feature of producing information related
~ with the robustness of each plan in the context of distribution deregulation. However, the
applicability of this approach is limited to radial networks. The method suggested in this
thesis can be applied indistinguishably to radial and highly meshed networks.

The decision complexity involved in network planning inspired the automation engineers,
who provided methodologies based on modern control theories. An interesting example is
the state-of-the-art genetic algorithm presented by Danhong et al. The algorithm introduces
an adaptive generation gap in order to consider the specific characteristics of electric
network. planning [45]. A second example of network planning based on computational
intelligence techniques was introduced by Mori and limura. They proposed a two-layered
tabu search method that deals with the optimal location of new generation at the first layer
and the feeders and substations at the second [46]. Another interesting approach not based on
analytical mathematics is the one presented by Orths. In order to consider the new planning
requirements created by competition in deregulated markets he designed an’effective multi-

criteria optimisation method based on game theory [47].

The advantage of the above ‘inteiligent’ methods is that they can handle non-engineering
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parameters, such as financial incentives or competition. However, the solution processes are
not entirely ‘understandable’ by planning engineers. This leaves too little space for
intervention under special planning conditions or when new technical problems arise, e.g.
increase of fault levels due to high penetration of distributed generation. Levi and Calovic
break the investment problem into a) a subproblem dealing with initial power flows
encompassing security aspects only and b) a second subproblem solving superimposed
power flows that take into account the economy of the suggested solutions [48]. Similarly,
Hashimoto et al. uses a logic similar to the one used in system operation in order to gradually
include the network constraints which become binding in the planning horizon [49]. The
small number of constraints included in the final solution is resolved using a linear

programming algorithm.

Haffner et al. attempted to transfer the experience gained from similar path-planning models,
such as transportation, to network planning [50]. The simplification attained from those
models made planning of very large networks feasible, but compromised simulation
accuracy. For example, in Haffner’s model only Kirchhoff’s current law is depicted. Siddiqi
and Baughman proved that for transmission system planning where reactive power flows and
voltage constraints are important, it is imperative that an AC power flow model must be used
[51]. The limitations of their own oversimplified approach were later acknowledged by
Haffner’s team [52]. The method developed in this thesis not only implements a full AC
powef flow analysis in order to consider investments which counteract traditional security
constraints, but the formulation has been extended so that investment options on constrained

switchgear equipment are also taken into account.

1.8 Structure of thesi.s

The results from this research are presented in the followmg elght Chapters with necessary

appendices.

In the second Chapter, a method of modelling new generation capacity and expected power
transfers to external networks will be presented, so that Optimal Power Flow (OPF) can be
used as a tool for generation capacity allocation. The allocation respects network constraints,
which are inherent in the OPF formulation, but the method relied on an iterative procedure to

convert constraints imposed by switchgear equipment to bounds on new capacity.
In Chapter three, a methodology for the incorporation of those constraints directly into the
OPF set of constraints was developed. Henceforth, OPF can be used directly as a tool of

capacity allocation, which considers the impact of new generation on fault levels.

The next Chapter, Chapter four, compares the two methods of fault level constrained

10
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capacity allocation in terms of efficiency, speed and commercial usability. It also constrains
a simplistic mechanism of distributing available connecting capacity among investors that
the network operator can use in order to fully exploit the capabilities of the existing
infrastructure.
N

In Chapter five, the flexibility of OPF as a tool for capacity allocation is demonstrated by
two practical extensions: a) Optimal allocation of reactive power compensation banks with
the objective of increasing the ability of the network to absorb new generation capacity and
b) Considering. generators voltage control policies, while assessing the ability of the network

to absorb new generation capacity.

The theme of Chapter six was inspired by the previous Chapter, when several allocations
under different voltage control policies resulted in very high transmission losses. In this
Chapter, a possible way of considering the impact of new capacity on losses is analysed. It is
also discussed why losses should be considered by the network operator during capacity

planning.

In Chapter seven, a mechanism that uses economic signals produced by OPF for constraint
equipment during capacity allocation in order to suggest a network reinforcement plan is

introduced.

Chapter eight investigates the impact of expected fault currents on the economic operation of
power systems. It also demonstrates how fault level constraint OPF can be used for the
coordination of system apparatus during maintenance or other extreme cases (e.g. very low
or high demand), so that failure of switchgear can be avoided. .

Chapter nine concludes this research by highlighting the most significant results of the
previous Chapters, so that the reader can have an overview of its contribution to knowledge.
Finally, the potential of the methodologies described throughout the thesis is stated and the

direction to future work is suggested.

11



2. FAULT LEVEL CONSTRAINED OPTIMAL POWER
FLOW AS A TOOL FOR NETWORK CAPACITY
ANALYSIS

2.1 Introduction

This Chapter starts with a brief description of two basic theories in power systems: power
flow analysis and economic dispatch. Optimal Power Flow (OPF), a basic tool for the
economic operation of power systems, is then presented as a combination of those two
concepts. However, later a method for modelling new capacity is obtained, so that OPF can
be used for planning generation expansion. Finally, an algorithm is presented which
iteratively converts the constraints imposed by the specifications of switchgear equipment to
constraints on the allocation of new capacity by the optimal power flow. A simple example
demonstrates the efficiency of the suggested methods and the impact of the additional
constraints on capacity allocation. ‘

2.2 Power flow analysis

The aim of power flow analysis is to estimate the steady-state operating point of a power
system under specific loading conditions [53]. The operating point is defined by all bus
voltages and power flows sustained on transmission lines and transformers. ,
Power flow analysis is usually applied on one-line equivalent circuiis, because power
systems are supposed to be balanced and operating in the steady state. Let us examine the net

power intake of random bus i of a n-bus system. Generally, on this bus there may be a

generator producing complex power S,.G, loads consuming complex power S,.L , and

~ transmission lines exporting complex power S,.T to other buses. The powers flowing in and

out of the bus are connected with the following equation:

S, = SiG _SiL = SiT (2.1
where S; is defined as the net power injected into bus i.

The response of the network with » buses is described with the following equation, which is
practically the result of the method of nodes: '

I, =Y

bus bus V (22) V

bus
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where I, is the 1xn vector of currents J; injected into buses 1 to #, Vs, is the nx1 vector of
bus voltages with respect to a reference bus and Y, is the nxn admittance matrix describing
the passive elements of the network.

I; can be expressed as a function of admittance matrix elements and system bus voltages:

L= (%) @3

where y; is the i,j element of the Yj,;.

By definition the complex power exported from bus i is equal to:
Sif=n-[2(yy-v,-)} @4)

Equations like (2.4) can be written for all system buses and they show the complex power
balance that must exist in each of them. They are known as the power flow equations in

n

complex form. If the product of V, I:Z( 'V ):l is analysed in a real and an imaginary

J
J=

part and the complex power intake of each bus in (2.1) is also analysed in its real
(E = BG -P* ) and reactive (Q = Q,.G - Qf) power terms, then (2.4) can be broken down
in two equations: one for the real and one for the imaginary parts of each side.

P - P =Real z-[i(y,-,v,.)}

J=1

s (2.5)

Jj=

0F - 0F=Imag ¥, -{i(y,., -V,-)}

The new equations are equivalent to the power flow equations in complex form, but they are
between real quantities only. Thus, they are known as the power flow equations in real form.

Power flow analysis is a common tool for power engineers during planning of modifications
or extensions of existing power systems. It allows power engineers to assess their impact on
system operation, but also analyse and compare the efficiency of different planning options.
For example, when a new generator requests to connect to a specific point on the network,
the network operator is obliged to run a ‘series of power flows with a model of the
prospective generator connected to the system under all possible loading conditions. If the
analysis guarantees that system security is not significantly compromised, then the

connection permission is granted. Otherwise, a new series of power flows is run to determine

13
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which of the network reinforcement options available tackles the problems rising from the

connection in the most efficient way.

2

2.3 Economic dispatch ‘.

The target of economic dispatch is to define the power outputs of generation plants, so that
total electricity production equals demand in the most economic way. This is mathematically

formulated by the following expressions:

min »_ C,(P) (2.6)

P= Zk:Lj @.7)

where C{(P;) is the production cost of generator i at a power output of P; and L; is the real
power consumption of load j. » and k are the total numbers of generators and loads,
respectively. In this simple formulation of economic dispatch, the balance between

production and consumption of reactive power is neglected.

In addition, the power output of each generator i must be greater than the minimum
permitted P™ and less than the maximum permitted 2™ . In order to keep the analysis

simple, losses were neglected from the original economic dispatch formulation. However, it
must be noted that other operating limits are not stated in the original formulation as well.

2.4 Optimal power flow ;

In the preceding Sections we introduced two basic concepts in power systems: power flow
analysis and economic dispatch. The first is purely technical. It calculates the electrical state
of the system to a particular set of loads and generator unit outputs [54]. The second reflects
the economics of combining different power resources in order to meet consumption [55].
The OPF is a combination of those two concepts, aiming to satisfy both technical and
economic targets in power system operation. The solution of the OPF requires balance
throughout the entire power flow, but at the same time this has to be achieved for the
. minimum generation cost.

Mathematically, this amalgam of concepts is expressed by the replacement of (2.7) from
economic dispatch with (2.4) from power flow analysis. In other words, the single balance
between generation and demand is substituted with a set of power balances for every system

bus. The target of optimisation remains (2.6), which forms the system state with the
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minimum operating cost. Additionally, since the power flow equations are included in the
optimisation procedure, several other system operating limits can be formulated by
constraining functions of variables used in those equations, e.g. the reactive power capability
of generators or lines thermal limits. Therefore, it can be claimed that Optimal Power Flow is
actually the process of dispatching the electric power system variables in order to minimize
an operation criterion, while generation meets demand and no system operating limits are
violated (expressed by constrained functions of those variables). A conceptual formulation of
the problem is briefly described below.

It is generally assumed that the following are known: active and reactive power generation
capabi_lities and costs, fixed loads sizes, elastic loads benefit functions, transmission and
distribution line capacities, specification of fixed transformers and other power system
devices. The control variables ¢, which are regulated during optimisation, are usually the
ones at the disposal of system operators: '

a) The generators’ active and reactive power output.

b) The tap ratios and/or phase shifts of transformers with tap changers and/or phase

shifting capabilities. ‘ '

c) The settings of switched shunt devices, such as capacitor or inductor banks.

d) The active power transferred from DC links. '

e) The shedding of elastic loads

However, in order to completely define the state of the system, more variables have to be
introduced. The state variables s are:

a) The voltage phasé angles at every bus.

b) "The voltage magnitudes at load buses.

The equation linking variables ¢ and s is the power system load flow equation:
Equn(c,s) =0 - _ (2.9)

It can be analysed to a number of equality constraints, one for each bus, expressing the
power balance between the active/reactive power injected and withdrawn from the bus.
Practically, it is either implemented by (2.4) with complex power quantities or, equivalently,

by (2.5) as a set of real and reactive power quantities.

Additional inequality constraints on - functions with OPF variables describe the operating
limits of the power system (e.g. lines thermal limits, generator capacity etc.):
IneqCon(c,s)<0 (2.9

Such constraints are line flow limits, active and reactive power generation capability bounds,
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bandwidth of tap changers or phase shifters and voltage limits at buses. Additional
operational constraints may be easily added, using expressions of the ¢ and s variables

describing operating violations, if they are valued as critical for the system security.

The operation criterion to be minimized by the OPF optimisation process is called the

objective function f (c,s) . In most cases, the objective function to be minimised is the short

term cost of electricity production. The OPF optimisation process aims to find the variables ¢
and s that minimise the objective function, subject to the sets of equality and inequality
constraints expressed by (2.8) and (2.9), respectively. It is a typical problem of nonlinear
programming:

minf(c,s) (2.10)

subject to Equn(c,s) =0
and Inequn(c,s) <0

OPF solution algorithms are commonly used in power system operation planning. They
facilitate the development of optimal economic dispatch schedules and control settings that
will result in flows that are within the capabilities of the network infrastructure.

2.5 OPF model for generation capacity allocation

Several methods [25], [15] have been developed to identify both the locations and the order
in which new generation capacity should be installed to fully utilize an existing network. The
method proposed in this research uses a well-documented operating tool in power
, engmeenng, Optimal Power Flow, to optimally allocate new capacity. This section first
presents how new generation and connections to external networks are modelled and
following on from [25], so that OPF can be utilized as a planning rather than an operating
tool for capacity allocation. Then it describes how network constraints are considered during
allocation. It concludes with the definition of the objective, which will be optimized during

the allocation of new capacity.

2.5.1 Sinks and sources

e New generation capacities are simulated as generators with quadratic benefit

v functions with negative coefficients:

C,(P)=a-P;+b-P,+c wrt abc<0and F,>0 (2.11)

g

where C, is the operational cost of generator g at output level F,.
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Quadratic functions are used because they can express a great variety of monotonic
curves without exacerbating the nonlinear nature of the OPF problem.

These generators are connected to predetermined locations at the grid, termed
“Capacity Expansion Locations” or CELs. They are assumed to be the candidate
locations (e.g. locations pointed out by the network operator) where new capacity
can be installed on the existing network. The term “locations” is used, because a
group of generators (e.g. a wind farm) will be simulated with a single source
connected to the rest,of the grid at predefined locations. The total output of the
generators simulates the allocated capacity at each CEL. Different sets of
coefficients between benefit functions declare preferences2 for the allocation of new
capacity between CELs.

e Energy transfers from/to external grids are also simulated as generators with
quadratic benefit functions. They will be referred to as Export/Import Points or
E/IPs. The coefficients of the benefit functions are negative for exports and positive
for imports. The outputs of the generators are negative when they represent exports
and positive when they represent imports.

C,(P)=a P +b-|P|+c : (2.12)

wr.t. a,b,c<0and P, <0 for exports,

wrt. a,b,c>0and P, >0 for imports.

where C, is the operational cost of the generator at output level P, simulating the
E/P.. '

As with CELs, the benefit functions declare preferences for the export/import of
power to/from specific E/IPs.

o Existing generation capacities are simulated as generators with constant active

power output and given reactive power injection capabilities:

Linstalled = const.
&t (2.13)
O nsitied < Qo instatiea < L instalied
e Loads are simulated as sinks of constant active and reactive power:
L,=F,+ O, (2.14)

where P,,Q, are, respectively, the active and reactive power of load L, at bus d.

In all the example cases (excépt where stated otherwise) it will be assumed that
_loads are equal to their minimum average values. This condition, in conjunction with

maximum new generation allocated from the method described in this Section,

2 Or the absence of them, if the benefit functions are the same.

17



2.5.2

Fault Level Constrained Optimal Power Flow as a Tool for Network Capacity Analysis

usually is a worst-case scenario for generation expansion planners. Of course, the
method can be easily expanded to consider other cases that may result in the worst
network operating conditions, such as maximum load and minimum. generation,
maximum load and maximum generation or even a series of cases created with

different load values according to a profile.

System Constraints

The amount of active and reactive power injected into any system bus k& must equal
the amount withdrawn from it. The complex power balance on the buses is
formulated:
D (P +7Qu)+ (P + Oy )+ 2 (P + 7 ) =0 (2.15)
t g d )
where ¢=all lines, g=all generators and. d=all loads connected to bus %.
B,,P,.P, and Q,,0,,0, are, respectively, the active and reactive power they inject

to bus k.

If the bus is also an E/IP, then the complex power P, + jQ, transferred from/to bus
k from/to the external grid must be added (for import) or subtracted (for exports) to

the above sum.

Proper operation of the power system equipment requires the maintenance of bus

voltages close to their rated values:
VR <V, <V,™, for all buses b (2.16)

where V" and V,,”'““'are the lower and upper bounds of the bus voltage, around the

rated value.

The installation of new generation capacity is limited by statutory regulations (e.g.
Electricity Safety, Quality and Continuity Regulations or ESQCR in the UK [56]),
environmental concerns, social policies, technological limitations or system
constraints ‘imposed by stability, fault or other security analyses.. Here, only those
restrictions resulting from statutory regulations and fault analysis 'are used:

LB, <P, <UB, BN eAY)

where P, is the generation output at CEL g and LB, ,UB, are the lower and upper

bounds, respectively. The environmental and social impact of the new capacities can

be formulated mathematically in the benefit functions described above. -
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When a synchronous generator is connected to an interconnected network, there are
practically two ways of controlling its performance. The mechanical power applied
on the generator’s shaft controls the real power, whereas the field current controls
the reactive power injected into the bus and indirectly regulates the terminal voltage.
High reactance in the transmission and distribution lines can cause undesirable
voltage drops with increased system loading. Big generators are usually committed
in terminal voltage regulation (Automatic Voltage Regulation or AVR) using
reactive droop compensation. However, if a small generator with AVR control was
connected to a utility bus which suffers from a voltage drop, it would have to inject
great amounts of reactive power in order to raise the bus voltage. This could result in
high field currents and overheating for the generator. For that reason, in most
distributed genération applications the generators do not have AVR control. The
amount of reactive power they produce, which is connected to voltage regulation, is
proportional to the active power. To keep the analysis simple, initially it will be
assumed that the CELs accommodate distributed generators. Therefore, they inject
power with constant power factors. This assumption also holds for most Distributed
Generation (DG) installations that interface to the network through an inverter [57].
This constraint is described by the following equation:

£ = const. (2.18)

Of course, in more general cases, the production of reactive power is controlled or
additional reactive power sources (e.g. capacitor banks, FACTS) can be utilized.
Then this restriction is relaxed, providing us with higher generation capacities.

The thermal tolerance of a line sets a limit to the maximum MVA it can transfer.
Therefore, each line has a thermal limit of apparent power (MVA) transfer:

S, <S™=* for all lines t (2.19)

where S, and S is the is the apparent and maximum apparent power (thermal

limit) of line ¢, respectively.

Each E/IP represents a pl;ysical connection to an external network. The bapacity of
the connection sets a technical limit to the maximum amount of power that can be
transferred to and from the external network. However, in cases where the quantity
of the exported or imported power is comparable to the size of the external grid,

more conservative bounds than the connection capacity must be applied to limit the
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voltage rise or drop within the external network. These limits are expressed in (2.20)

|| <|B|, for all E/1IPs T, (2.20)

where P,>0 for imports and P.<0 for exports.

In addition, the maximum reactive power that the external network can feed into the
system or the minimum reactive power requested by -the external network must also
be provided.

0, <O™ or O, <Q™, for all E/IPs T, @.21)
‘where Q>0 and Q7 >0 for import of reactive power

or  Q,<0and Q/"<0 for export of reactive power.

2.5.3 Objective function

The OPF Objective Function OF,,. is the total cost of all simulated generators. It includes

the negative cost of generation at CELs and exports at EPs, as well as the cost of imports at
IPs. The cost of losses could also be taken into account, but is ignored at this stage of
research to keep the model simple for observations.

OF oy (P B ) =2 C, (P )+ 2. Cr () (2.22)

2.5.4 OPF target function

The Optimal Power Flow problem reflects the allocation of new generation capacity at CELs
and the setting of energy transfers at E/IPs, with respect to the power system constraints. The

OPF Target Function TF,,, is the minimum of the objective function OF,,, with respect to

the system constraints described above:

TFope (P, P, ) = min OF e (P, Py ) (2.23).
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2.6 Fault studies
2.6.1 Rationale

Fault studies are an important part of power system analysis. Their target is to predict the
system’s response under various types of faults, by determining the expected bus voltages
and line currents. Usually faults are short circuits at the power lines and buses, caused either
by natural phenomena (e.g. broken tree branches) or malfunctioning equipment (e.g.
“exhausted” transformers). There are two main categories of faults, depending on whether
their impact is symmetric (balanced) or not (unbalanced) on the three phases of the power
system. The unbalanced faults separate into three sub-categories, according to the short
circuit loop they create: a) phase-to-ground, b) phase-to-phase and c) two-phases-to-ground.
Balanced faults are defined as simultaneous short circuits across all three phases and a
possible connection to the ground. Fault study results are used for :

1. The design of the appropriate power system protection.

2. Setting the relays controlling the protection switchgear.

3. The coordination of breaking functions during faults.

4. The selection of protection switchgear ratings.

This research focuses on the last case.

2.6.2 Types of generators and fault studies

There are two broad categories of generators: synchronous and asynchronous (or induction).
The short-circuit current is more severe for a synchronous generator suffering from a three-
phase fault than a single-phase fault. The opposite is true for an asynchronous generator.
However, as more than 90% of the global generation capacity utilises synchronous
generation, in order to simplify the analysis in this research it will be assumed that all new
generators are synchronous. Therefore, in the following text the term ‘generators’ refers to

synchronous generators, except where indicated otherwise.

2.6.3 Focus on balanced faults

"~ The worst-case scenarios will be considered in our fault studies, in order to validate the
installed switchgear. If the switchgear can handle those, all other scenarios will be on the
“safe side”. Balanced faults are less frequent, but usually far more severe’ than the
unbalanced. Thus, this study will focus on balanced faults. In addition, they are the most
amenable to calculation. The network remains symmetric, therefore, a solution on a per-

phase basis will provide us with the line currents and bus voltages in all three phases (taking

? Assuming the generated power is mostly fed by synchronous generators.
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into account the £120° phase shifts). When the term ‘fault’ is mentioned in the following text
it will refer to balanced faults.

2.6.4 Fault system analysis

A fault can be considered as the addition of an impedance’ and node in the network, at the
point of fault. Therefore, Thevenin’s theorem can be used for the calculation of the new state
of the system. The voltage and current changes throughout the network equal- the voltages
and currents created in the network, if all sources are zeroed and a voltage source equal to
the pre-fault voltage is applied at the point of fault in series with the fault impedance and the
internal network impedance seen from that point. Zeroing of sources means short-circuiting
voltage sources and open-circuiting current sources. In order to calculate the final values of
the currents and voltages during a fault the changes given by Thevenin’s theorem are
superimposed on their pre-fault values. Using basic electric circuit theory, the calculation of

the new state of the network simplifies to algebraic equations.

2.6.5 Reactance of synchronous generators during fault

Even though generators do not operate in a steady sinusoidal state during a fault, their
response maintains sinusoidal attributes, albeit in a transient nature. Fault currents consist of
a sinusoidal component of éxponentially decreasing amplitude (up to a constant value) and
an exponentially decreasing component of direct current. In terms of electromagnetic
machine operation, a) the high initial value is determined by an effective leakage inductance
and b) the settled amplitude of the sinusoidal component is determined by the synchronous
reactance. The direct current component depends on the time that the fault takes place, so it
is different for each phase. Since the time that a fault will occur cannot be predicted, the
mathematical approach can be simplified by ignoring this component. Figure 2.1 presents a
typical response of a generator’s phase current during a fault, ignoring the direct current

component. The current amplitude, /_,, , is superimposed on the same figure.

* If the fault impedance is so low, that can be assumed equal to zero; the fault is described with the
term ‘solid’ or ‘bolted’.
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I(t)

Figure 2.1 Typical current response of a short circuited generator.

Instead, the direct current component is considered empirically during the calculation of the
final expected fault currents. The calculated values are multiplied with typical factors,
depending on the time instance after the fault and the type of power devices of interest. For
example, the higher the switching speed of switchgear, the higher the factor used to
determine the fault current which the switchgear must be capable of breaking.

In order to model the transient current response described above, it is assumed that the
internal generator reactance X, is varying through time. The black curve in Figure 2.2
presents how this assumed reactance changes through time. On the same axes, the blue curve

represents the RMS value of the fault current :

T (1) = 0 , _ (2.24)
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. Figure 2.2 Typical variation of generator reactance and RMS fault current response.

For most studies, it is sufficiently precise to approximate the continuously changing
reactance with a stepwise function. Three discrete levels of reactance are defined: the
subtransient X", the transient X, and the steady state X (see Figure 2.2). Respectively,

the RMS fault current response is approximated with three discrete levels: the subtransient

Iy » the transient 1, and the steady state I, (see Figure 2.2). For most generators the

subtransient period lasts a few tens of milliseconds after the fault occurs. The transient
period expands to the next few seconds. The generator enters the steady state when all
transient phenomena are extinguished.

The subtransient period is also used in the determination of the MVA switchgear breaking

capability and capacity. Therefore, in this research, the subtransient reactance X" will be

used for all generators when performing fault analyses. The exact way of calculating the
MVA switchgear breaking capability is discussed later. '

2.6.6 Generator capacity and subtransient reactance

There is a connection between the capaéity of generators and their subtransient reactance,
due to fundamental design principles [58)]. The subtransient reactance is the sum of two
major components: a) the armature leakage reactance and b) a reactance specified by the
rotor’s amortisseur and field winding. Both components are affected by the rated power the

generator must handle. Larger generators typically have subtransient reactances in the range
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of 15-20% on the generator reactance base, while smaller gas turbine driven generators may
have values of 15% or less.

2.6.7 Example faultlanalysis

The following example case will help us clarify the above concepts involved in fault studies
(Figure 2.3). A synchronous generator of internal sub-transient reactance X, . feeds a load
of constant impedance Z, . The impedance of the line connecting the generator bus G with

load bus L is Z, . The voltage at bus L is V""" and the current running through the line

line *
is 1, , when a fault occurs on bus L with fault impedance Z,. Our target is to calculate the
fault current running through Z, , the generation and load contribution to the fault current

and the final values of the currents at all branches.

G Iprefaull L

L Z,
@ I — h’ne

Z

Figure 2.3 Fault analysis example case.

First, the Thevenin equivalent is calculated for the pre-fault circuit with respect to a fault at
bus L (Figure 2.4).

Figure 2.4 Thevenin equivalent of example case.

The fault current is given by the pre-fault voltage at bus L over the total impedance ‘seen’
from that bus.

VPrefault
1= L . (2.25)
ZL '(Zline +XG )
Z,+ -
ZL + Zline + XG”
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After calculating the fault current, the currents can be traced backwards to the voltage source
in each branch of the circuit. For this specific example, the two branches of the Thevenin

circuit are practically a current divider:

Sault " +7. n +7.
ILf = XG Zlme P ILfmlll — XG Zlme I(j;'aw'l (226)
1 Ga ZL ZL .
However, . _
Iifaull +I(f;aull — If PN Iéault — If _I{auh . (227)
Therefore, the fault current fed by the generator equals:
Z, '(Zline + XG")
I = =1, (2.28)
z L +Z line + X, G

Using (2.26) and (2.28) the fault current due to the load is calculated:

ZL '(Zline +XG”)
'If

I =|1- (2.29)

Z,+Z

line

”
+ X,

In order to calculate the final currents during the fault, the pre-fault current I, is

superimposed on the currents feeding the fault:

I =1, -1/ ' . (230

I =1, -1/ ‘ (2.31)

2.6.8 General formulation of line currents during faults
Generally, the fault current I,.{ ; inline i,j forafault at bus f equals:

I/ ==

ij

V,~V,~(FSF,, ~FSF,,)-, (2.32)

Zi,j

where FSF, , is the element at row k and column m of the Fault Sensitivity Factor matrix,

Zk,m

given by the equation : FSF, , =
’ Z,mtZs
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where z, . are the elements at row d and column g of the system’s bus impedance matrix

Z,, (=Y

bus

) and Z f'the fault impedance. ¥, is the pre-fault voltage at bus b and Z_, is the

line impedance of line g,r.
2.6.9 Fault analyses and evaluation of switchgear adequacy

In order to evaluate the adequacy of switchgears under fault conditions, first the expected
fault currents must be estimated. Switchgear connects or disconnects one end of a line from a
system bus. Therefore, switchgear faces the same fault currents as the lines they are
connected to. Using the formulation in Section 2.6.8, the fault currents running through the
switchgear are calculated for possible faults at all system buses. Primarily, two specifications
determine the adequacy of switchgears during faults: capacity and breaking capability. The
analysis differentiates between the two at the point the impact of the direct current

component is considered during the calculation of the fault currents.

2.6.9.1 Capacity

As mentioned in Section 2.6.5; the effect of the direct current component is empirically taken
into account in the calculation of the fault currents. Specifically, the industrial practice is to
create sufficient headroom for peak currents the switchgear must sustain right after the fault
by multiplying the expected subtransient RMS current by a factor of 1.6 (ANSIIEEE Std
242 [59] and Ehgineering Recommendafion G74 [60]). This higher value represents the

minimum capacity switchgear must have to be adequate.

2.6.9.2 Breaking capability ,

The breaking capability of switchgear is specified by the Short Circuit Capacity (SCC®, in
MVA) of the bus to which it is connected. The SCC is defined as the product of the absolute
bus voltage before the fault and the absolute current during the fault:

|SCC| - Vprefuull

bus

1 Sault

switchgear

(2.33)

The prefault bus voltage ¥,”%*" is an output (state variable) of OPF. I/ s calculated

switchgear

using the analyis described above. However, in this case the direct current component is
considered by increasing the calculated fault current values by a factor of 1.0 to 1.4,
depending on the switching speed of the switchgear (Table 2.1). If the calculated SCC is
higher than the one described in the switchgear specifications, then the switchgear has
inadequate breaking capability.

3 The Short Circuit Capacity is also called bus fault level.
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Switchgear switching speed Direct current component factor
8-cyclé switchgear or slower 1.0
5-cycle switchgear - 11
3-cycle switchgear 1.2
2-cycle switchgear 1.4

Table 2.1 Switching speed of switchgear and impact of direct current component.

Note for both capacity and breaking capability:

If the switchgear connects to a generation bus of more than 500 MVA, all the above factors
are increased by 0.1.

2.7 \Incorporation of Fault Level Constraints in OPF

2.7.1 Why add fault level constraints to OPF?

Cufrently, engineers allocate' new generation capacity in a first-come-first-served manner.
This guarantees the future secure operation of the power system, but as it will be
demonstrated later, it may‘not efficiently exploit the capabilities of the existing network.
When a new generator requests to be connected to the network, they run a series of power
flows in order to determine if there is a need to reinforce the network, so that the future
system will not violate any of its operating constraints. In the previous Sections a method for
the efficient allocation of new generation capacity was presented, based on OPF as a
planning rather than operating tool, which maximally exploits the capabilities of the existing

infrastructure.

However, the increase of generation capacity also raises expected fault currents [61].
Heuristically, again this problem is remedied by upgrading the switchgear equipment, which
is proven mostly vulnerable after a series of fault analyses for the future system.
Alternatively, stressed switchgear is alleviated by manually shifting the system’s control
variables (generators’ outputs, tap settings etc.). Such techniques may wofk, but there is no
guarantee that they result in the global optimum. In particular, in highly meshed systems,

finding an acceptable solution may prove to be a highly time-consuming task.

The current OPF optimisation process does not take into account the developing currents
during a possible fault. There are no control variables that could limit the possible fault '
currents to acceptable levels. Therefore, if the plan of the OPF for generation capacity
allocation is implemented 'in the real world as it is, a fault may damage the power system
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equipment, if the existing protective equipment is insufficiently rated. Obviously, a method
is needed to incorporate the additional constraints in the OPF. If this is achieved, OPF as a
planning tool will consider the impact of new generation capacity allocation on expected
fault currents and restrict them within the specifications of’ the existing switchgear

equipment.

2.7.2 Fault Level Constrained OPF algorithm

In the following section a generation capacity allocation algorithm is demonstrated, which
takes into account the additional constraints imposed by the power system tolerance to fault
levels. Besides the control and state variables in OPF, no additional variables are needed.
The approach has been termed Fault Level Constrained OPF or FLC OPF. The flowchart of
Figure 2.5 demonstrates the general principles of the algorithm.

Analytically: ‘

1. The OPF is constrained by the bounds B for generation capacity. It a) allocates new
capacities at CELs and sets import or output levels at E/IPs and b) calculates bus
voltages.

2. Fault analysis uses a) the generators’ subtransient reactances, determined from the
size of the allocated generation capacities at CELs and b) the prefault bus voltages
resulting from the OPF.

3. Switchgears with inadequate capacity or breaking capability are determined. If all
switchgears are adequate, the current allocation of generation capacity is accepted,
the results are printed out and the algorithm stops. .,

4. An optimisation algorithm, termed Generator Reactance Optimisation Algorithm
(GROA), finds the generator subtransient reactances that would limit fault currents
within the specifications of the inadequate switchgear of the prévious step. The
relation between generator capacity and subtransient reactance is used to convert
reactances to capacities. The exact operation of this algorithm will be explained in
detail in a later Section.

5. The OPF capacity allocation results and the capacities imposed by GROA are
compared in order to determine the new bounds B.
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Initialize generation capacity
bounds B=maximum allowed
generation capacity.

1. Maximize installable
generation capacity, within
bounds B, using OPF.

2. Perform fault analyses.

3.Inadequate
switchgear
capacity ?

Keep OPF
solution & exit.

( 4. GROA reduces generation
capacity in order to limit fault
currents within switchgear
capability.

. J
4 N\
5. Set new bounds B for allocation
of new generation capacity at next

loop. .
\. -/

Figure 2.5 Flowchart of Fault Level Constrained OPF algorithm.

Then control is passed back to the 1* step, where OPF reallocates generation capacities using
the new B. The basic operations performed within this algorithm are specified in more detail
in the next Sections.

2.7.3 Maximization of generation capacity using OPF

According to Section 2.5.1 a generator with a quadratic benefit function is attached to each
CEL (see (2.11)) and E/IP (see (2.12)). Existing generation capacities are simulated as
generators with constant active power output and given reactive power injection capabilities
(see (2.13)). The loads are simulated as sinks of constant active and reactive power (see
(2.14)). OPF then allocates the new capacities at CELs and sets the energy transfers at E/IPs,
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by solving the target function (see (2.23)) with respect to system constraints (see (2.15)-
(2.21)).

2.7.4 Limiting fault currents using Generator Reactance Optimisation
Algorithm

According to Section 2.6.4; fault currents are determined by the pre-fault voltage at the point
of fault and the network impedances: transmission and distribution lines, transformers’ serial
impedances, loads’ equivalent impedances and generators’ internal impedances. It was also
noted that the subtransient reactance for big generators is about 15-20% on the generator

"reactance base, while smaller generators have less than 15%. This relation of p-u.
subtransient reactance X 5‘“4” (on the generator reactance base) to the MVA capacity S¢ of
the generator can be described using a general function :

x5 =1(s%) (2.34)

The p-u subtransient reactance is then converted from the generator’s MVA base S# to the

overall system’s MVA base S, :

v e S o S
X, =X&, é: X, = f(sg)E:g- (2.35)
However, S§ is actually the generator’s MVA capacity S* : '
SE=5% (2.36)
Therefore, X p_u_" is a function of S*:
"(cg)— g Sb
X, (55)=1(5%)5r 2.37)
- To keep the analysis simple it is assumed that f (S g) is constant, at a value X ,yp,.m," :
X5 =1(8%)= X ppiea (2.38)
Hence,
X, (s8)=x,,. 2.39
 pu. ( ) = X ypical —S_g- ( . )

In other words, the subtransient reactance X p.u.” for a specific generator capacity S* can be

estimated using function X N‘" (S g) .
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The following curve (Figure 2.6) represents the above function, for X, ,_vp,.w," =20% and
S, =100 MVA4:
20 s
8 i
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14 B
o n ]
><‘i 8 1
s
o |
2} ¥ . B
% 4 e 8 i @ 140 1 w0 20

S°(Mmv4)
Figure 2.6 Generator reactance (p.u.) vs. generator capacity (MVA).

As such, the size of the new generation capacity determines the sub-transient reactance
introduced into the network during a fault (see Section 2.6.5). By changing the size of the
generating capacity at a specific location, the magnitude of the resulting currents during a
fault can be ‘controlled’. The lower the new generation capacity, the higher the subtransient
impedancé, resulting in lower fault currents and vice versa.

An optimisation algorithm, called Generator Reactance Optimisation Algorithm (GROA),
has been developed to find the optimal reduction of capacity at CELs that will result in fault
current's6 within the specification of the previously inadequate switchgear. Two target
functions have been tested for GROA:
a) The minimization of the negative total cost at CELs, using the benefit functions
‘supplied at the OPF: o

TF sro4-s (Plg‘GROA ,""})”g,GROA ) — min{ Z C (Pig,GROA )} (2.40)

i=1,.,n
_w.rt. specifications of previously inadequate switchgear

and I)ig,GROA <BI.0M.

¢ Assuming that bus voltages do not change much.
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where C, (Pf’GROA) is the same quadratic cost function with negative

coefficients used in OPF (see eq. 1.13) for MW capacity

PS,OPF
A 8.GROA E: os(p = ()Sq) OPF
Pg,GRO X S at C L 1 s Y 2,GROA 2,0P!

— 1
COSP, Groa QEOFF
;

and B{ the capacity bounds of the current algorithm loop.

-

b) The minimization of deviation from the OPF allocation:

&,GROA 2,GROA _ _ ¢
TFsro04-u (Sl s Sy ) = mln{ >
i

g,OPF
§.GROA _ F
i

i=l,..n COS @, orr

} (2.41)

w.rt. specifications of previously inadequate switchgears

and Pig,GROA <B;)Id.

The first, generally leads to more efficient capacity allocation when preferences exist for the
allocation of new capacity at specific CELs. The second speeds up the convergence of the
overall algorithm and results in similar capacity allocation to the first when there are no

preferences over CELs.
2.7.5 Changing the bounds of new capacities

Initially, the capacity bounds are determined by the maximum allowed generation capacity at
CELs, due to technical, political, environmental or other social reasons. The OPF is solved
and the new generation capacity is allocated. The subsequent fault analysis may prove that
the current OPF allocation results in higher fault currents than some switchgear can handle.

However, as it was already shown, the capacity size is directly connected to the generator

subtransient reactance (hence, to fault currents, too) according to the function X p_u'" (Sg )

GROA therefore sets new bounds to capacities S in order to limit fault currents within

switchgear specifications.

The capacity bounds imposed by GROA (Sf’GROA,...,Sf’GROA) are compared with the
capacity allocation results of OPF (Sf’OP F ey SEOPE ) at each CEL i. The capacity bounds

for the next loop change as a function of their difference, from B/ to B;®. The function

used in this research readjusts the capacity bounds by decreasing the previous overall bounds
proportionally to the difference between OPF results and GROA bounds:

B = Biold — Step _(S;g,OPF _ Sig,GROA) (2.42)
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where B, are the overall capacity bounds at CEL i and Step is the proportion factor of

g,0PF 8.GROA
S8:0PF _ §8:GR0A_

There are two reasons for changing bounds gradually, using Step , rather than directly to the
ones imposed by GROA:

1.

~

Let us assume there is a preference for allocating new capacity at a specific CEL.
This can lead the OPF optimisation algorithm to solely allocate new capacity at this
CEL, if there is no violation of the OPF constraints. If the fault analysis determines
that some switchgéar as inadequate, then GROA may determine a much lower
capacity bound at this CEL. If the GROA bound directly replaces the overall

— §G-GRO4

algorithm bound, i.e. B,,, , then it is possible that the next OPF would not

find a feasible solution to cover the existing demand. Except for the capacity bounds
the other OPF constraints remain the same. By gradually reducing the bounds for the
next OPF, a feasible solution is sought, by progressively ‘transferring’ capacity
between iterations to the other CELs. ,

According to Section 2.6.8, both system impedance and prefault bus 'voltages
determine fault currents. When the capacity bounds are changed in order to limit
fault currents, the way the power system is charged is altered and the bus voltage
pattern is modified. Therefore, abrupt changes of the capacity bounds would result in
very different bus voltage patterns between iterations. Under such conditions, the
precision of estimation of the resulting fault currents that can be achieved when

' changing the generator reactance is compromised. GROA leads the overall algorithm

to convergence, because it reduces the capacity bounds to the ‘direction’ of the

optimal solution, enforcing small changes to the voltage patterns.

2.7.6 Algorithm implementation

The implementation of the algorithm is solely programmed in MATLAB [62]. The
Sequential Quadratic Programming (SQP) method, part of MATLAB’s optimisation toolbox,

_ is used to solve the OPF and run the GROA. A function is also programmed to perform a set

of fault analyses, one analysis for a solid fault at each bus.
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2.8 Example

~ In order to demonstrate the effectiveness of the Fault Level Constrained Optimal Power
Flow algorithm it was tested on the following test case.

2.8.1 Topology

1
9.0 MW
4.0 Mvar

Figure 2.7 The 12-bus 14-line test case.

A 12-bus 15-line network has 3 available CELs at buses 1, 10 and 11 (Figure 2.7). It also has
an E/IP to an external network at bus 12. A 15 MW generator is installed on bus 5.1t can
consume or provide up to 10 MVAr of reactive power. The dispatch of its active and reactive
power output is assumed to be done centrally with respect to the optimum allocation of new
capacity (target function (2.23)). The network has a common rated bus voltage level at 33
kV, except for the CEL buses which have a rated voltage of 11 kV and the E/IP bus at 132
kV. The CEL buses connect to the network through 30MVA transformers with fixed tap
ratios 1:3. The E/IP bus connects through a 90MVA transformer with automatic tap changer,
which regulates the voltage within a 2% range of the rated voltage at the low voltage side
~ with a £10% tap range around the nominal tap ratio (1:4). The data of transformers and lines
are presented in Table 2.2. This network was named ‘local’ and the hypothetical external
network connected to it through the E/IP ‘external’.
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Type From bus To bus R (p.u.) X (p.u.) B (p.u.) MVA
transformer 1 2 0 0.3 0 30
line 2 3 0.48 0.3 0.0008 1000
line 2 5 0.24 ~ 0.15 0.0004 14
line 2 6 0.72 0.45 . 0.001 1000
line 3 4 0.64 04 0.001 1000
line 3 6 0.64 04 0.001 1000
line 4 6 0.48 0.3 0.0008 1000
line 4 9 0.66 0.35 0.0009 | 40
transformer 4 10 0 0.3 0 30
line 5 7 0.688 0.43 0.0006 1000
line 6 8 0.768 0.48 0 1000
line 7 0.56 0.35 0.0008 1000
transformer 7 11 0 0.3 0 30
line 8 9 0.768 0.48 0 1000
transformer 9 12 -0 0.1 0 90

Table 2.2 Line and transformer data.

There are 7 loads connected to buses 1, 3, 5, 6, 8, 10 and 11. Table 2.3 includes the details.

Bus number P, MW) Q, (MVAr)
1 9 4
3 1.5 1.2
5 1.2 0.6
6 1.4 0.9
8 1.1 0.9
10 9 4
11 9 4

Table 2.3 Demand characteristics.
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2.8.2 Constraints

Lines 2-5 and 4-9 are constrained by thermal limits of 14 MVA and 40 MVA, respectively.
All other lines are considered to have unlimited capacity (speciﬁeé (2.19)). The E/IP is
assumed to be able to transfer up to 100 MW from/to the external network without affecting
its secure operation (specifies (2.20)). The external network is also capable of providing up
to 60 MVATr of reactive power to the local network and consuming up to 50 MVAr (specifies
(2.21)). A hypothetical governmental policy also restricts the maximum allocated capacity to
200 MW at each CEL (specifies (2.17)). Finally, statutory regulations limit bus \'/oltage
fluctuations to £10 % around the nominal values (specifies (2.16)). Switchgear is tested only
for capacity adequacy, which is 250 MVA at 11 kV, 1000MVA at 33 kV and 3500 MVA at
132 kV (UK standards, [63]). '

2.8.3 Assumptions about Capacity Expansion Locations

It is assumed that all new generators connected at CELs produce power at constant 0.9 -

lagging power factors (specifies (2.18)). It is also assumed that their internal subtransient

reactance increases according to their size between X2,." =15% and X% " =20% on the
generator reactance base. Generators are considered to be small when their capacity is well
below $7“"°" =150 MVA . One Simple way of describing the above assumptions is given
by (2.43), which is graphically reproduced in Figure 2.8. Equation (2.43) is just one examplé
of how the general function f in (2.34) could be specified. If a better or more accurate
function is designed in the future, then it could be easily incorporated into the current

formulation just by updating (2.43).

min min

R

_s¢
' :>ngu_"(Sg)=o.15+0.05-[1—e15°] : (2.43)
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Figure 2.8 New generators’ p.u. reactance with respect to their MVA base.

The subtransient reactance from the generator’s MVA base S* is converted to the overall
system MVA base S, =100 MVA using (2.37), in order to get the final X p_u," p.u. reactance

of the new generator with respect to its capacity:
_Sg

15+5:| 1™

x,,"(s%)=xz5"(s® )ESZ— =X,,"(5%)= — (2.44)

Equation (2.44) was used to produce a graphical representation of the p.u. reactance of new
generators, with respect to the system MVA base (Figure 2.9).
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Figure 2.9 New generators’ p.u. reactance with respect to the system MVA base.

2.8.4 Algorithm-specific settings

The step used for the update of the capacity bounds on CELs was set to 0.01
(specifies (2.42)). It was found adequately small to produce precise results in a reasonable
amount of time (see performance in Sections 2.8.5.1 and 2.8.6.1). So, a step of 0.02
produced final allocations with objective function values 10% lower than the ones achieved
in Table 2.14. Steps smaller than 0.005 required several thousands of iterations and a few
hours before they finally led the algorithm to converge to the solution that respected both
system and network constraints, while very small improvement in efficiency was achieved
(0.01% to 0.2% higher objective function).
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2.8.5 Test case 1: no preferences for locations

In the first test case, such benefit functions are attached to CELs that no preference is
expressed for the allocation of new capacity. The benefit functions have the general form of

(2.11), which is repeated here for convenience:

C,(P)=a P} +b-P,+c wrt abc<0and P,>0

4

Table 2.4 contains the benefit function coefficients for each CEL.

CEL
bus

1 0 | -20 0
10 - 0j-201.0
11 0 | -20 0

Table 2.4 CEL benefit fﬁnction coefficients.

E/IP benefit functions have the general form of (2.12): ‘CT (P.)=a-P’+b- |PT| +c.Table 2.5
presents the benefit function coefficients for the E/IP at bus 12.

E/IP
bus

12 0 | -20 0

Table 2.5 E/IP benefit function coefficients.

2.8.5.1 Results

The initial OPF capacity allocation resulted in excess peak fault currents on the transformers
connecting buses 1-2 and 4-10. The FLCOPF algorithm reallocated capacity at CELs in
order to reduce fault currents within the switchgear specification. Capacity from CELs at
buses 1 and 11 was ‘shifted’ to CEL 10’ and a new optimum was reachéd, which respects
both OPF and fault constraints. The algorithm converged in 300 iterations and about 5
minutes on a Pentium 4. The results are presented in Table 2.6, together with the initial OPF

capacity allocation.
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CEL bu§ Initial OPF allocation (MVA) FLCOPF reallocation (MVA)
1 8.83 . 2.17
10 24.44 30.39
11 15.4 13.06

TOTAL 48.67 45.62

Table 2.6 Allocation of generation capacity at CELs.

The total new capacity was reduced by only 48.67-45.62=3.05 MVA after the FLCOPF
reallocation. The E/IP was set at an export level of 20.62 MW, while providing the local
network with 8.57 MVAr of reactive power. Table 2.7 presents the bus voltage patterns of
the initial capacity allocation (ignoring fault level constraints) and the FLCOPF reallocation.
Figure 2.10 recreates both voltage patterns on contour images superimposed on the test case
- graph. The power flow data of the simulation results were passed to PowerWorld Simulator
[64], which visually recrated the pattern of bus voltage magnitudes. The closer the colour to
blue (brighter in b/w prints), the lower the bus voltage and the closer the colour to red

(darker in b/w prints), the higher the bus voltage.

Voltage (p.u.)
Bus number initial capacity - FLCOPF
allocation reallocation
1 1.087 1.032
2 1.087 1.041
3 1.078 _ 1.050
4 1.082 1.076
5 1.100 1.056
6 1.074 1.049
7 1.093 1.052
8 1.054 1.030
9 0.998 0.996
10 1.100 1.100
11 1.100 1.057
12 0.980 . 0.980

¢

Table 2.7 Bus voltage pattern of the initial and FLCOPF capacity allocation.
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(b)

Figure 2.10 Voltage pattern contours of the initial allocation (a) and the FLCOPF reallocation
(b) of new capacity, superimposed on the test case graph. No locational preferences.
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Figure 2.11 contains the MV A capacity reallocation sequence at the CELs (bus 1, 10, 11) vs.
the iteration number. Finally, line 2-5 and 4-9 transfer 11.71 MVA and 15.13 MVA
respectively, if all new generators operate up to their limits. The tap changer of the
transformer between buses 9 and 12 sets the tap ratio to 1.025, in order to maintain the
voltage at bus 9 (0.996 p.u.) near to the rated voltage of 1 p.u.
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Figure 2.11 Capacity reallocation sequence at the CELs and the E/IP.

Figure 2.12 shows the capacity bounds at each iteration, according to GROA. Figure 2.13
shows how the capacity bounds are updated at the end of each iteration loop.
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Figure 2.12 Capacity bounds imposed by GROA vs. iteration number.
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Figure 2.13 Update of bounds at the end of each iteration loop.
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2.8.6 Test case 2 : locational preferences

In the second test case, the CEL benefit functions express a preference for the allocation of
new capacity at bus 1. Table 2.8 contains the benefit function coefficients for each CEL.
Table 2.9 presents the benefit function coefficients for the E/IP at bus 12.

CEL
b
bus a ¢
1 -30 0

10 0 | -20 0
11 0 | -20 0

Table 2.8 CEL benefit function coefficients, expressing a preference for bus 1.

E/IP
bus

12 0 -20 0

Table 2.9 E/IP benefit function coefficients.

2.8.6.1 Results ' ‘

The initial OPF capacity allocation resulted again in excess peak fault currents on the
transformers connecting buses 1-2 and 4-10. The' FLCOPF algorithm reallocated capacity at
CELs in order to reduce fault currents within the switchgear specifications. The algorithm
converged in 680 iterations and about 12 minutes. The results are presented in Table 2.10,

together with the initial OPF capacity allocation.

CEL bus Initial OPF allocation (MVA) FLCOPF reallocation (MVA)
1 13.66 ) 2.64
10 25.44 30.72
11 11.10 11.66

TOTAL 50.20 45.02

Table 2.10 Allocation of generation capacity at CELs.:
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Capacity from CEL at bus 1 and 11 was ‘shifted’ to CEL at bus 10, so the total new capacity
was reduced only by 50.20-45.02=5.18 MVA. The new optimum respects both OPF and
fault constraints. The E/IP was set at an export level of 20.56 MW, while providing the local
network with 4.93 MVATr of reactive power. Table 2.11 presents the bus voltage patterns of
the initial capacity allocation (ignoring fault level constraints) and the FLCOPF reallocation.

Figure 2.14 recreates both voltage patterns on contour images superimposed on the test case

graph.

Voltage (p.u.)
Bus number initial capacity " FLCOPF
allocation reallocation
1 1.100 1.039
2 1.095 1.047
3 1.080 1.053
4 1.081 1.076
5 1.100 1.063
6 1.073 1.051
7 1.072 1.049
8 1.042 1.027
9 0.986 - 0.987
10 1.100 1.100
11 1.074 1.053
12 0.980 0.980

Table 2.11 Bus voltage patté‘rn of the initial and FLCOPF capacity allocation, when there is a
preference for the CEL atbus 1. .
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Figure 2.14 Voltage pattern contours of the initial capacity allocation (a) and the FLCOPF
reallocation (b), superimposed on the test case graph. Preference for CEL 1.
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Figure 2.15 shows the MVA capacity reallocation sequence at the CELs (bus 1, 10, 11)
against the iteration number. Finally, lines 2-5 and 4-9 transfer 10.34 MVA and 15.04 MVA
respectively, if all generators operate at full capacity. The tap changer of the transformer
between buses 9 and 12 sets the tap ratio to 1.0125, in order to maintain the voltage at bus 9
(0.987 p.u.) near to the rated voltage of 1 p.u.
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Figure 2.15 Capacity reallocation sequence at the CELs and the E/IP.

Figure 2.16 shows the capacity bounds at each iteration, according to GROA. Figure 2.17
shows how the capacity bounds are updated at the end of each iteration loop.
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Figure 2.17 Update of bounds at the end of each iteration loop.
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2.8.7 Analysis of Results

The benefit functions attached to CELs express capacity allocation preferences. Table 2.12

presents the benefit functions used in test case 1 (no allocation preferences) and test case 2

(allocation preference to CEL at bus 1).

No allocation preferences

Allocation preference to a CEL

(test case 1) (test case 2)

CEL bus a b c CEL bus a b c
1 0 20 0 ] 0 30 0
10 0 -20 0 10 0 -20 0

11 0 -20 0 il 0 -20 0

E/IP bus a b c E/IP bus a b ¢

12 0 -20 0 12 0 -20 0

Table 2.12 Benefit functions used in test cases.

Table 2.13 demonstrates how the capacity shifts in the second case from the other CELs to
the CEL at bus 1, because it has a benefit function with higher coefficients. It also includes

the total capacity allocated in each case and the real power exported to the E/IP at bus 12.

CEL
b No allocation preferences Allocation preference to CEL at bus 1
us
1 2.17 MVA 2.64 MVA
10 30.39 MVA 30.72 MVA
11~ 13.06 MVA 11.66 MVA
Total 45.62 MVA 45.02 MVA
E/IP at '
20.62 MW 20.56 MW
bus 12

Table 2.13 Capacity allocation and transfers to E/IP in the two test cases.

When there are no preferences, the allocation mechanism results in the maximum possible

total new capacity, so that the overall benefit is maximised. In the second case, the reduction

of total new capacity is connected to the effect preferences have on the OPF target function
(see (2.23)). Capacity on CEL at bus 1 has higher negative cost (benefit) per MVA than
other CELs and exports at E/IP. The second case favours the allocation capacity at the first
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CEL and this works against the allocation over the other CELs and the total capacity. In
Table 2.14, the total benefits for the two test cases are calculated.

, . Allocation preference to CEL at bus
No allocation preferences 1
MW
CEL MW:allocated
Benefit/MW | Benefit allocated Benefit/MW | Benefit
bus P=cosp-S .
) P=cos¢g-S
1 1.96 20 39.2 2.38 30 71.4
10 27.35 20 547.0 27.65 20 553.0
11 11.76 20 235.2 10.49 . 20 209.8
- E/TP at
. 20.62 20 4124 20.56 20 411.2
bus 12
TOTAL > 1233.8 > _ 12454

Table 2.14 Calculation of total. benefits for both test cases.

Even though the case with allocation preference results in higher total benefit (value of OPF
target function), the total capacity is reduced (see Table 2.13). The case with allocation
preference results in higher total benefit (value of OPF target function), as expected due to
the higher marginal benefit from the allocation at CEL 1. Evidently, when preferences exist
there is a trade-off between higher allocation of capacity at the ‘preferred’ CELs and total

new capacity.

Exports roughly represent the excess capacity in the local network: the difference between

total new capacity and demand. Hence, when total capacity increases exports follow.

2.9 Chapter summary

In this Chapter a method is developed for the incorporation of constraints imposed by
switchgear equipment (Fault Level Constraints or FLCs) on the optimal allocation of new
generation capacity. The method was termed Fault Level Constrained Optimal Power Flow
(FLCOPF), because it uses the OPF as a tool for the optimal allocation of new capacity. OPF
is a well-know operating tool in power systems. However, here a method of modelling new
generation capacity is presented, so that OPF can also be used to optimally allocate new
generation capacity. In other words OPF is used as generation expansion planning, rather
than operation planning tool, in the sense that it determines optimal size and location of new

generating plants. New generation capacities are. simulated as generators with quadratic
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benefit functions with negative coefficients. These generators are connected to
predetermined locations in the network, with the output of generators simulating the
allocated capacity at those locations. Benefit function coefficients represent preferences for
the allocation of new capacity between locations.

The method is iterative and contains three discrete steps, which gradually ‘shift’ the
allocation of capacity towards a solution which respects both network and FLCs. In the first
step, OPF allocated new capacity ignoring fault levels. Then, fault analyses determined
which switchgear would exceed its operational specifications under a possible fault at each
system bus. In the second step, a Generation Reduction Optimisation Algorithm (GROA)
reduced new capacity at CELs in order to maximize total new generation capacity with
respect to the FLCs imposed by that equipment. The subtransient reactance of new
generators was estimated as a function of their capacity using an approximate formula (see
Section 2.8.3). The lower the new synchronous generation capacity, the higher the

subtransient reactance and the lower the fault current. The opposite is also true.

It was assumed that bus voltage patterns do not change much during the optimisation
procedure of GROA. Therefore, GROA did not directly set the new upper bounds for
capacity in OPF, but pointed the direction which these bounds had to be reduced. So in the
" third and last step, the new upper capacity bounds at CELs were estimated as a function of
the bounds identified by GROA and the last OPF allocation. At the next iteration, the OPF
reallocated capacity subject to the new bounds. The iterative process converged to the
optimum when there was no significant change of the capacity bounds between iterations
and no FLCs were violated. '

FLCOPF was tested on a simple 12-bus, meshed, MV network. FLCOPF found the optimal
solution for the capacity allocation problem, subject to both network constraints and
restrictions imposed by switchgear fault ratings. Furthermore, it vs\'as proven that there is a
trade-off between higher allocation of capacity at the preferred locations and total new
capacity. A comparison between the initial allocation (which ignored FLCs) and the
FLCOPF reallocation of capacity (which considers FLCs) demonstrate that FLCs affect the
final allocation of capacity at a considerable extend.

Unfortunately, there are two limitations to the approaéh: FLCOPF needs several hundreds of

iterations, even for the small 12-bus network, to converge to the final solution and the

iterative nature of this method cannot guarantee global optimality for the final solution.
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3. DIRECT INCORPORATION OF FAULT LEVEL
CONSTRAINTS IN OPTIMAL POWER FLOW AS A
TOOL FOR NETWORK CAPACITY ANALYSIS

3.1 Introduction

Section 2.7 describes how new generation capacity can be modelled and adapted to an
Optimal Power Flow (OPF) formulation, so that OPF can be used for the maximisation of
total new capacity in an existing network. However, the current formulation does not include
the constraints imposed by fault levels in the system constraints. Consequently, the
conventional form of OPF as a tool for network capacity analysis also ignores the impact new

generation has on fault levels. -

In Chapter 2, a three-step iterative process is used so that fault level constraints are considered
in the final capacity -allocation. First, OPF allocates new capacity ignoring fault levels. Fault
analyses determine which switchgear will exceed its operational specifications under a
possible fault at each system bus. Then an optimisation algorithm, named Generator
Reactance Optimisation Algorithm (GROA), reduces new capacity at the Capacity Expansion
Locations (CELs) in order to maximise total new generation capacity with respect to the fault
level constraints imposed by that equipment. GROA utilises formula (2.37) in Section 2.7.4 to
estimate the p.u. subtransient reactance of new generators with respect to their capacity. Here,
it is repeated for convenience:

Sy

- (3.1)

x,."(s*)=7(s*)

The higher the new capacity S*, the lower the subtransient reactance X p_u_" and the higher

the expected fault currents (see Section 2.7.4 for justification). The opposite is also true.
However, it is assumed that bus voltage patterns do not change much during the optimisation
procedure of GROA. Therefore, GROA does not (iirectly set the new upper bounds for
capacity in OPF, but points the direction which these bounds must be reduced. In the last step,
the new upper capacity bounds at CELs are estimated as a function of the bounds identified
Hy GROA and the OPF allocation of the first step. At the next iteration, OPF reallocates
capacity subject to the new bounds. The iterative process converges to the optimum when
there is no significant change in the capacity bounds between iterations and no fault level

constraints are violated.

In this Chapter, a different approach is presented for the direct incorporation of fault level
constraints in OPF. A mathematical methodology is developed for the conversion of
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constraints imposedlby fault levels to simple non-linear (inequality) constraints. No new
variables are introduced in the OPF formulation to describe the additional constraints. Most
common OPF-solving engines already have the computational capacity to handle numerous
non-linear constraints, such as the ones described by the power balance equations (1.10) on
buses. Therefore, once fault level constraints are converted to non-linear constraints described
by OPF variables, they can be directly introduced to any optimisation process performing the
OPF. This new approach was termed Direct Fault Level Constrained OPF (D-FLCOPF). As it
will be proven later in this Chapter, grouping fault level constraints together with the rest of
the system constraints has several advantages in comparison with the method presented in the
previous Chapter which converted them to restrictions on new capacity.

3.2 Defining the problem

Practically, ‘fault level constraints’ refer to the operational limitations of switchgear
equipment during a fault. If the specifications of the equipment are not adequate to clear or
isolate a fault, then not only the equipment itself will be possibly damaged, but the operation
of a broader part of the power system will become insecure. Generally, it is the magnitude of
a fault current which is compared with the specifications of the switchgear equipment. For
example, in Section 2.6.9 two basic specifications of switchgear were described: éapacity and
breaking capability. They both set limits to the magnitudes of fault currents that the
.switchgear can securely break. Therefore, the analysis will be focused on the magnitudes of

fault currents, rather than their complex values. The magnitude of the expected fault currents

|1,fj| must comply with the maximum allowed by the specifications|/_, |, such as the one
described by the switchgear breaking capability in (1.26):
12| < e & 1|~ [Epee| < 0 __ (3.2)

In order to directly include fault level constraints in OPF, a mathematical expression must be
found first which can link the expected fault currents with the OPF variables. These variables
are:

|K| : voltage magnitude of bus i.

I;; : voltage angle of bus i.

P# : real power output of generator G.

Q* : reactive power output of generator G.
The fault current running through a line with serial impedance Z, ; between buses / and j for a
fault on bus f'is given by (1.9), which is repeated here for convenience:
_Vi=V,-(FSF,,~FSF,, )V, V,~V,~FSF}V,

Zij 2

I/,

L

(3.3)
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V., V;, V, are the voltages of system buses i, j, /. They are explicitly described in magnitude

~ 2. ,—2Z.
and angle by the OPF variables |V,|, ¥, , where k=i, j, /. On the contrary, FSF/, = %
7f

depends on three elements of the Z,, (z; 7o Zigs 20 which are not directly connected

with any of the OPF variables. If OPF is used in its conventional form to identify the most
economic operating point of generation to cover the demand, then generators have specific

impedances and Z,, is constant. However, if the OPF is utilised for the allocation of new

bus

capacity, then the generators’ size is not specific. The Z, _ is a function of the new capacity
and so is FSFi’fj and the expected fault currents. This last case is discussed in the next

Section.

3.3 Connecting expected fault currents with new generation
size

In D-FLCOPF new generation and export/import point t;) external networks are modelled
exactly the same way as in FLCOPF (see Section 2.5.1). Equation (2.37) estimates the

subtransient reactance of new generators according to their capacity. While a change in a o

generator’s reactance linearly affects one element of the Y, (the one connecting the bus of

old change

the generator G with the reference bus: yig =yii+yic© ), it non-linearly alters all

elements of the Z,,, =Y, ~'. If fault level constraints are ignored, changes of the reactances of

bus

new generators have no impact in the OPF operation for the allocation of ’new capacity. In this
case OPF uses only the non-diagonal elements of the Y,  to solve the sequence of power
flows leading to the optimum. However, the allocation of new capacityl changes the Z, .
FSF}fi is a function of elements of the Z, , thus the expected fault currents are also a
function of the same elements according to (3.3). Consequently, the problem of direct
inclusion of fault level constraints in OPF focuses on the expression of Z,,, as a function of
new capacity. A

ZO

bus

is the impedance matrix of the existing power 'system (without any new capacity added),
built element-by-element or calculated as the inverse of the initial admittance matrix Y, . The
subtransient reactance of a new generator on bus G/ affects the diagonal element yg, ;, of the
Yo :
Y S (G4
Yeie1 = Yaio1 T (3.4)
JXa ' .

where jx,," is the reactance of the new generator. Equatién (3.4) practically describes the

modification to an element of the initial matrix ¥°

bus *
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-

The Sherman-Morrison-Woodbury (S-M-W) formula [65], [66] calculates the elements of the

new inverse of a matrix after one element is modified, given the inverse of the initial matrix

and the modification:

_ b, bs,Aa, s
1+b,Aa, ¢

rk T Yrk

(3.5)

where B is the new inverse matrix, b is the old inverse matrix, Ag,; the modification of

element L, S and a is the initial matrix with a,b, Be R™.

Sherman, Morrison and Woodbury tested their formula on matrixes consisting of real
numbers. However, numerical tests with several matrixes consisting of random complex
numbers showed that its use can be extended to impedance matrixes, too. Such a simple
numerical example with matrixes consisting of random complex numbers is included in
Appendix A.l. Therefore, according to (3.5) the elements of the new impedance matrix can

be calculated for a new generator on bus G/ with subtransient reactance jx," :

1
Z, 61261k~ ,
1 _ o JX61
Z, 4 —zr,,‘——_-—-—1 ' (3.6) .

1+ 256 —

JX61
Whenever a new generator (n+1) is added on bus G(n+1), similar numerical calculations to

(3.6) directly give the impact the new subtransient reactance has on the Z,, , with respect to

the modified Z

us 2

from the addition of generator # on bus Gn:

bus

1
Z, G(n+1) " ZG(nenk T . _
n+l n JXG(n+1)
Zr,k = Zr,k - 1 (3'7)
14 ZG ) 60ty — "
j,xG(n+l)
1
2 G(n+l) " ZG(n+1)k S
. b
’ '(3 1) sl " .]Xrypical Sn+1
Subsequently, 3.7 ——">z" " =2, - 3.8
r.k r.k 1
1+ ZG(n+1),G(n+1) . S,
jXO’PiCﬂ[ Sn+l

This way of updating the Z, , each time OPF allocates new capacity on a bus, shares two

' importaht features. Firstly, a serious computational burden is avoided, especially for modern,
largely interconnected networks consisting -of thousands of buses and tens of thousands of

transmission lines. There is no need to invert the new Y, or build the Z,  element-by-

bus
element from scratch each time the capacity allocation is changed and the impact on the
expected fault currents has to be re-estimated. Secondly, the S-M-W formula computes any
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element of the new impedance matrix with respect to the size of new generation. The

mathematical formulation of the impact new capacity has on the Z,,, is achieved.

Furthermore, the reactive power capability curves of several types and sizes of generators can
be collected from major constructors that will be possibly preferred by the generator

investors. From each curve the MVA rating of the generator is extracted and a new curve

St (Pg) is created, which will connect the MVA rating S of new generators with their rated

routput P¢ in MW,

Alternatively, the MVA rating S® of generators can be estimated from their rated power P*
and rated power factor p.f. The rated p.f does not change much between different sizes and
models (for most synchronous generators the rated p.f. is around 0.8). Therefore, a function of*
MVA ratings of generators can be created with respect to their rated MW output divided by a
constant typical p.f:

. p
p-f.

s¢(P*)= (3.9)

. z .z A Pn+l
Consequently, (3. 8)—)2:';1 =z - rGll) " Otk — (3.10)
.]Xiypical p.f S, + ZG(n+1),G(n+1) -P

_The rated power P# is also a variable in the OPF when it is used to allocate new generation -
capacity. In other words, I managed to link FSEfj , a function of Z,  elements, to the OPF
variables P?,Q* (since capacity Qf = (Sg )2 —(Pg )2 ). Equation (3.3) is now fully defined

by the OPF Xarlables Since fault levels became a function of the OPF variables, they can be

dlrectly added to non-linear system constraints:
G2 |11Vl Vol VooV P PO 01 )| -

spec
, where n is the number of system buses and £ is the number of generators.

<0 (3.11)

3.4 Calculating the derivatives of fault level constraints

The solution of Nonlinear Programming problems is generally achieved .in an iterative
manner. In each iteration a direction of search towards the global optimum has to be
estimated. This means that the derivatives of all non-linear equality and inequality constraints
must be calculated with respect to each OPF variable. The derivatives for the traditional non-
linear constraints contained in the OPF are calculated in the Appendix A.3. In the next
Sections, the calculations of the derivatives for the new nonlinear constraints will be briefly -
presented. The derivatives are calculated for the magnitude of a current running through a line

with impedance Z, ; from bus i to bus j for a fault on bus f, with respect to the OPF variables.

The detailed calculations are demonstrated in the Appendix A.2. .
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3.4.1 Derivatives of fault currents with respect to bus voltages

The voltages V;, V;, V,, as well as the FSF,._fj can be expressed as a sum of a real and an

imaginary part:
V.=Vi+j-V? (3.12)
V.=V +jV} _ (3.13)
V,=Vi+j-V] . | (3.14)
FSF/ = FSF =FSF* + j-FSF’ (3.15)

(3.12),(3.13)
(3'3) G196

V-V~ FSF*-V: +FSF* -V} +(V; =V} —FSF? -V “FSF*-V})- j

1l = ~ (3.16)
Z. .
L7
Let x=V -V -FSF*-V; +FSF* -V} (3.17)
and y=V? -V —-FSF” .V} —FSF*-V} (3.18)
i) or _NXHY ‘
(316)—gm— 1, = (3.19)

The chain rule can be used to calculate the desired derivatives as a function of two
derivatives, which are easier to calculate:

dlif)| _d|tf)| av;
ay] = av; dp]
. =d|1'{’ A (3.20)
dp| i dp| |
d|r/, _d|1,{, dv;
dy,|  av; 4y,

av; _d(|¥]-cosg)
apl - dp

d
similarly, d—’ =Cos@; (3.21)

and —|7f;| =CcosQ,

where ¢, ¢,, ¢, are the voltage angles of buses 7, J, /.
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L)
zij

|t/ | 1 dy )
A T e
dl 0 (e a)

similarly a’VJ: _llifj|‘|5,-,,~|2 dej, +dejx

s 3

and i{lﬁsz L

s |Ii,j|'|2i,j| vy Vs

3411 If f#i and f#

e With respect to bus voltage magnitudes:

dx "_1
dv-
dy
' = tan @.
v e

i

dliz] [ e yetang,

3.21),(3.22
(3.20) 2;)(3.24) g dfv) - |I{j|'|§i,j|2

cos @,

Similarly, ax =-1

J

Thus, (3.20) (] ) d|1”| Xy lang, cosg;

(3:26),(3.27) d|V | |I,fj| . |Z,.'j lz

Similarly, %=—FSF‘ +FSF” -tang,

Y _FSF’ - FSF*-tang,
vy

(3.21),(3.22)
Thus (3 20) (G2).(330)

d|t/)| | -x-(-FSF* + FSF” -tang, )+ y-(~FSF” ~ FSF* -tang, )
) )l

cos@,

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

(3.27)

(3.28)

(3.29)

(3.30)

3.31)
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e With respect to bus voltage angles:

d|tf)| _d|tf)| av;
d(pi B dV,x . d¢:
ditty| _dltl)| av;
d¢j dijx d(ﬂ,
dltf)| d|il)| av;
d(pj B dI/,x d¢l
dV;x _ d(|V,|COS¢.) _ —|V’."Sin¢i
do, do,
~ similarly ; =_|Vf|Sin¢f
i
av;
and L —_|v |sing,-
2 fins,

S
(3.32) (3:22),333) d|1i’j| =_'

(323)(328) ~ do,

(3:32)

X+ y-tang, .
N }"

s

(322)(333) dlli,jl_ x

(326),327) * -
do;

air]
Vil

(322)(333)
(326),(327) 7

(3.32)

x+(~FSF* + FSF”’ -tang, )+ y-(~FSF’

- FSF* -tanqof)

+y-tan(fj].|[/}|-sin¢j

1.1z
]',j| |2i,j|

2
f ~
3] 2.

}|Vf|-sin¢f

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)
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3442 If f=i

e Calculation of derivatives with respect to voltage magnitudes:

dx =1-FSF* + FSF” - tan g, 3.37)
avy .
A _ tanq)(l FSF*)~ FSF” | - (3.38)
avy ’

(3 20) (321),(3.22)

(3 37),(3.38)

: d|1,.{, _ x-(1-FSF* +FSF’-tan¢i)+y-(taﬁ¢i ~ FSF* —FSF* -tang,)

= — cosg, (3.39)
) T HIRS
similarly, dﬂx—=—l (3.40)
j
p d(V? -V -tang, — FSF”.-V} — FSF* -V '
and dy = ( : il . - )=—tango. (3.41)
dl/jx dI/Jx J
' ‘ d|I/;| —x-y-tang,
_ Thus, (3.20) 82))(8121; > d||Vj| |I | | | cosg; ‘ (3.42)
J 2
Since f=i : d‘ff; = ddl;j" él—FSF’ + FSF’ -tang, J (3.43)
dy _ dy _ x
and v v =tang, -(1- FSF*)- FSF” (3.44)
Thus, (3.20)—5363—
d 1 FSF* + FSF” -t +y(t — FSF? — FSF* -t
1 ngy)+ y{tang, - i) )COS'(of (3.45)
I f|‘_ | ,-,j”Z,-,,l
e Calculation of derivatiQes With respect to voltage angles:
dlI,.{j d|1 l dV'  smyem) |
d o, dV;x d qo’ (337),(338) ~ ‘
dlty)|  x(1- FsF* + Fsp? -tang,)+ y(tan g, (1- FSF*) - FSF”)
CL. [V]-sing, (3.46)

@ AR

S/ f x
dlli,j _ dlli,jl ) av; (3.22),(333)
d¢j dI/].x d¢j (3.40),(3.41)

y
7
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d|1,,| x+y-tang,
40, il el

lV | sing; (3.47)

dltf| _d|t| av;  men |
d(ﬂf - de d¢f (343).(3.44) 7

|t/ _ x(1-FSF* + FsF>- tang, )+ y(tang, (1- FSF*) - FSF’
@ [ |2w|

| sing, (3.48)

3413 If f=j

e Calculation of derivatives with respect to voltage magnitudes: -

dx x
a7 =-1- FSF* + FSF’ -tang, (3.49)
dy .
a7 =—tang, (1+ FSF*)- FSF’ (3.50)
(3. 20)—8%
Ld|i/, —1—FSF* + FSF” -t tang, (1+ FSF*)+ FSF”
| | anes ) ( an(pj( ) )cosqoj 3.51) -
ap| S
dx
— - 2
7z 1 _ (3.52)
dd;:x =tang, (3.53)
d|1! '
(3.20) G202, d||V’|| ”jy P cosg, (3.54)
(AR
o d A y o
Since f=j : dV;_de" 1- FSF* + FSF 'tan(of (3.59)
dy _dy __ [ —
and v av; tang, — FSF” — FSF” -tang, - (3.56)
(3.20)—8%8—1?)—»
dlr, —1— FSF* + FSF” -t tang, (1+ FSF*)+ FSF* .
| | an("f) - ( n‘(Pf( ) )cosgof (3.57)
| fI II,-,,-HZ,-JI

e Calculation of derivatives with respect to voltage angles:
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dif| A a7 s
dy; vy dy; (349),(3350) ~

J J

d|i7)| _ x(~1-FSF* + FSF* tan g, ) - y(tang, (1+ FSF* )+ FSF”)

] lsne o
iJj i
dili{j _d|1i{j|.dV,-x (322),(333) .
d§0,~ - dV,.x d(P,- (3.52),(3.53) 7
dll,{-'_ x+y-tang, .
TR R o
dl‘{{j _d|1i{j|_dV; ©(3.22),(333)
d¢f _' dex d(pf (3.55).(3.56)
S . 1 x\_ x
dlii‘jlzx(FSFy’tan% 1- FSF*)- y(tang, (1+ FSF )+FSFy)|Vf|-sin(0f 560

-2
@ R AR
According to (3.3), the derivative of fault currents with respect to buses voltages different

than i, j, f is zero. Obviously, the derivative of the magnitude of the fault currents with

respect to those voltages is also zero.

3.4.2 Derivatives of fault currents with respect to real and reactive
power of generators

If PC is the real power, Q° is the reactive power and jY. the subtransient, transient or

steady state admittance of generator G, then:

djif) _d|t)| ay, as®

3.61
dP®  dY, dS® dp° (3.61)
diI’| d|r/, ds®
- and | = | "’|-dYg-dSG (3.62)
d0°  dY, ds® dp
d|I’.
Li=...simi1ar to the calculation of (3.22)...= 1 = (x dx +y & J (3.63)
dy; |]gj||§i’j| dy, dy;
x y
dx L dFSE", dFSF G.60)
ax, ar, 7 ay, ~
N ¥y X .
b dFSEY _, dFSF (365
. ay, ax, ay,
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dFSF* dFSF

=R (3.66)

dy; dy,

y

dFSF” _ ] dFSF (3.67)

dy, dy;

. . . dFSF .
where R and I are the Real and Imaginary parts of a function, respectively, and 7 is
. G

unknown and has to be calculated.

A change to generator’s admittance jAY, is assumed. According to the S-M-W formula, any

" is given by the equation:

bus

element k, A of the new inverse matrix Z

' ZeG 2o J DAY

Z 4 =2,,— 3.68
x,A KA 1+ZG’G jAYG | ( ‘ )
, Z, .25 J - AY,
For k=i and A=f : (3.68)= 1z, =z, -8 2o/ 200 (3.69)
' ' ; l+z;4-j-AY;
' R Y Z;6°% ]AYG ‘
For k= and A=f : (3.68)=> =z, /=2, —22-°/ 3.70
j ‘ f ( ) X i S 1+ZG,G ]AYG ( )
C o, Z,5°2c ] AY,
For x=f and A=f : (3.68)=> z,, =z, , ——L& S 3.71
4 f : (3.68) 1 T T ) A, (.71
If FSF’ is the FSF after the change to the generator’s admittance, then:
FSF' = Zir TZ2j5  (3.69)(3.20),(3.71) ,
Zsrs .
A-u—-k)-AY. + 4
ppr = (AT #K) AL (3.72)
T ump)ar, iz
where A=Zi,j_zj,f’k=(zi,c_zj,G)'zG.f'j,.uzzG,G'j’gzzfvf’ p:zf’c.zG’f-j
Using the definition of derivative:
‘_ @n) p.g_4.
dFSF lim FSF'- FSF =_k E-4A P_c G.73)

dY, sG>0 AY, &2

where k, & A, p are calculated for the current generator set-up (YGI,YGZ,...) ,s0 Cis a

constant.
(3.63) (36(63)6(‘;)6(73)6(53)73) > _
dli/,| x-(-v;-R(C)+7}-1(C))-y-(V;-1(C)+V}-R(C)) : (3.74)
s [ ,.{j]-|2i‘j|2 |
1 (3.1 SG
= (3.75)

XG” (=3§)—f(SG)-Sb
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- dr(Ss®

ds°®
s s(s) (3.76)
as” i) s, [1(s)]
ds® d(P°/pf) 1
aP°  dP°  p.f. (3.77)
d|1,.{j| (3.1,(3.74) '
dpP° = (3.7=6),(T77)"'
o d(5°) o \ (3.78)
_s 250 -f(s )x(—V;R(C)+V;I(C))—y(V;I(C)+nyR(C))
S,/ (SG)]2 | p s |Ef
ds® 1
do° S, -sin(acos(p.f)). (3.79)
dll'{fl (3.62),(3.74)
dQG (3.7=6;3=.79)“' |
157 | (3.80)
_ S° d(SG )_f(SG) x(—V;R(C)+ nyl(c))_y(V;I(C)+nyR(C)) .
S, [f(SG )]2 sin (acos(p.f,))|1i{j”2iyjlz

3.5 Decreasing the number of fault level constraints in
capacity allocation

Theoretically, there are as many fault level constraints as the combination of the number of
buses which can potentially accommodate a fault and the pairs of fault breaking equipment
at the end of each line: '

’ Mpye =21, 1y . (3.81)
where 7, is the number of fault level constraints, n, is the number of system buses and
n, is the number of lines. For example, for a small 12-bus-15-line network there are
P =2-12-15=360 constraints! In order to reduce the computational burden caused by the

large number of additional constraints during the solution of the OPF, a method which
identifies the ‘binding’ constraints for the final solution was developed. The number of fault
level constraints, which are finally included in the OPF narrows down to a small fraction of

its theoretical value. The detailed description of the method follows.

The target is to create a list of ‘active’ fault level constraints, which will contain only the
constraints which are binding for the optimum capacity allocation. From all the fault level
constraints only the ones in the list will be added in the group of system constraints during
the solution of the final OPF. Initially, the list is empty, so a first OPF allocates new capacity
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ignoring fault level constraints. Then, a fault level analysis is performed. If no constraints are
violated the solution is accepted as the optimum and the method ends. Otherwise, any
violated fault level constraints are added to the list of active constraints. OPF reallocates
capacity, subject to the list of active constraints and the rest of the system constraints. The
process repeats itself until no new fault level constraints are violated. The method was
termed Fault Level Constraints Reduction Method (FLCRM). The algorithm is presented in
the following flowchart (Figure 3.1).

List of Active Fault
Leve! Constraints
Blank

Solve Fault Level
Constrained OPF

h 4

Perform Fauit Level
Analysis

- Fault Level
Constraints Violated
?

Accept
Solution

Add Violated Constraints to
the List of Active Fault Level
Constraints

Figure 3.1 Selection of ‘active’ fault level constraints using FLCRM.

3.6 Example
In order to demonstrate the new method (D-FLCOPF) and compare results with the previous

approach (FLCOPF) the same test case will be used. New generators and exports/imports to
external networks are modelled as in FLCOPF (see Section 2.5.1).
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3.6.1 Topology

A 12-bus 15-line network (Figure 3.2) has 3 available CELs at buses 1, 10 and 11. It also has
an E/IP to an external network at bus 12. A 15 MW generator is installed on bus 5. It can
consume or provide up to 10 MVATr of reactive power. The network has a common rated bus
voltage level at 33 kV, except for the CEL buses which have a rated voltage of 11 kV and
the E/IP bus at 132 kV.

9.0 MW
4.0 Mvar

Figure 3.2 The 12-bus 14-line test case.

The CEL buses connect to the network through 30 MVA transformers with fixed taps. The
E/IP bus connects through a 90 MVA transformer with automatic tap changer, which
regulates the voltage within a 2% range of the rated voltage at the low voltage side with a
+10% tap range around the nominal tap ratio. The electric characteristics of transformers and

lines are presented in Table 3.1.
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Type | [Rpu)|X@u)|BEu)| Mva
bus | To bus
transformer 1 2 0 0.3 0 30
line 2 3 048 0.3 | 0.0008 junconstrained|
line 2 5 0.24 | 0.15 |0.0004 14
line 2 6 0.72 0.45 .| 0.001 |unconstrained|
line 3 4 0.64 0.4 0.001 [unconstrained
line 3 6 0.64 0.4 0.001 [unconstrained
line 4 6 0.48 0.3 | 0.0008 |unconstrained
line 4 9 | 0.66 0.35 |0.0009 40
transformer | 4 10 0 0.3 0 30
line 5 7 0.688 | 0.43 |0.0006 junconstrained
line 6 0.768 | 0.48 0 [unconstrained|
line 7 0.56 0.35 |0.0008 [unconstrained
transformer 7 11 0 0.3 0 30
line 8 9 0.768 | 0.48 0 [unconstrained
transformer | 9 12 0 0.1 Ov 90

Table 3.1 Transformer and line characteristics.

Loads consume constant complex power on buses 1, 3, 5, 6, 8, 10 and 11. Table 3.2
demonstrates the electric demand in MW and MV Ar of the loads.

Bus number | 2, MW | O, MVAr

1 9 | 4
3 1.5 1.2
5 1.2 0.6
6 1.4 0.9
8 1.1 0.9
10

11

" Table 3.2 Demand characteristics.

This network is termed ‘local’ and the hypothetical network connected through the E/IP as

‘external’.

68



Direct Incorporation of Fault Level Constraints in Optimal Power Flow as a Tool for Network Capacity Analysis

3.6.2 Constraints

Line 2-5 is constrained by a thermal limit of 14 MVA, 4-9 by a thermal limit of 40 MVA,
while all other lines are considered to have unlimited capacity. The E/IP is assumed to be
capable of exchanging up to 100 MW with the external network without affecting its secure
operation. The external network is also capable of providing up to 60 MVAr of reactive
_power to the local network and consuming up to 50 MVAr. A hypothetical government
policy restricts the maximum allocated capacity to 200 MW at each CEL. Finally, statutory
regulations limit bus voltage fluctuations to +10% around the nominal values. Switchgear is
tested only for capacity adequacy, assuming 250 MVA at 11 kV, 1000 MVA at 33 kV and
3500 MVA at 132 kV, which are typical UK ratings.

3.6.3 Assumptions about Capacity Expansion Locations

As in the example used to test FLCOPF, all new generators connected at CELs are assumed
to produce power at constant 0.9 lagging power factors. They have an internal subtransient
reactance between 15% and 20% on the generator reactance base, so (2.44) gives their p.u.
reactance with respect to the size of the new generator. Equation (2.44) is repeated here for

convenience:

_s8 v N
15+5- 1—e15°J
X,. (%)= (3.82)

Sg

3.6.4 Test case 1: no preferences for locations

In the first test case, such cost functions are attached to CELs that no preference is expressed
for the allocation of new capacity. This is implemented by applying the same benefit
function coefficients (see Table 3.3) for each CEL (specifies (2.11)).

CEL
bus

1 0|20 o0
10 [o[-20] o
M [o]20] o0

Table 3.3 CEL cost function coefficients when no preferences are expressed.
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Table 3.4 presents the cost function coefficients for the E/IP at bus 12 (specifies (2.12)):

ENP
bus

12 0| -20 0

a b c

Table 3.4 E/IP cost function coefficients.

3.6.4.1 Results

The FLCRM was performed, in order to add the ‘active’ fault level constraints only in the D-
FLCOPF. The initial OPF capacity allocation resulted in excess peak fault currents on the
transformers connecting buses 1-2 and 4-10. Only these two fault level constraints were
included in the D-FLCOPF algorithm. D-FLCOPF reallocated capacity at CELs in order to
reduce fault currents within the switchgear specifications in less than 5 seconds for a 1.7GHz
CPU. The new allocation of capacity did not violate any new fault level constraints, so the
solution was accepted as final. The results are presented in Table 3.5, together with the initial

OPF capacity allocation.

CELbus | Initial OPF allocation (MVA) | D-FLCOPF reallocation (MVA)
1 8.83 _ 0.00
10 24.44 26.79
11 15.40 ~19.88

TOTAL |- 48.68 | 46.67

Table 3.5 Allocation of generation capacity at CELs.

- Capacity from CEL at bus 1 was ‘shifted’ to CEL at bus 10 and 11, so the total new capacity
was reduced only by 48.68-46.67=2.01 MVA. The new optimum respects both OPF and
fault constraints. The E/IP was set at an export level of 21.34 MW, while providing the local
network with 8.29 MVAr of reactive power. Table 3.6 presents the bus voltage pattverns of
the initial capacity allocation (ignoring fault level constraints) and the D-FLCOPF
reallocation. Figure 3.3 recreates both voltage patterns on contour images superimposed on

the test case graph.
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Voltage (p.u.)

Bus number initial capacity D-FLCOPF

allocation reallocation
1 1.087 1.033
2 1.087 1.045
3 1.078 1.050
4 1.082 1.070
5 1.100 1.067
6 1.074 1.051
7 1.093 1.088
8 1.054 1.045
9 0.998 0.996
10 1.100 1.090
11 1.100 1.100
12 0.980 0.980

Table 3.6 Initial and D-FLCOPF capacity allocation, when there is no preference for any CEL.
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Figure 3.3 Voltage pattern contours of the initial capacity allocation (a) and the D-FLCOPF
reallocation (b), superimposed on the test case graph. No preferences.

Finally, line 2-5 and 4-9 transfer 13.55 MVA and 14.22 MVA, respectively, when all new
generators operate at full capacity. The tap changer of the transformer between buses 9 and
12 sets the tap ratio to 1.025, in order to maintain the voltage at bus 9 (0.996 p.u.) near to
rated.

3.6.5 Test case 2 : preference for specific CEL

In the second test case, such cost functions are attached to CELs that a preference is
expressed for the allocation of new capacity at bus 1. Table 3.7 contains the cost function
coefficients for each CEL.

ch: a b c
1 0 | -30 0
10 0 | -20 0
11 0 | -20 0

Table 3.7 CEL cost function coefficients, expressing a preference for bus 1.
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Table 3.8 presents the cost function coefficients for the E/IP at bus 12.

E/NP
bus

12 0 | -20 0 v

Table 3.8 E/IP cost function coefficients.

3.6.5.1 Results

Again, The FLCRM was performed in order to add the ‘active’ fault level constraints in the
D-FLCOPF. The initial OPF capacity allocation resulted in excess peak fault currents on the
transformers connecting buses 1-2 and 10-4. Only this fault level constraints were included
in the D-FLCOPF algorithm. D-FLCOPF reallocated capacity at CELs in order to reduce
fault currents within the switchgear specifications in about 6 seconds for a 1.7GHz CPU. The
new allocation of capacity did not violate any new fault level constraints, so the solution was
accepted as final. The results are presented in Table 3.9, together with the initial OPF

capacity allocation.

CEL bus Initial OPF allocation (MVA) D-FLCOPF reallocation (MVA)
1 13.66 . . 27.00
10 25.44 . , 12.72
11 ' 11.10 0.00

TOTAL - 50.20 ' 39.72

Table 3.9 Allocation of generation capacity at CELs.

Capacity from CEL at bus 10 and 11 was ‘shifted’ to CEL at bus 1, so the total new capacity
was reduced by 50.20-39.72=10.48 MVA. The new optimum réspects both OPF and fault
constraints. The E/IP was set at an export level of 14.75 MW, while providing the local
network with 11.21 MVAr of reactive power. Table 3.10 presents the bus voltage patterns of
the initial capacity allocation (ignoring fault level constraints) and the FLCOPF reallocation.
Figure 3.4 recreates both voltage patterns on contour images superimposed on the test case

graph.
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Voltage (p.u.)

Bus number initial capacity D-FLCOPF

allocation reallocation
1 1.100 1.100
2 1.095 1.080
3 1.080 1.046
4 1.081 1.029
5 1.100 1.068
6 1.073 1.034
7 1.072 0.991
8 1.042 0.996
9 0.986 0.981
10 1.100 1.033
11 1.074 0.979
12 0.980 0.980

Table 3.10 Bus voltage pattern of the initial and D-FLCOPF capacity allocation, when there is a
preference for the CEL at bus 1.
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(b)

Figure 3.4 Voltage pattern contours of the initial capacity allocation (a) and the
D-FLCOPF reallocation (b), superimposed on the test case graph. Preference for CEL 1.

Finally, line 2-5 and 4-9 transfer 10.71 MVA and 11.34 MVA respectively, if all new
generators operate at full capacity. The tap changer of the transformer between buses 9 and
12 sets the tap ratio to 1.0125, in order to maintain the voltage at bus 9 (0.981 p.u.) near to

rated.
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3.6.6 Analysis of results

Table 3.11 demonstrates how the capacity shifts in the second case from the other CELs to
CEL at bus 1, because it has a cost function with higher coefficients. It also includes the total-
capacity allocated in each case and the real power exported to the E/IP at bus 12.

CEL .
b No allocation preferences Allocation preference to CEL at bus 1
us
1 0.00 MVA . 27.00 MVA
10 26.79 MVA . 12.72 MVA
11 19.88 MVA _ 0.00 MVA
Total 46.67 MVA 39.72 MVA
E/IP at
21.34 MW 14.75 MW
bus 12 _ i

Table 3.11 Capacity allocation and transfers to E/IP in the two test cases.

The inferences drawn from the data above are similar to the ones for FLCOPF in Section
2.8.7. When there are no preferences, the allocation mechanism results in the maximum
possible total new capacity in order to maximise the overall benefit. In the second case, the
reduction of total new capacity is connected to the effect preferences have on the OPF target
function (see eq. 1.25). This case favours the allocation capacity at the first CEL and this
works against the allocation over the other CELs and the total capacity. In Table 3.12, the
total benefits for the two test cases are calculated.

No allocation preferences Allocation preference to CEL at bus 1
MW ' MW
CEL bus | allocated BenefitMW | Benefit allocated BenefittMW | Benefit
P=cos¢p-S _ P=cosgp-S§

1 0.00 20 ‘ 0.0 24.30 30 729.0

10 24.11 20 . 482.2 11.45 20 ' 229.0

11 17.89 20 357.8 0.00 20 0.0

E/IP at

bus 12 21.34 20_ 426.8 . 14.75 20 295.0
TOTAL > 1266.8 -> 1253.0

Table 3.12 Calculation of total benefits for both test cases.
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Even though, the total new capacity was reduced by 46.67-39.72=6.95 MVA due to the
existence of the allocation preference on CEL 1, the total benefit remained approximately the
same. Evidently, when preferences exist there is a trade-off between higher allocation of
capacity at the ‘preferred’ CELs and total new capacity.

3.7 Chapter summary

This Chapter presents a new method (D-FLCOPF) for the incorporation of FLCs in the OPF
as a tool for assessing the capacity of a network to absorb new generation. No new variables
are introduced in the OPF formulation and FLCs are converted to simple non-linear
(inequality) constraints. Most common OPF-solving engines already have the computational
capacity to handle numerous non-linear constraints, such as the ones described by the power
balance equations on buses. Therefore, once FLCs are converted to non-linear constraints
described by OPF variables, they can be directly introduced to any optimisation process
performing the OPF.

Finally, the direct incorporation of FLCs in the OPF constraints allows the .optimisation
procedure to produce shadow costs for those constraints as well. This was not possible with
the previous iterative method (see Chapter 3), since the additional constraints were converted
to restrictions on new capacity. As it will be shown in a later Chapter (Chapter 7), these
shadow costs can be used as economic signals in a reinforcement planning mechanism of a
specific network topology. '
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4. COMPARISON BETWEEN
FLCOPF AND D-FLCOPF

4.1 Introduction

Fault Level Constrained Optimal Power Flow (FLCOPF), developed in Chapter 2, is a 3-step
iterative allocation procedure of new capacity, which considers fault level constraints in
addition to the traditional system constraints. In the first step, new capacity is allocated to the
predefined Capacity Expansion Locations (CELs) without considering fault level constraints.
In the next two steps, the new capacity is reduced in order to bring expected fault levels
within the specifications of the switchgear equipment. The process is repeated until the
allocation respects both system and fault level constraints. In Chapter 3, a mathematical
methodology was developed to convert constraints imposed by fault levels to simple non-
linear (inequality) constraints described by the existing OPF variables. This conversion
permitted the direct introduction of the additional constraints in OPF. The new approach was
* termed Direct Fault Level Constrained Optimal Power Flow (D-FLCOPF). In this Chapter,
the different properties, advantages and disadvantages of D-FLCOPF over its predecessor
FLCOPF will be investigated. Which method exploits better the potential of the network to
accommodate new capacity? Which one results in-higher total benefit? Finally, the extent to

which preferences affect the above comparison will be examined.

4.2 Connection capacity

Table 2.6, Table 2.10, Table 3.5, Table 3.9 include the results df the capacity allocation
using FLCOPF and D-FLCOPF with and without preferences. Table 2.14 and Table 3.12
present the calculation of the overall benefit (equals the target function value) for each

allocation. Table 4.1 presents a summary of all four allocations and the calculated benefits.

No preference Preference for CEL bus 1
CEL bus FLCOPF D-FLCOPF FLCOPF D-FLCOPF
1 22MVA 0.0 MVA 2.6 MVA 27.0 MVA
10 304 MVA 26.8 MVA 30.7 MVA 12.7 MVA
11 13.1 MVA 19.9 MVA 11.7 MVA 0.0 MVA
Total 45.7T MVA 46.7 MVA 45.0 MVA 39.7 MVA
Benefit 1233.8 1266.8 1245.4 1253.0

Table 4.1 Calculation of total benefits for both test cases.
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Comparison between FLCOPF and D-FLCOPF as Tools for Capacity Allocation. The Need for a New Capacity Planning
Mechanism from Network Operators to Harvest their Results.

As it has already been discussed in Sections 2.8.7 and 3.6.6 (FLCOPF and D-FLCOPF,
respectively), they maximise total new capacity when equal allocation preferences over
CELs are expressed. According to Tablé 4.1, D-FLCOPF allocates more total capacity than
FLCOPF by 46.7-45.7=1 MVA. The total benefit is also higher by 1266.8-1233.8=33 units.
Evidently, for this example case, D-FLCOPF tracks the potential connection capacity better
than its iterative predecessor. The underperformance of FLCOPF is possibly based on two
factors: a) the iterative update of the capacity bounds, which reduces capacity allocation
stepwise, possibly missing the global optimum and b) the assumption that bus voltage
patterns do not change much during the capacity optimisation performed by the Generation
Reduction Optimisation Algorithm (GROA) is false (see Section 2.7.5 for details).

4.3 Allocation preferences vs. benefit

In Sections 2.8.7 and 3.6.6, a trade-off between total new capacity and preferences was
discovered for the two methods. Indeed, according to Table 4.1 FLCOPF allocates 45.7-
45.0=0.7 MVA less when a preference was expressed for CEL 1. Similarly, D-FLCOPF
allocates 46.7-39.7=7 MVA less for the same preference. Obviously, total capacity has a
looser connection to preferences when the allocation is performed by FLCOPF. On the other
hand, the total benefit is expected to increase when a preference is expressed, since the
attached marginal benefit is higher for the preferred CEL. This is easily proved with
equations (4.1): if the same allocation with the one for no preferences is maintained, then the
total benefit must be higher (or at least equal when the allocated capacity at the preferred
CEL is zero).
TBNoPref. =X, MB, +x, - MB,

TB,, =X -MB/ +x,-MB, =x,-(MB, + AMB, ) +x, - MB, =... 4.1)
..=X,-MB, +x,- MB, + X, - AMB, =By, +X - AMB, >TBy,p,,,

where x, and x, are the capacity allocations for CEL 1 and 2, MB, and MB, are the
Marginal Benefits of CEL 1 and 2, AMB, is the Marginal Benefit increment of CEL 1 due to

allocation preference and 7B, and TB,, are the Total Benefits with and without

preferences, respectively.

The preference for CEL 1 increased the total benefit of the FLCOPF allocation by 1245.4-
1233.8=11.6 units, in comparison with the case where no preferences were expressed.
However, a similar comparison for D-FLCOPF reveals a decrease in benefit by 1266.8-
1253.0=13.8 units. The reduction in total benefit for D-FLCOPF, despite the fact-that that the
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marginal benefit of CEL 1 was raised by 30-20=10 MW", has a logical explanation which is
derived from the details of the capacity allocation.

According to Table 4.1, when there are no preferences D-FLCOPF maximises total benefit
for 0 MVA at CEL 1. In other words, the benefit contribution of CEL 1 is zero, irrespective
of the common marginal cost/benefit’ attached to the CELs. One of the conclusions in
Section 3.6.6 was that when there are no preferences ‘the allocation mechanism results in the
maximum possible total new capacity in order to maximise the overall benefit’. This means
that maximum total new capacity and benefit are achieved when 0 MVA are allocated to
CEL 1. Now, when a higher marginal benefit is attached to CEL 1, D-FLCOPF balances out
the loss of benefit from the reduced capacity at the rest of the CELs with the extra benefit
_gained from the increased capacity at that CEL. Table 4.2 contains the loss of total benefit
when new capacity is forced to be allocated at CEL 1 in steps of 1 MVA and no preferences
are expressed for any of the CELs. Figure 4.1 presents how the total benefit is decreased
with respect to the forced new capacity at CEL 1. ‘

CEL 1

0 1 2 3 4 5 6 7
(MVA)
CEL 10

26.8 24.8 22.8 21.1 19.4 17.8 16.3 14.9
(MVA) .
CEL 11 )

19.9 19.9 19.9 19.8 198 | 19.7 19.6 19.5
(MVA)
Total v
' 46.7 | 45.7 447 43.9 43.2 42.5 41.9 41.4
(MVA) _
Benefit | 1266.9 | 1232.8 | 1202.2 | 1174.5 | 1149.6 | 1127.0 | 1106.7 | 1088.3
Loss of :

0 34.1 64.7 92.4 117.3 139.9 160.2 | 178.6
benefit

Table 4.2 Calculation of loss of benefit when new capacity is allocated at CEL 1.

" In the example cases of the FLCOPF and D-FLCOPF 1% order polynomials were used as cost
functions attached to CELs. Therefore, the marginal cost for each CEL is given by a single number.
When no preferences are expressed, the cost functions are the same for all CELs.
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Figure 4.1 Loss of benefit with respect to forced new capacity at CEL 1.

The polynomial trend line approximating the above curve is given by function (4.2).
f(x)=-1.2983-x* +34.466 - x +0.5179 G

Since f (26.56) =0, the loss of benefit is expected to become 0 when approximately 26.56

MVA are allocated to CEL at bus 1. Indeed, D-FLCOPF allocates 27 MVA (see Table 4.1)
at CEL 1 to serve the preference for that CEL and satisfy system and fault level constraints.

de'erence _ 7
C 46.7

initial

Besides, even though the total capacity is decreased by =15% the total

benefit remains practically® the same.

44 Convergence

Table 4.3 summarises the number of iterations and total time needed from each method to
converge (for a 1.7 GHz CPU).

Beneﬁ tdi]ference _ 13 8
Benefit . 1266.8

accumulated during the overall D-FLCOPF optimisation procedure.

& The benefit decrement of = 1% can be interpreted as a precision error,

initial
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No preference Preference for CEL bus 1
Attribute FLCOPF D-FLCOPF FLCOPF D-FLCOPF
Tterations (#) 300 1 680 1
Time (sec) 310 5 720 6

Table 4.3 Summary of convergence attributes of FLCOPF and D-FLCOPF.

;

Even though, ‘iterations’ serve a different function in each of the two methods (see Figure

4.2) they provide a means of comparison for the speed of convergence. They are independent

from the mathematical tools or the computational power used to solve the optimisation

problem in each case. However, it must be noticed again that the number of iterations in
FLCOPF is strongly influenced by the step used to update the capacity bounds on CELs (see

2.8.4). Conversely, total time in seconds gives a more quantitative scale for the actual

convergence time of each algorithm.

Initialize generation capacity
bounds B=maximum allowed

generation capacity.

1. Maximize installable
generation capacity, within

bounds B, using OPF.

2. Perform fault analyses.

3.Imadequate
switchgear
capacity ?

4. GROA reduces gencration
capacity in order to limit fault
currents within switchgear
capability.

ITERATION = ITERATION +1

(" \
5. Set new bounds B for allocation

of new gencration capacity at next
Joop.

—

|

(2)

Keep OPF
solution & exit.

List of Active Fault
Level Constraints
Blank

\-//—\

Solve Fault Leve!

ITERATION = ITERATION + 1

Constrained OPF

Perform Fault Level
Analysis

Fault Level
Constraints Violated
?

NO

Accept
Solution

Add Violated Constraints to
the List of Active Fault Level
Constraints

(b).

Figure 4.2 ‘Iterations’ of FLCOPF (a) and D-FLCOPF (b).
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Obviously, D-FLCOPF converges much faster than FLCOPF in any case. While D-FLCOPF
needs only a few seconds and iterations to converge to the final solution, FLCOPF requires

several hundreds.

Preferences have a significant impact on the performance of FLCOPF. The allocation
preference for CEL 1 doubles the time and the number of iterations. On the contrary, with or
without allocation preferences over CELs, D-FLCOPF converges in less than 3 seconds,
while the Fault Level Constraints Reduction Menthod (FLCRM) considers all active fault
level constraints in the first iteration.

4.5 Reliability and commercial use

Reliability and creditability are the key features in all successful engineering tools.
Practically, any OPF solving engine can be upgraded to D-FLCOPF. The- incorporation of
fault level constraints is straight forward: they are converted to non-linear inéquality
constraints and then added to OPF’s group of conventional non-linear constraints (e.g. power
balance on buses). However, commercially speaking, the outcome is still a new tool, thus
difficult to be trusted by engineers, in the beginning at least. .

Conversely, the implementation of FLCOPF does not require the redesign of any traditional
power engineering tool. Widely available tools can be used to solve the OPF and fault
analysis of the capacity allocation process. Engineers have the freedom to choose themselves -
the implementation of an important part of the overall mechanism. They can choose the

software they are more comfortable with or use already.

If non-linear programming, such as Sequential Quadratic Programming, is used to solve the
OPF, then the marginal impact of each constraint on the final solution can be graded [67].
This property can be used for the design of an investment planning mechanism. An iterative
process would gradually relax the best (for each iteration) value/money investment and OPF
would re-allocate capaéity. An additional cost should be attached to each marginal constraint
relaxation, reflecting the cost of reinforcing the existing infrastructure in reality. Such a
mechanism could produce an investment/capacity graph and reinforcement plans of the
existing infrastructure. However, D-FLCOPF groups FLCs together with the system
" constraints. Therefore, the impact of FLCs on capacity allocation is comparable to the one
imposed by the rest of the system and network constraints. On the other hand, the iterative
process suggested from FLCOPF incorporates FLCs indirectly and investment signals cannot
be produced by FLCs, at least at the same scale with system constraints.
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4.6 The need for a new capacity planning mechanism

‘The first-come-first-served policy currently enforced by most Network System Operators
(N SOs) in issuing connection permits protects the system from crossing its operating limits,
but has no theoretical ground in terms of efficiency of allocation. Inadvertently, it may limit
the capability of the network to absorb new generation capacity.

For example, let us assume that three investors request to connect the maximum possiblé
capacity to the CELs at buses 10, 11 and 1 respectively. Their requests are processed on a
first-come-first-served basis by the NSO.

This policy was simulated by sequentially relaxing the capacity bounds at the 3 CELs from 0
to 200 MW (as might be dictated by policy). At each turn, D-FLCOPF was used to allocate
the maximum possible capacity for the next CEL, simulating the allocated capacity of the
previous CELs with “existing generators” operating at those capacities. Of course, since the
capacity ‘allocated’ first was fixed for the next allocation, exact values or preferences over
locations expressed in the benefit functions attached to the CELs had no impact in the final
allocation. The results from this ‘first-come-first-served’ allocation of new capacity are
demonstrated in Table 4.4.

p :
Order CEL bus apacity
(MVA)
1 10 32.8
2 11 9.9
Y
3 1 0.0
" Total 42.7

Table 4.4 First-come-first-served capacity allocation.

D-FLCOPF allocates 4—6-;%72'1=9.4% more total new capacity (see D-FLCOPF allocation

in Table 4.1), than the capacity allocated under the current first-come-first-served NSO

policy. Even the less efficient FLCOPF, allocates 4—54%1 =7% more capacity than the

84



Comparison between FLCOPF and D-FLCOPF as Tools for Capacity Allocation. The Need for a New Capacity Planning
Mechanism from Network Operators to Harvest their Results.

one. presented in Table 4.4 for the current policy. The above comparisons suggest the
following conclusions: '

1) Manual allocation of capacity is inefficient for networks with more than one
candidate location for new capacity. It can undermine the expansion of DG
penetration.

2) A capacity allocation mechanism is needed to coordinate the installation of new
capacity on the network, so that the network operator can harvest the maximum from
the capabilities of the existing network to absorb new capacity.

NSOs can use the results of D-FLCOPF or FLCOPF to exploit the potential connection
capacity better. For exampie, the first-come-first-served policy can be replaced with a similar
mechanism to the gradual release of capacity for transmission lines (see ‘Annual FTR
Auction’ in [68]). Instead of transmission capacity certificates, such a mechanism would
gradually release connection certificates for all CELs in parallel. At each round, a certificate
represents a fraction of the available capacity at a specific CEL. Financial incentives could
direct investment for new capacities (e.g. subsidies) to specific locations, so that certificates
for all CELs would be distributed among investors by the end of each round. Of course, the
certificates once purchased from the NSO, they could be freely traded between investors.

Table 4.5 demonstrates such a release of equal certificates over four rounds.

- Capacity Certificates (in MVA)

CEL bus Round 1 Round 2 Round 3 Round 4

1 0 0 0 0

10 6.7 6.7 6.7 6.7

11 5.0 5.0 5.0 5.0

Total
11.7 234 35.1 46.7

released

Table 4.5 Release of capacity certificates for the D-FLCOPF allocation.

The planning mechanism suggested here is just an oversimplified example of the way a
planning mechanism could exploit the D-FLCOPF or FLCOPF results. However, the
similarities between transmission capacity release and connection capacity release are
interesting: a) they both deal with a ‘scarce good’ in power systems (capécity) and b) buyers
are interested in acquiring this good in different locations and time. Thus, the
implementation of a mechanism based on transmission capacity release would share similar

advantages.
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4.7 Chapter summary

When there are no allocation preferences D-FLCOPF exploits the potential connection
capacity of the existing network better than FLCOPF. It also delivers capacity allocation
plans of higher benefit, than the ones suggested by FLCOPF.

Preferences have a weaker impact on the FLCOPF allocation mechanism. D-FLCOPF
favours more the preferred CEL, in return to lower total capacity. On the other hand, in both
case preferences do not reduce the total benefit significantly.

Furthermore, FLCOPF needs a significant amount of time to allocate new capacity, even to a
small 12-bus-15-line network with only 3 CELs and 1 E/IP. Convergence to the final
allocation gets even slower when there is a preference for a specific CEL. Both these
elements reduce the commercial viability of the method, when used to allocate new capacity

in larger networks with more CELs.

The technical comparison between methodologies in this Chapter suggests that D-FLCOPF
is an important improvement for the incorporation of fault level constraints in OPF and the
suggested capacity allocation mechanism. However, the iterative procedure of FLCOPF has
a significant advantage: the decoupling between OPF from fault levels permits the use of
existing professional packages to implement those two basic components. This increases the
reliability of the mechanism, but mostly simplifies the implementation of a commercial
product. Therefore, FLCOPF probably has as many chances to succeed as the technically
superior D-FLCOPF in the market of power engineering tools.

Finally, NSOs can use the allocations of D-FLCOPF or FLCOPF in a capacity planning '
mechanism that exploits the potential connection capacity better than the current first-come-
first-served policy. This Chapter presents such a mechanism, which is similar to the gradual
release of transmission capacity through auctioning. Even though, the mechanism suggested
here is just an oversimplified example of the way a planning mechanism could exploit the D-
FLCOPF or FLCOPF results, the similarities between transmission capacity release and
connection capacity release guarantee that they would probably share similar advantages.
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5. EXTENSIONS OF THE OPF MODEL FOR
CAPACITY ALLOCATION

| 5.1 Introduction

In the previous Chapters, use of the Optimal Power Flow (OPF) as an allocation tool for new
generation capacity was explored. This Chapter examines two extensions of the model used
by the OPF in capacity allocation, in order to accommodate generators with intelligent power

factor control and reactive power compensation banks.

The new components are again simulated as the output of virtual generators located at the
candidate positions at the network. The output of these generators may carry different
properties in terms of active and reactive power than the one produced by conventional new
capacity, but it still provides us with a measure of their size. Knowing their size, the
reactance they add to the existing network can be estimated, hence, their impact on fault

levels.

Maintaining the same basic model for these extensions has two major advantages. First, the
basic formulation of OPF remains the same and no new variables are added. Second, the
common model of virtual generators allows us to convert in a unified manner the size of new
investment (whether it is conventional capacity, intelligent generators or capacitor/reactor
banks) with the impact it will have on network or Fault Level Constraints (FLCs).

Using the same test case with the previous Chapter, it was shown that the new components
can significantly increase the connecting capacity of the network.

5.2 Reactive Power Compensation Banks

Reactive power compensation is usually the most effective way of improving the real power
transfer capability of existing networks. Thus, it potentially enhances their capability to
supply the increasing demand. To a certain extent, reactive power compensation can be
classified as a cheap alternative to new or reinforced transmission lines. A common
implementation of reactive power compensation is the installation of shunt capacitors and/or
reactors at system buses. High capacitance or reactance is achieved by placing several
capacitors in parallel and reactors in series to form Reactive Power Compensation Banks

(RPCBs). Capacitors inject reactive power when voltége drops and reactors consume
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reactive power when voltage rises, so that bus voltage patterns are regulated within statutory

specifications.

The target of the optimisation procedure presented below is to decide the size and location of
" new RPCBs, so that the network maximises its ability to absorb new generation capacity. A
similar approach to the simulation of new generation capacity in OPF has been used to
consider the impact of the new devices on power system operation and expected fault .
currents. Therefore, the final allocation of RPCBs maximises the connecting capacity of the
network without violating system constraints or the specifications of switchgear equipment

under fault conditions.

5.2.1 Steady-state model

" The size (in MVATr) of the RPCBs is modelled as the reactive power output of generators
with no active power output, located at candidate buses. The size of RPCBs is limited by

technical or planning reasons.
Onn” <OV < Q" (5.1)
PR =0 : - (5.2)

Positive output represents a capacitor bank, while negative output represents a reactor bank.

1

5.2.2 Contribution to Fault Levels

The shunt impedance of the new RPCBs decreases the total impedance of the network.
Therefore, the bigger the size of the RPCBs the higher the expected fault currents.

The p.u. shunt impedance Z,., of a RPCB is calculated as a function of its MVAr rating
over the system MVA base, simulated in the OPF by the reactive power output Q"¢ of the
respective virtual generator and the p.u. voltage V;,., of the generator’s bus:
Varcal Varcs|
VA - RPCB = RPCB — RPCB v 53
v = jg" T s e
Chapter 2 described a detailed expression for fault currents with respect to the bus voltages

and the impedance matrix (see (2.25)). According to (5.3), the shunt impedance of a RPCB is

RPCB

a function of the reactive power output of the virtual generator Q and the magnitude of

its terminal voltage IVR,,CB| . Both are variables in the OPF. Their impact on the expected fault
d|r/, d|1/,
3 nd — il
dQRPCE a d|VRPCB|

currents is expressed by the derivatives , where I/ , is the expected
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fault current in line i,j for a fault at bus f. The derivatives provide the direction to the
optimisation procedure towards the relief of the violated FLCs, with respect to the OPF

d|I/,
variables connected with the RPCBs. The calculation of dQl R,,’CL is similar to the calculation
d|r/)| . . . .

of d—’g for the generators at Capacity Expansion Locations (CELs) in Chapter 3 (see
Section 3.4.2).

dliy)|  dlif| aywe

dQ™E = dYRPCB" dQ™c® (5:4)

1 63 jQRPCB
where jYppcp = == - is the shunt admittance of the RPCB.
ZRPCB IVRPCB| :

There is no mathematical distinction between the derivative of the fault current with respect
to the shunt admittance of a new generator or RPCB. So, if a RPCB is considered to be
located at bus G instead of a generator, then similarly to (2.63):

dlif)| _x-(-¥7-R(C)+¥}-1(C))-»-(V 1(C)+77 -R(C))
= . 2
dYRPCB ‘Ii{j|'|2i.j|

k=(Z,-,G _Zj,c)‘zc,f'j; ﬂzzc,c'j,§=zf,f, P=2,¢ 'ZG,f'j

(5.5)

where C = — 2y and

z,, are the clements at row d and column g of the system’s bus impedance matrix

Zp (=Y

,m). V.=V +j-V}, V,=V +j-V) are the bus voltages across line ij with
impedance Z, ; and ¥, =V +j-V} is the voltage of the faulted bus f analyzed in real and

imaginary parts.

dYRPCB [ QRPCB J / RPCB 1 .
=d ag = , (5.6)
dQRPCB |VRPCB |2 |VRPCB |Z
s . Al| = (Vi -R(C)+¥} 1(C))-y-(V} 1(C)+ V7 -R(C))
(54) 56) dQRPCB - j rlls PP 2 (5.7
|Ii,j|'|zi,j| |VRPCB|
) . . . dIIifj
Again, the chain rule will be used to calculate —m
RPCB
dltf|  dlil)]| agre 59

dVepcs|  dOF® d|V o]
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dQRPCB 63 IVRPCBIZ ZIVRPCB|

==d| - div, = (5.9)
dIVRPCBl [.]ZRPCB I mgl JZgpca

oo L] (VRO 111(0) -5 (71(0)+R(C)

(5.8) > =
leRPCBl |]{j|l2i.j|2 IVRPCB|jZRPCB )

5.9) (5.10)
Since the connection between new RPCBs and fault currents has been achieved, D-FLCOPF
can be expanded to allocate new capacity and RPCBs with respect to both network and
FLCs.

"5.2.3 Cost model

The cost model allows us to optimise spending on RPCBs. A quadratic cost function is
attached to the reactive power output of the virtual generators located at the RPCB candidate
location. It simulates the fixed or/and average running cost of an RPCB of respective size

QOvrcs » Placed at the respective candidate location.

c(ov=)=a-(Qve) +b-Qme +c | (5.11)

where a,b,c>0. Different sets of coefficients between cost functions declare preferences for
the allocation of new RPCBs capacity between the candidate positions. Preferences could be
interpreted as high maintenance cost of some remote candidate locations or civil protests

against the expansion of substations in overpopulated urban areas etc.

‘RPCBs consist of a number of elements (capacitors or reactofs), which are combined to
provide a high total reactive power. Since'they are produced in discrete ratings several sizes
need to be combined in order to build a RPCB with a specific total rating. In order to
calculate the total cost of an RPCB the sum of costs of its elements has to be calculated.
However, each element has a different fixed cost according to each rating. Therefore, the
combination of RPCB elements has to be optimised, with the aim of achieving the cheapest
possible total fixed cost/MVAr for a specific total rating:

C(Q""f")=min[ ,Z c(Qr )] (5.12)
“The production of the RPCB elements (capacitors or reactors) follows the economy of scale:
the higher the rating the lower the fixed costtMVAr. Thus, an easy way to implement the
minimisation procedure of (5.12) is to use as many elements of the highest available’ rating
as possible and cover the residual RPCB rating by using elements of lower rating. The
algorithm below (Figure 5.1) executes this procedure.

i=element rating index.

® Of course lower than the total RPCB rating.
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=0 ni=number of rating
residual RPCB i
i=1 indexes. ‘

C(i)=cost of element

< Ts o) Yes. (TotalCost = ZCOﬂ(i)) with size index i.

o Owrcs = total RPCB
rating.
nR (l) = IntegerPart [Qm,. tual / Q(i )] Q.......= RPCB residual
* required rating.
| | Qresidual (l + 1) = Qresidual (l) - nR(l) : Q(i)

Cost(i)=nR(i)-C(i)

Figure 5.1 Cost optimisation of RPCB elements.

The way the cost functions of the RPCBs are handled determines the preferred investment
strategy: a) if the total cost of RPCBs is less than a specific amount, then D-FLCOPF
determines the optimal spending of an available budget on new RPCBs in order to increase
the potential network capacity and b) if a monetary value is attached to the benefit for the
network operator from connecting new generation capacity, then D-FLCOPF maximizes this
benefit minus the cost of new RPCBs. So, strategy b) can be used to prepare budgets for
regulatory approval. ‘

Strategy a) is implemented as an inequality constraint in the D-FLCOPF formulation:
Y. C(Q* ) < Budget (5.13)

RPCB
By solving the OPF for different RPCBs budgets a-graph presenting new generatic;n capacity
over budget amount can be drawn.

Strategy b) is implemented as an additional cost term in the OPF objective function (see
Section 2.5.3): '

(222)—& 5 0F,,. (PP )=Y.C, (P*)+ DG, (PT)* X2 C(0™) (514

RPCB

5.2.4 Example

The same test case with the previous Chapters will be used in order to demonstrate the
efficiency of the suggested RPCB allocation method to increase the potential network
" capacity. Both RPCB investment strategies will be tested: available budget for new RPCBs

(strategy A) and b) maximization of the augmented social benefit from new generation
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capacity (strategy B). An additional target is to investigate the impact preferences over CELs
or RPCBs have on new capacity.

The network is consisted of 12 buses and 15 lines (Figure 5.2). It has 3 available CELs at
buses 1, 10 and 11 and an E/IP to an external network at bus 12. A 15 MW generator is
installed on bus 5. It can consume or provide up to 10 MV Ar of reactive power. The network
has a common rated bus voltage level at 33 kV, except for the CEL buses which have a rated
voltage of 11 kV and the E/IP bus at 132 kV. Candidate locations for new RPCBs are buses
6 and 8. RPCBs are generally not located at generatbrs’ buses [69]. For a more detailed

description of the network topology, the system and fault level constraints, as well as some

assumptions about the CELs please refer to Sections 2.8.1-2.8.3.

1.5MW
1.2 Mvar

Figure 5.2 The 12-bus 15-line test case with RPCBs at buses 6 and 8.

New generator.s and exports/imports to external networks are modelled as in FLCO.PF’(see
Section 2.5.1) and D-FLCOPF. New RPCBs are modelled as in Section 5.2.1. Table 5.1
contains the fixed costs of several sizes of MV 3-phase shunt capacitors, provided by a
leading supplier [70].

Size (kVAr) | .150 | 300 450 600 900 1200
Cost (€) 750 | 975 1140 1320 1650 | 2040

Table 5.1 Typical fixed costs of LV capacitors.
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The optimisation algorithm described in Figure 5.1 was applied on the collection’ of
capacitors in Table 5.1 to find the minimum cost for capacitor banks of several ratings. The
curve in Figure 5.3 describes the connection between the MV Ar ratings of capacitor banks
and their fixed cost. This connection can be approximated by a linear cost of 1700 €/MVAr.

Cost (€)
w

0 d 1 1 i 1 _ 1 i
0 5 10 15 ) 20 25 30

Rating (MVAr)
Figure 5.3 Cost of capacitor bank vs. rating, using capacitor costs from Table 5.1.

The cost of inductors is about 3 times higher than the cost of capacitors of the same size (but
consuming reactive power) in absolute MVAr. Consequently, the inductor banks cost 3 times
more. Figure 5.4 presents the cost of RPCBs consisted of capacitors (positive MVAr rating)
or inductors (negative MVAT rating). '
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Cost (€)

Rating (MVAT).

Figure 5.4 Typical cost of LV RPCBs. Positive/negative MV Ar represent capacitors/reactors.

5.2.4.1 Strategy A

In strategy A, the total cost of RPCBs is restricted by a specific amount, the so-called
‘available budget’. It will be assumed that the cost of the available RPCBs with respect to
their MVATr rating is given by Figure 5.4. An initial budget of 0 € leads D-FLCOPF to
identify the maximum potential connecting capacity of the existing network, without any
RPCBs. This is approximately 44 MVA when no preference is expressed for any CEL and
41 MVA when a preference is expressed for the allocation of new capacity at the CEL at bus
1. Generation capacity allocation curves with respect to the size of investment on RPCBs can
be produced by increasing the available investment budget in a stepwise manner and letting
D-FLCOPF determine the optimum allocation of RPCBs.

If no preference'® over CELs is expressed, the product is the generation capacity allocation
of Figure 5.5 and the RPCBs allocation of Figure 5.6 with respect to an increasing available
budget.

10 preferences over CELs are expressed by determining the coefficients of the quadratic cost functions
attached to the respective CELs, as in Section 2.5.1.
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Figure 5.5 Generation capacity allocation at CELs and expected exports at E/IP with respect to
the available RPCBs budget. No preferences are expressed over CELs.
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Figure 5.6 RPCBs allocation with respect to the available RPCBs budget. Negative and positive
values indicate RPCBs consisted of reactors and capacitors, respectively. No preferences are
expressed over CELs.
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Similarly, if there is a preference for the CEL at bus 1, then the allocations of new generation

capacity and RPCBs are presented in Figure 5.7 and Figure 5.8 respectively.
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Figure 5.7 Generation capacity allocation at CELs and expected exports at E/IP with respect to
the available RPCBs budget. Preference expressed for CEL at bus 1.
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Figure 5.8 RPCBs allocation with respect to the available RPCBs budget. Negative and positive
values indicate RPCBs consisted of reactors and capacitors, respectively. Preference expressed

for CEL at bus 1.
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Figure 5.5 and Figure 5.7 show that there is a maximum generation capacity that can be
achieved by investing on RPCBs, approximately 87 MVA with and without preferences for
CEL at bus 1. This is due to other network constraints (e.g. line thermal limits) becoming
binding at these capacity values, rather than the voltage constraints connected to reactive
power balance that RPCBs facilitate.

The small decrements of total capacity at 10,000 €, 30,000 € and 240,000 € when no
preferences are expressed and 10,000 €, 80,000 €, 130,000 €, 180,000 € and 210,000 € when
preferences are expressed for CEL 1 are results of discrete tap changes of the transformer
between buses 9 and 12. Figure 5.9 (no preference) and Figure 5.10 (preference for CEL 1)
present the voltage magnitude of the +2 % controlled voltage at bus 9 and the tap ratio of the
transformer with respect to the available budget. Clearly, tap changes occur at the budget
values for RPCBs mentioned above.

11 T T T T

1.08+ .

1.06 e

1.04 -t

1.02} o

Transformer ratio (N1/Nnom)
& controlled voltage (pu)

0.98 ; . '
0 1 2 3 4 5 6

RPCBs budget (€) x10°

Figure 5.9 Voltage magnitude of the controlled voltage at bus 9 and the tap ratio of the
transformer with respect to the available budget. No preferences are expressed over CELs.
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Figure 5.10 Voltage magnitude of the controlled voltage at bus 9 and the tap ratio of the
transformer with respect to the available budget. Preference expressed for CEL at bus 1.

5.24.2 Strategy B

In strategy B, a monetary value is attached to the benefit for the network operator from
connecting new generation capacity. D-FLCOPF maximizes the benefit from new generation
capacity minus the cost from new RPCBs. In order to define a monetary value for the benefit
from new capacity several assumptions have to be made about the value of new generation
for the network operator. For example, electricity regulatory authorities have acknowledged
the positive effect of generation connected to distribution networks. Therefore, they have
started providing monetary incentives to distribution network operators in order to encourage
them to connect small-scale generation to their networks [71]. Here, a monetary benefit of
567 €/year will be arbitrarily assumed for each MW of new generation capacity that the
network operator connects to the network.

Now, the connection between the MVAr ratings of capacitor banks and their fixed cost
(consisted of capacitors with costs as in Table 5.1) can be approximated by a marginal cost
of 1700 €/MVAr. If capacitors have a life expectancy of 10 years and placement,
maintenance and running costs are neglected, the cost averages to 170 €/MVAr. Since a
marginal equivalent benefit of 20 has been attached to all generators when no preferences are
expressed, according to Table 2.4, then a relevant cost to the RPCBs has to be attached equal

to:
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567€/ MWyear —-—>20social benefit from new generation capacity

170-20
567

Obviously, having assumed a three times higher fixed cost for reactor banks, their social cost

= 6social cost fromnewcapacitor banks -

5.15
170€/ MVAryear —->7= -13)

will be 3 times higher.

The efficiency of the RPCB allocation mechanism using strategy B will be examined under
several scenarios. Each scenario is determined by the marginal social benefit/cost considered
for each CEL/RPCB candidate location. A higher social benefit or lower cost among CELs
and RPCBs, respectively, determines preferences. Deviations from the values calculated
above as marginal costs (-20 for CELs and 6 form RPCBs) represent the preferences of the
network operator over specific locations. For instance, these deviations could be subsidies or
taxes for the installation of new capacity at specific locations. In terms of the OPF
formulation, the existence or lack of preferences is expréssed via the coefficients a,b,c of the
| quadratic cost functions attached to the respective virtual generators, as it was explained in
Sections 2.5.1 and 5.2.1. Table 5.2 presents the scenarios under which strategy B will be
tested:
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Scenario | Scenario | Scenario | Scenario | Scenario | Scenario
1 2 3 4 5 6

ypelbusla|b|c|lajb|c]la|bic]a|b|cja|b|cja]|bjc]
CEL/M 0|20]0}o0|200]0}f20{0}fj0O}350]0/(350]0/[35 0
CEL/10 [ 0|-20]0}]0[|20]0] 020/ 0]01}20/0]0}20/0}0|200
CEL/11 J0]-200}0[20j0]0}20/0]0/20{0}f0}200]0 |-20| O
EIP/12 J0|20]0]0|20{0]0}|20[0]0}2000})0}|20]0}0|200
RPcB/6 Jo|6|0JOo|l4j0]JO0|6]|0]JO|6|O0OJO[4]|0]JO|6]|O0
RPCB/gJO|6|0)JO0f6]|0fjo|4|0jOj|6]|0jO0|6[(0)0}4]0

Table 5.2 Scenarios of preferences under which Strategy B will be tested.

Scenario 1 describes the case where no preferences are expressed for either CELs or RPCB
candidate locations. Scenarios 2-3 describe cases where there is no preference expressed for
any CEL, but there is a preference for the allocation of higher RPCB ratings at either bus 6
or \bus 8. In scenario 4, a preference is expressed for the allocation of new generation
capacity at bus 1. Scenarios 5-6 describe cases where there are preferences expressed for
both new capacity at CEL 1 and the allocation of higher RPCB ratings at either bus 6 or bus
8. The allocation results of D-FLCOPF for each scenario are presented in Table 5.3.

IScenario Scenario | Scenario | Scenario | Scenario | Scenario
ype/bus
1 2 3 4 5 6
CEL/NM 0 14.8 MVA 0] 33.0 MVA]33.0 MVA]33.2 MVA
CEL/10 |31.4 MVA]35.6 MVA]31.6 MVA}35.2 MVA]35.2 MVA|34.4 MVA
CEL/11 |17.8 MVA]27.6 MVA]19.9 MVA] 54 MVA] 54 MVA 0
EIP/12 ]-23.0 MW [-29.4 MW]-24.2 MW|-25.8 MW]-25.8 MW]-22.9 MW|
-47.9 -45.9 -45.9 -29.5
RPCBIE |-31 MVATL var 0 MvAr | mvar | mvar
: 0 0 -15.2
RPCB/8 0 0 -7.7 MVAr MVAr MVAr MVAr
Total
new 49.2 MVA|78.0 MvA|51.5 MVA|73.6 MVA]73.6 MVA|67.6 MVA|
capacity

Table 5.3 D-FLCOPF allocation results for the RPCBs test case.
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Scenarios 2, 3, 5, 6, which describe cases where there are preferences for one of the RPCB
candidate locations, result in a higher RPCB rating at these locations in comparison with
scenarios 1 and 4. Scenarios 4 and 5 result in the same allocation of new capacity and
RPCBs. This means that the preference for higher RPCB ratihg at bus 6 has no impact on the
final solution. The reason is that the preference for the allocation of new capacity at bus 1
dominates and results in the highest possible rating of the RPCB at bus 6. Therefore, whether
there is a preference for that RPCB candidate location or not does not affect the solution.

5.2.5 Limitations

At this point, it is importént to be noted that there is no provision in the objective function of
the above optimizations for the minimization of losses or handling of reactive 'power. The
only objective is the MW maximization of generation capacity. Therefore, it is possible that
the solutions actually reflect a competition between'RPCBs and new generators as sources or
sinks of reactive power. The result is great amounts of reactive power produced at one point
and consumed at another, which may be rather distant. In other words, the current method is
probably inefficient in terms of reactive power management, which is one of the
fundamental targets of network planners. Further research is needed towards the
incorporation of those factors in order to complete the suggested approach as a more realistic

application.

5.3 Alternative voltage control of distributed generators

Distribution Network Operators (DNOs) are generally reluctant to allow any operation by '
, independent generators, which could potentially disrupt the passive role of the distribution
network to supply demand. Specifically, Distributed Generators (DGs) are not permitted to
perform Automatic Voltage Regulation (AVR), an inherent feature of synchronous
generators to regulate the terminal bus voltage by adjusting their reactive power output, as it
may destabilize the automatic load tap changers of distribution transformers. However,
Section 2.5.2 illustrated an additional technical reason why DGs do not operate in AVR
~mode. If a small generator with AVR control is connected to a utility bus which suffers from
- voltage drops, it has to inject greaf amounts of reactive power in order to raise the bus
voltage. This may result in high field currents and overheating for the generator, which
would trigger protection and disconnect the generator from the network. For those reasons,

in most distributed generation applications the generators do not have AVR control.

DGs usually operate in Power Factor Control (PFC) mode. They produce proportional
amounts of active and reactive power in order to maintain constant Power Factor (PF) at all
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times. PFC results in much lower field currents than AVR under voltage drops, therefore
reduces thermal stresses on the generator [72].

Unfortunately, PFC has an adverse effect on the generator’s terminal bus voltage. The
terminal p.u. voltage change AV of a radial feeder is approximated by the equation:
AV=R-P+X-Q : (5.16)
where R+jX is the line impedance and P, Q the active and reactive power produced by the
DG. When P increases V rises. In PFC mode P/Q is maintained constant, so when. P
increases Q follows and V increases even further! Conversely, when P decreases, Q
decreases as well, leading to further voltage drop. Reference [3] has identified the rise of
voltages as one of the major impacts of the connection of new DGs on the network. This
statement was confirmed with the results of the test cases in Chapters 2 and 3, where new
generators have been assumed to operate in PFC mode. The amount of new capacity at some
CELs was practically restricted by the amount of reactive power the generator could inject
into the bus without violating the maximum permitted voltage (1.1 p.u.), just to maintain

constant PF.

In equation (5.16), if Q was allowed to compensate for the voltage rise or drop P creates to
the feeder by adjusting to the opposite direction (with P), then ¥ could be maintained within
statutory lirﬁits, even for higher P values. Of course, such a method presupposes that the
DNOs will have to relax their directions to DGs for strict PFC.

5.3.1 Automatic Voltage / Power Factor Control

Reference [73] suggests a voltage control method for DGs, which assumes a more flexible
directive from DNOs for the voltage control by DGs. The authors’ target was to develop a
voltage control method capable of keeping the DGs online during light load or heavy load
conditions by combining the advantages of AVR and PFC. The method was termed
Automatic Voltage / Power Factor Control (AVPFC) and it relaxes the PFC when voltage
approaches the statutory limits. When voltage approaches the statutory limits Vg 0 Vipay

the PFC is deactivated and the DG adjusts the production of reactive power to support

voltage. The generator decreases the P/Q ratio when voltage drops at a critical level V7'
and increases P/Q ratio when voltage reaches a threshold ¥,77°. Obviously, when the ratio

P/Q changes, the PF changes and has to be restricted between the minimum and maximum
operating power factors PF;, and PFn. respectively. Figure 5.11 presents the voltage
control region of the AVPFC. The generator operates on the thick, dashed line.
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Figure 5.11 AVPFC response.

5.3.2 Central Voltage Control

Theoretically, voltage control of the LV system buses can be achieved centrally, in a similar
manner to the HV grid, through active and reactive power dispatch of the generators. The
technology in telecommunications is mature enough to provide cheap, but reliable solutions
for the remote control of small-scale generation. Two possible central voltage control
methods have been identified, according to the level of administration the DNO may decide
to enforce over DGs:
1. Central Voltage Control (CVC), where the DNO has absolute control of the real and
reactive power output of the DG at all times. DGs which operate under this control
_ scheme were termed CVC-Gens. ~
2. Emergency Central Voltage Control (ECVC), where the DNO takes over the control
of real and reactive power output of the DG when its voltage output rises above or
below a critical value. During normal operation DGs perform PFC. DGs which

operate under this control scheme were termed ECVC-Gens.

5.3.3 Steady-state behaviour

DG capacity is-simulated with the real power output P* of virtual generators placed at the
CELs. The size of DGs may be limited by the available technology, environmental or

~ political reasons to PZ_:

0< P* <P% (5.17)
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In order to examine the impact each voltage control scheme has on network capacity using
the OPPF, the behavior of DGs implementing those schemes during steady-state operation has
to be estimated.

The main difference in the OPF formulation between DGs operated under the current voltage
control scheme (PFC) and Intelli-Gens or CVC-Gens/ECVC-Gens is that the PF constraint
(1.20) is relaxed when the voltage drops or rises beyond a critical value. Since the focus is on
capacity planning it is logical to expect that new capacity will only raise voltage levels.
Thus, in order to simplify analysis it will be assumed that the PF constraint is relaxed only

when the generator’s voltage V; rises to a critical value V., - In addition, in order to
consider leading and lagging PFs the angle 8, = sign(PF)-cos™ (PF) will be constrained

instead of directly restricting the PF, where sign(PF) is positive for lagging and negative for
leading PF.

and maximum PFma; operating PFs are roughly the same for

“various sizes of DGs. Therefore, it can be presumed that PF, 6 PF, 6. are

min * min ? max ? max

Finally, the minimum PF,

min

common for all new DGs. Furthermore, PF,,, is usually the rated"' PF, so it is usually the
target PF,.. of PFC. Both these assumptions can be described in the OPF formulation by

the following constraints for the virtual generators at the CELSs:
PF,_, <PF,<PF, =6, <6,<6.,

(5.18)
and PF,, = PFpc = 0, =Opec '

5.3.3.1 Intelli-Gens
The voltage control strategy of Intelli-Gens is described by the curve in the &; vs. V; graph

in Figure 5.12. In practice, a hysteresis loop is designed around Vipreshotd in the control circuit
of the generator’s field, with the task of prohibiting oscillations between Oprc and O,
However, the effect of hysteresis in steady-state operation is insignificant, so the

mathematical description of the strategy can be approximated with a single curve.

'" The DG produces rated power at this PF.
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Figure 5.12 Voltage control strategy of Intelli-Gens.

Equation (5.19) describes this control strategy mathematically:

0 = QPFC when V in < V < I/'lhre.s‘hold
0 < 9 < OPFC When V threshold (5 ’ 19)
06 = gmin when VG > I/;hre_s'hold

In order to avoid the optimisation burden that discrete transitions create (5.19) is

approximated with the equality constraint below:

' 9,=0, =tan” (Q°/P°)=A+K-tan™ (B-V;+C) (5.20)

where K =K_,,, Grre ~bin ,

/4
4=0. +K tan” [( Vein) T peshord * OOV . + +(Vuin = Vbreshota ) M auvl;l::shold:l

o (Ve ~Viareshota ) 77/1:hmhold T
PG

where 77/_ly =sin an UUVy =CO§| - -

K , K

tan(ethresh;él_A)_tan[emaxK-A) . 9 y
B= and C=tan| 22— |-B.V,
V. K

I/lhreshold ¥ max

K., is a real number marginally over 1, which defines the steepness of tan™ . The higher

steep

the value, the smoother the transition from 6,;. to 6, . A value of 1.01 for K, produces

a quite smooth function without significant loss in precision. A detailed analysis of the way
the above set of constraints was calculated can be found in the Appendix. This

approximation creates a ‘smooth’ transition around V, for 8. with respect to 7V,
threshold G G

(Figure 5.13).
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Figure 5.13 ‘Smoothing’ of control strategy transition for Intelli-Gens.

!

The derivatives of the PF constraints provide the direction to the optimisation procedure
towards the relief of the violated PF constraints, with respect to the OPF variables.

dé, o° 1
%= . (5.21)
dpP°¢ 2% 2
T
P
Oy L 1 |
208~ { > 2} (5.22)
1+(—GJ
P
' de,, K-B

= . (5.23)
dVs  1+(B-V;+C)

Obviously, the derivatives with respect to the OPF variables which are not involved in the

constraints are equal to zero. A detailed calculation of the PF constraints with respect to the
OPF variables can be found in the Appendix.

5.3.3.2 CVC-Gens
When DGs are centrally dispatched, their voltage control region is restricted only by:
a. their operating limits

PF_, <PF<PF, =6, <6;<0._, (5.24)
b. The statutory voltage regulations
Viin SV <V (5.25)
Constraints (5.24) and (5.25) are presented graphically in Figure 5.14.
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Figure 5.14 Central voltage control region of DGs.

5.3.3.3 ECVC-Gens
When the DGs operate under the ECVC scheme, voltage control passes to the DNO when

the voltage of the generator reaches a critical value V.., . Below V,, .., the DGs

produces active and reactive power under PFC.
Equation (5.19) describes the same control strategy mathematically:
O = Oprc when V<V, < V;hres}w!d

Orin <O <Opre When V, ., <V <V,

max

(5.26)

In order to avoid the optimisation burden the discrete change of the control scheme creates at
Vipreshora (5-26) is approximated with the set of PF constraints below:

" L.<6,<U,, where §; =tan™ (QG /PG), . 5.27)
Lo=A+K-tan™ (B-V;+C)and Ug = Gppec '

where 4, B, C and K are the same with the ones defined for Intelli-Gens in Section 5.3.3.1. A
detailed analysis of the way the above set of constraints was calculated can be found in the

Appendix. This approximation creates a ‘smooth’ transition for 6, with respect to V,

which is shown in Figure 5.15.
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Figure 5.15 ‘Smoothing’ of control strategy transition from PFC to CVC when the DNO

performs ECVC.

The derivatives of the PF constraints provide the direction to the optimisation procedure

towards the relief of the violated PF constraints, with respect to the OPF variables.

ac, _ 0° 1
dP®  (pGY 6\?
(&)
dc, 1 1
do¢  P° G\
1+(*I)—GJ
dc, K-B
dVs 14(B-V;+C)
ac, . Q° 1
dPG - G 2 I G 2
c, 1 1
dg®  P° G\2
{H{Q—GJ

(5.28)

(5.29)

(5.30)

(5.31)

(5.32)

Derivatives with respect to OPF variables which are not involved in the constraints are equal
to zero. A detailed calculation of the PF constraints with respect to the OPF variables can be

found in the Appendix.
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5.3.4 Contribution to fault levels

The impact of DGs on fault levels as a function of their impedance and voltage output is
given by the derivatives calculated in 3.4.2 and 3.4.1, respectively. However, the impedance
they add to the impedance matrix is given as a function of their MVA capacity S¢ by (2.1),
which is indifferent to the voltage control policy enforced by the DNO. (8¢ can be
calculated from the OPF variable P¢ using the methods described at the end of Section 3.3).
In addition, thél voltage output of DGs is described by the same variable ¥ in the OPF
formulation, no (matter if it describes the result of PFC, AVPFC or CVC/ECVC. Therefore,
the mathematical description of the contribution of DGs to fault levels is common for all

voltage control schemes.

5.3.5 Cost model

The cost model used in Chapters 2 and 3 assumes that the negative cost (benefit) C; from
new generation capacity is connected only to the size of new generators Pg:

C,(P)=a P +b-P+c (5.33)

8
w.r.t. a,b,c <0 and P, > 0, where C, is the operational cost of generator g at output level Pg.
If the voltage control scheme enforced by the DNO affects the allocated size of DGs at the
CELs, then its impact will be reflected in the OPF objective function. Therefore, the existing

cost model is capable of encapsulating the effects of different voltage control schemes.

5.3.6 Example

The same test case with the same constraints and assumptions will be used as in Section
5.2.4, except that the CELs at buses 1, 10 and 11 this time will accommodate in turn PFC-
Gens, Intelli-Gens, CVC-Gens and ECVC-Gens. The voltage control strategy of Intelli-Gens

and ECVC-Gens has a common ¥, _, ., =1.05 p.u. (see Section 5.3.3) for the relaxation of
the PFC from a PF of 0.9 lagging. When the generators’ voltage reaches ¥, ... they are

permitted to operate at any PF between 0.9 lagging and 0.9 leading. CVC-Gens are
controlled by the DNO to operaie_between 0.9 lagging and 0.9 leading PFs for any bus
voltage within the statutory voltage regulations. The impact of each voltage control strategy
on network capacity will be examined assuming that there is no preference for the allocation
of new generation capacity at any specific CEL. The initial capacity allocation (FLCs
ignored) from D-FLCOPF is presented in Table 5.4. The new MVA capacity at each CEL is
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achieved for the PF written next to the MVA value. The positive sign stands for lagging PF,
while the negative sign stands for leading PF.

PFC Intelli-Gens CVC-Gens ECVC-Gens
9.2 MVA/ 283 MVA/ 31.2MVA/ 253 MVA/
CEL bus 1
+0.90 -0.96 -0.90 , -0.94
‘ 259 MVA/ 24.8 MVA 289 MVA 28.7 MVA
CEL bus 10
+0.90 /+0.99 /+0.90 /+0.99
15.3 MVA/ 33.0 MVA/ 35.0 MVA / 31.3 MVA/
CEL bus 11
+0.90 -0.96 -0.97 -0.96
E/TP 252 MW -38.1 MW -39.9 MW -39.0 MW
Total capacity 50.4 MVA 86.1 MVA 95.1 MVA 85.3 MVA
Losses 4.0 MW 292 MW 31.8 MW 27.0 MW
Objective Fun. -1411.5 -2424.2 -2557.7 -2425.1
Transf. ratio 1.0125 1.075 1.075 1.075

Table 5.4 Initial capacity allocation (FLCs ignored).

If FLCs are ignored, PFC results in the lowest total new capacity and exports. Obviously, the
broader the voltage operating region of the generators (see Figure 5.13, Figure 5.15 and
Figure 5.16) the broader the solution space for the OPF. Consequently, the OPF objective
function has a value which increases in each case that PF control is relaxed further: ip turn
PFC, Intelli-Gens, ECVC-Gens, CVC-Gens.

The initial capacity allocation violates the breaking capacity of the switchgear connected to
buses 1 and 10. Table 5.5 presents the reallocation of capacity for each method using D-
FLCOPF when FLCs are included in the set of network constraints.
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PFC Intelli-Gens CVC-Gens ECVC-Gens
36.6 MVA/ 33.7MVA/ 36.6 MVA /
CEL bus 1 0.0
-0.98 -0.90 -0.98
31.4 MVA/ 7.0 MVA/ 20.8 MVA/ 7.1 MVA/
CEL bus 10 :
+0.90 +0.90 +0.95 +0.90
17.2 MVA/ 352 MVA/ 35.5 MVA/ 35.2 MVA/
CEL bus 11
+0.90 -0.97 -0.98 -0.97
E/P -23.6 MW -29.7 MW -34.0 MW -29.7 MW
_Total capacity 48.6 MVA 78.8 MVA 90.0 MVA . 789 MVA
Losses 3.9 MW 30.7 MW 34.7 MW 30.7 MW
Objective Fun. -1347.0 -2123.8 -2377.7 -2124.4
Transf. ratio 1.0125 1.075 1.0875 1.075

Table 5.5 Reallocation of capacity considering FLCs.

In all cases, D-FLCOPF reallocated capacity from the CEL at bus 1 to the other CELs in
order to relieve the FLCs. Even though the additional constraints (FLCs) reduce total
capacity in all cases, the highest reduction is noticed for the case with new generators
operating in PFC. Furthermore, total new capacity achieved with generators operating under
one of the relaxed voltage control schemes is almost double than the one achieved with PFC.

An interesting effect of the introduction of FLCs is that the allocations of Intelli-Gens and
ECVC-Gens become identical! The explanation can be easily derived from the voltage/PF
profiles (Figure 5.15) of the generators before and after the introductions of the FLCs. The
blue dashed lines on the figures below (Figure 5.16) show the shifting of the Voltage/PF
operating points of each new generator at CEL x before (x:1) and after (x:2) the introduction
of FLCs. On the same figures the following lines are superimposed a) the minimum and
maximum operating PFs (expressed with signed angles ) as parallel lines to the voltage axis
and b) the response of AVPFC at V..., =1.05 p.u. as a reference boundary for the PFC

relaxation of Intelli-Gens (equality constraint (5.20)) and ECVC-Gens (inequality constraints
(5.27)).
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Figure 5.16 Shifting of Voltage/PF operating points of new generators operating under a)
AVPFC and b) ECVC for V,,_, ..=1.05 p.u. due to the introduction of FLCs.

According to equation (2.3), expected fault currents for the switchgear are proportional to the
voltage of the switchgear bus. FLCs force ECVC-Gens to decrease their voltage output, so
that expected fault currents of switchgear connected to the generators’ buses are reduced.
The AVPFC curve sets a lower bound to the voltage reduction of ECVC-Gens. Similar
behaviour was noticed for ECVC-Gens when V,, .., was decreased to 1.035 p.u. (Figure

5.17) and increased to 1.065 p.u. (Figure 5.18): when FLCs are included in the set of system
constraints the allocation of Intelli-Gens and ECVC-Gens becomes the same.
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Figure 5.17 Shifting of Voltage/PF operating points of new generators operating under a)
AVPFC and b) ECVC for V,, ., ,,=1.035 p.u. due to the introduction of FLCs.
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Figure 5.18 Shifting of Voltage/PF operating points of new generators operating under a)
AVPFC and b) ECVC for V,,_, . =1.065 p.u. due to the introduction of FLCs.

5.3.7 Transmission losses

However, the impressive total capacity achieved from the methods with relaxed PF comes at
a cost: high losses (see row ‘losses’ in Table 5.5). This is due to the fact that most of the
reactive power consumed by Intelli-Gens, CVC-Gens and ECVC-Gens during their attempt
to maintain acceptable terminal voltage, is provided from the distant E/IP at bus 12. Reactive
power travelling for long distances through a network raises losses. That is why even though
more capacity of Intelli-Gens than ECVC-Gens can be installed at the same network, the
allocation of ECVC-Gens results in higher exports and OPF objective function (see rows
‘E/IP’ and ‘ObjectiveFun.’).

Currently, losses are not considered by the DNO during capacity planning, mostly because
they are kept within a reasonable level under PFC. However, if the DNO is to relax the strict
PFC policy on new generators using one of the more flexible decentralised (Intelli-Gens) or
centralised (ECVC-Gens or CVC-Gens) voltage control schemes, transmission losses
become a significant proportion of new capacity. Table 5.6 presents the transmission losses
according to the voltage control strategy selected by the DNO as a percentage of the total
new capacity. Total new capacity is converted from MVA to MW using the PFs presented in
the same table.

PFC Intelli-Gens CVC-Gens ECVC-Gens
Total capacity 43.7 MW 76.3 MW 84.9 MW 76.4 MW
Losses 8.9 % 40.2 % 40.9 % 40.2 %

Table 5.6 Transmission losses as a percentage of the total new capacity.
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According to the above table, a big part of new capacity is effectively...lost on the way!

5.3.8 Limitations

Similarly to the limitations of the method allocating new RPCBs there is no provision in the
objective function of the above optimizations for the minimization of losses or handling of
reactive power. The objective function only provides benefit for the network operator from
new generation capacity, which is indifferent of the voltage control policy implemented.
There is no cost directly attached to the reactive power production or consumption of new
generators or their contribution to losses. For example, even if there may be no great
difference between two cases, where nearly the same amount of total new MW capacity is
allocated, there may be a significant difference in reactive power required to support the
respective systems. It may be the case that the solutions actually reflect a competition
between new generators as sources or sinks of reactive power. The result is great amounts of .
reactive power produced at one point and consumed at-a distant other, which obviously
increases losses. In other words, the current method is probably inefficient in terms of
reactive power management and losses, which is one of the fundamental targets of network
planners. Further research is needed towards the incorporation of those factors in order to

complete the suggested approach as a more realistic application.

5.4 Chapter summary

This Chapter examined two extensions of the model used by the OPF in capacity allocation,
in order to accommodate alternative generators voltage control policies and reactive power

compensation banks.

In the first part of this Chapter, an extension of the OPF as a tool for network capacity
analysis was presented, so that it can support the optimal placement of RPCBs. This tool can
be proven particularly useful to network operators. It can facilitate a) the optimal investment
of an available budget for new RPCBs (strategy A) or b) the maximization of revenue from
additional capacity re-leased by new RPCBs (strategy B). The method was applied to a
typical LV network with several CELs and an EIP. The capacity analysis of this network
demonstrated that the operator can practically double the connecting capacity of the existing
network by a small investment on RPCBs. This means that existing networks can
accommodate more generation capacity than initially estimated, minimizing the tremendous

cost of their expansion for the operator.
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However, the impressive total capacity achieved from the methods with relaxed PF comes at
a cost: high transmission losses (see row ‘losses’ in Table 5.5). The high losses are
explained by two facts. Firstly, most of the reactive power consumed by Intelli-Gens, CVC-
Gens and ECVC-Gens during their attempt to maintain acceptable terminal voltage, is
provided from a distant Export/Import Point (E/TP). Secondly, in the same table it can be
noticed that Intelli-Gens, CVC-Gens and ECVC-Gens located at Capacity Expansion
Locations (CELs) 1 and 11 operate in leading PFs, while those located at CEL 10 operate in
lagging PF (see rows with CELs in Table 5.5). The operating points of the virtual generators
located at CELs are roughly the operating points that new generators should adopt so that the
existing network is capable of accommodating such high penetration of new capacity. Since
load is assumed constant, this means that the reactive power produced (lagging PF) by one
group of generators is consumed (leading PF) by another in an effort to keep the overall bus
voltage pattern within statutory regulations. This creates a ‘push-pull’ effect of reactive
power on the network, which is also known” as ‘hunting’. Whichever of the two is the

decisive factor; reactive power travelling for long distances through a network raises losses.

The main conclusion of the second part of this Chapter is that the relaxation of DNOs’ strict
PFC policies, specifically, through widespread application of intelligent automatic
voltage/power factor control schemes allow the connecting capacity of the existing network
to be better exploited. Furthermore, the allocation of new Intelli-Gens and ECVC-Gens -
becomes identical and not very different than CVC-Gens when FLCs are considered.
Therefore, Intelli-Gens should be preferred due to the simplicity of their control (locally), but

efficient exploitation of the existing network.

Concluding, these two new applications of OPF, allocation of RPCBs and incorporation of
voltage control strategies in allocation of new generation capacity raise a new challenge for
the power systems engineer: further research is needed, so that the capabilities of OPF as a
planning rather than operating tool can be fully exploited.
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6. CONSIDERING THE IMPACT OF NEW CAPACITY
| ON LOSSES |

6.1 Introduction

.Chapter 5 investigated the impact of a possible relaxation of the current DNO voltage control

policy on the capability of an existing network to absorb new capacity. Several possible
“alternative voltage control methods have been suggested as a replacement of the current
strict Power Factor Control (PFC) method imposed by the DNO.

‘Intelli-Gens’, are assumed to be generators equipped with a voltage controller based on
work by Kiprakis et al [73). This method of voltage control is distributed in the sense that

generators support voltage only by collecting data from their terminal bus.

Two more voltage control methods have been envisaged according to the level of central
administration that the DNO may decide to enforce in the future. Centrally Voltage
Controlled Generators or CVC-Gens are generators which have their reactive power
production centrally controlled by the DNO in all cases. Emergency Centrally Voltage
Controlled Generators or ECVC-Gens are generatorsl opefating in PFC mode, but operate
exactly like CVC-Gens when their terminal bus voltage exceeds. some ‘emergency’

boundaries.

A 12-bus test case has been used in the assessment of network capability to absorb new
capacity when the alternative voltage control methods are used instead of PFC. It was found
that any of the alternative methods would practically double total new capacity that can be
installed on the existing network (see row ‘Total capacity’ in Table 5.5). However, the
impressive total capacity achieved from the methods with relaxed PF comes at a cost: high

transmission losses (seeError! Reference source not found. Table 5.5).

Currently, losses are not considered by the DNO during capacity planning, mostly because
they are kept within a reasonable level under PFC. However, if the DNO is to relax the strict
PFC policy on new generators using one of the more flexible decentralised (Intelli-Gens) or
centralised (ECVC-Gens or CVC-Gens) voltage control schemes, transmission losses
become a significant proportion of new capacity. According to Error! Reference source not
found., practically a big part of new capacity is ...lost on the way! Of course, such a result
would be completely unacceptable in terms of efficiency. Therefore, if the DNO ever decides
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to relax the current voltage control strategy, it will most probably consider revising the

capacity planning policy to take into account expected losses.

This Chapter presents a methodology for the incorporation of losses in the optimisation
algorithm for the allocation of new capacity analysed so far. As it is justified later on, the
methodology is indifferent to the voltage control method imposed by the DNO on new
generation capacity. The ‘same example with Chapter 5 is used to examine if the
consideration of losses affects the final capacity allocation and at which extend for each
voltage control method used by the DNO.

6.2 Calculation of losses

If the T1 equivalent of a transmission line connecting bus i with bus m has p.u. resistance of
Ri. and the p.u. voltages at buses k and m are ¥} and V,, respectively, then the transmission
losses B%* on that line are equal to:

2
losses |Vk - le
B =

R

k,m

(6.1)

The resistance of transmission line k,m is expressed as a function of the admittance matrix
Y, bus-

Real(Ybus(k,m)) = ! , where Real is the real part of a complex matrix. (6.2)

k,m

Bus voltages Vi, Vj can be analysed to their magnitudes |Vk

‘,IVMI and angles 6,.,6,:
v, =|Vk|-cosé?x'+j-|l/'k|-sin0x

6.3
v, =|Vm|-cost9m +j-|Vm|-sim9m 63
Therefore, -
V.-V, (6=3)|V,c|-cosc9x —IVm|-cos9m +j-(|Vk| -sin 6, —|Vm|-sin6m):
‘|Vk - Vm| = \/(IV,J-COSBK —IV,,,|-cosé’,,,)2 +(|Vk|-sin9,( —|V,,,|-sin67m)2
Thus, IVk —V,,,|2 =(|V,(|-cosl9Ar —|Vm|-cosd9,,,)2 +(|V,(|-sin6’“r -le|-sin0m)2 =
= W -V =Wl + V" =2V [Vl cos(6, - 6,) (6.4)
By substitution of (6.2) and (6.4) in (6.1): ]
B =W +[Vf = 2] V. |cos (6, - 6,) | Real (Yous (k.m)) (6.5)
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6.3 Expressing losses as a function of OPF variables

In order to incorporate losses in the optimisation procedure-of OPF as a tool for capacity
allocation first they must be expressed as function of the OPF variables. Bus voltages

|V|:|V,| and the respective angles 6,6, in (6.5) are actually OPF variables, while the Y,
expresses the passive elements of the network, so it is not connected with any of the OPF

variables. - Therefore, P°* in (6.5) .is a function of those OPF variables:

Pl (|I/',‘|,|Vm|,9x,0”) . The total network losses are equal to the sum of losses of each line:

Peses (|7),...oV). 626, ) = D ( bg’j’;m j where b = number of buses. (6.6)
m=k... '

k=1..b

The internal sumimation of line losses ( Z ﬂ’f’:f") is calculated for m=k...m, so that losses
m=k..b .

at each line are considered only once in the total losses.
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6.4 Considering losses during allocation of new capacity

Losses are considered during the allocation of new capacity by including them as a penalty
in the objective function (1.24) of the OPF as a tool for capacity allocation:

OFOPF (%’PT’IVb"gb) = ch (Pg)+zcr (PT)_WL E{::i&r (leI’ek) 6.7
g T

where g are the CEL buses and T are the buses connected to external networks (as described
in Section 2.5.1) and k are all the system buses. W, is a penalty weight for losses and
determines how much the network operator values losses. For example, if the operator values
losses as much as the benefit from new capacity, then W, should be set to 1 so that any
marginal increment of the benefit (due to new capacity on the network) must not increase
total losses more than the increment itself. If W,;=0 then the impact of new capacity on losses

is ignored.

6.5 Finding thé direction to optimum allocation

The solution of Nonlinear Programming problems, like the OPF, is generally achieved in an
iterative manner. In each iteration a direction of search towards the global optimum has to be
estimated. Therefore, the derivatives of the augmented objective function (6.7) need to be
calculated with respect to the OPF variables in order to determine the direction towards the
optimum capacity allocation considering losses. Nevertheless, the variables contained in the
term of the objective function, which captures the benefit for the network operator from new
capacity (P,, Pr) are not included in the term which depicts the deficiency of the solution due

to losses W, - B (|V,‘|,9k) (where k is any of the system buses) and vice versa. Therefore,

lines
only the partial derivatives of losses- with respect to the OPF variables le|,6’k need to be

calculated and these will be the derivatives of the overall objective function with respect to

these variables.

dOF oy (P, P|V,),60,)  dPie® (Vi).6,)
dly,| o 72 o 'zdgb[|nl ~Pileos(0,-6.)] ©9)
dOF 5y, (P, B,.|V,].6,) el ([AND
‘ £ =w, e L w2 Y [l Palsin(6, - 6,) ] (6.9)
de, do, d=1..b -

where b = the number of buses.
The derivatives of the objective function with respect to the rest of the OPF variables (P, Pr)

remain unchanged.
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6.6 Example

The test case of Section 5.3.6 will be used, with the same constraints and assumptions.
However, CELs at buses 1, 10 and 11 will now accommodate in turn PFC-Gens, Intelli-
Gens, CVC-Gens and ECVC-Gens. The voltage control strategy of Intelli-Gens and ECVC-

Gens has a common ¥, , ., =1.05 p.u. (see Section 5.3.3) for the relaxation of the PFC
from a PF of 0.9 lagging. When the generators’ voltage reaches V., they are permitted to

operate at any PF between 0.9 lagging and 0.9 leading. CVC-Gens are controlled by the
DNO to operate between 0.9 lagging and 0.9 leading PFs for any bus voltage within the
statutory voltage regulations. Again, the impact of each voltage control strategy on network
capacity will be examined, but this time losses will also be considered during capacity
allocation. .

It will be presupposed that the generation expansion planner has no preference for the
allocation of new generation capacity at any specific CEL i.e. all CELs have a marginal cost .
of -20. Exports of power are valued as much as new capacity i.e. the E/IP has a marginal cost
of -20, too. Finally, in order to consider the impact of the capacity allocation on losses
W,=20 (see Section 6.4), i.e. equal to the negative value of the marginal benefit from new
capacity. This ‘means that during the optimisation of the objectiv—e function (6.7) any
-marginal increment of capacity on the network must not increase total losses more than the
increment itself.

The initial capacity allocation (FLCs ignored) under strict PFC with and without considering
losses in the objective function is presented in Table 6.1.

PFC

Considering
WL=O WL=2O
losses '
CEL bus 1 9.2 MVA /+0.90 9.2 MVA /+0.90

CEL bus 10 259 MVA/+0.90 | 259 MVA/+0.90
CEL bus 11 153 MVA/+0.90 | 15.3 MVA/+0.90

E/IP -25.2 MW V 252 MW
Total capacity 50.4 MVA 50.4 MVA
Losses 4.0 MW 4.0 MW
Objective Fun. -1411.5 -1332.6
Transf. ratio . 1.0125 1.0125

Table 6.1 Initial capacity allocation (FLCs ignored) under strict PFC.
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The reduction of the objective function is equal to the cost of losses:
1411.5-1332.6=78.9 = 4(MW ) x 20(units | MW ) (6.10)

Therefore, under strict PFC losses do not have any effect on capacity allocation. Besides,
only a small fraction (less than 9% according to Error! Reference source not found.) of the

new capacity is wasted on losses anyway.

The problem of high losses arises when the strict PFC policy is relaxed by the DNO. Table
6.2 presents the capacity allocation of new Intelli-Gens, ECVC-Gens and CVC-Gens when
FLCs are ignored. The new MVA capacity allocated to each CEL is achieved for the PF
written next to the MVA value. The positive sign stands for lagging PF, while the negative
sign stands for leading PF. PFs of +1 and -1 mean that they approach unity from lagging and
leading values, respectively. In all three cases of relaxed PFC policy, capacity is shifted from
CELs at bus 1 (mostly) and bus 11 to the CEL at bus 10 once losses are considered. The new
optimal allocations of Intelli-Gens, CVC-Gens and ECVC-Gens decrease losses by 29.2-
20.4=8.8 MW, 31.8-21.0=10.8 MW and 27.0-21.0=6 MW, respectively. They also increase
exports, even if total new capacity is reduced. This means that less power is wasted ‘on the
way’, since loads always consume the same amount of power. In addition, the difference
between the objective function values resulting from the three relaxed voltage control
strategies is also reduced. Actually, when losses are considered CVC-Gens and ECVC-Gens

allocations become almost identical.

Intelli-Gens CVC-Gens ECVC-Gens

Considering '
Wi=0 W,=20 W,=0 w.=20 w.=0 W,=20
losses
CEL bus 1 28.3MVA | 10.9MVA | 31.2 MVA | 154 MVA | 253 MVA | 154 MVA
us v .
/-0.96 /-0.92 /-0.90 /-0.90 /-0.95 /-0.91
24.8 MVA | 37.5MVA | 289 MVA | 39.4 MVA | 28.7 MVA | 394 MVA
CEL bus 10
/+0.99 /-1 /+0.90 /+0.99 /+0.99 /+0.99
’ 33.0 MVA | 30.3 MVA | 350 MVA | 27.3 MVA | 31.3 MVA | 27.0 MVA
CEL bus 11 ‘
/-0.96 /-0.95 /-0.97 /-0.98 /-0.96 /-0.97
E/TP 381 MW | -39.8 MW | -39.9 MW | -422MW | -39.0 MW | -42.] MW
Total
0 a. 86.1 MVA | 78.8 MVA | 95.1. MVA | 82.0 MVA | 85.3 MVA | 81.8 MVA
capacity )
Losses 292 MW | 204MW | 31.8MW | 21.0MW | 27.0MW | 21.0 MW
Objective
F -2424.2 -1915.4 -2557.7 -2012.1 -2425.1 -2008.6
un.
Transfratio | - 1.075 1.0625 1.075 1.0625 1.075 1.0625

Table 6.2 Allocation of new Intelli-Gens, CVC-Gens and ECVC-Gens when FLCs are ignored.
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The initial capacity allocation raises fault levels beyond the breaking capacity of the

switchgear connected to buses 1 and 10. If FLCs are included in the set of network

constraints and capacity is reallocated for each method the results presented in Table 6.3
(strict PFC) and Table 6.4 (Intelli-Gens, ECVC-Gens and CVC-Gens) are produced. )

PFC
Considering
WL=0 WL=2O
losses
CEL bus 1 0.0 0.0
31.4 MVA / 31.4 MVA/
CEL bus 10
+0.90 +0.90
17.2 MVA/ 17.2 MVA/
CEL bus 11
+0.90 +0.90
E/IP -23.6 MW -23.6 MW
Total capacity 48.6 MVA 48.6 MVA
Losses 3.9 MW 3IoOMW
Objective Fun. -1347.0 -1268.2
Transf. ratio 1.0125 1.0125

Table 6.3 Reallocation of capacity under strict PFC due to FLCs.

Intelli-Gens CVC-Gens ECVC-Gens
Considering
WL=0 WL=20 WL=0 WL=20 WL=0 WL=20
losses .
CEL bus 1 36.6 MVA | 0.2 MVA | 33.7MVA | 11.9MVA | 36.6 MVA | 0.2 MVA
us
/-0.98 /+0.90 /-0.90 /-0.90 /-0.98 /+0.90
7.1 MVA | 37.0 MVA | 20.8 MVA | 379 MVA | 7.1 MVA | 37.0 MVA
CEL bus 10
/+0.90 /-1 /+0.95 /-1 / +0.90 /-1
352 MVA | 18.8 MVA | 35.5MVA | 250 MVA | 352 MVA | 18.8 MVA
CEL bus 11
/-0.97 /+1 /-0.98 /-0.96 /-0.97 /+1
E/TP -29.7 MW 296 MW | -34.0 MW | -35.1 MW | -29.7 MW | -29.6 MW
Total
o 78.9 MVA | 56.0 MVA | 90.0 MVA | 748 MVA | 789 MVA | 56.0 MVA
capacity . » 4
Losses 30.7 MW 10.1 MW 34.7T MW 21.2 MW 30.7 MW 10.1 MW
Objective ' » '
-2123.6 -1508.4 -2377.7 -1728.0 -2123.6 -1508.3
Fun. ' ‘
Tri_lnsf.ratio 1.075 1.0625 1.0875 1.075 1.075 1.0625

Table 6.4 Reallocation of new Intelli-Gens, CVC-Gens and ECVC-Gens due to FLCs.
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Again, under strict PFC losses do not have a significant effect on capacity allocation. In all
cases with relaxed PFC, capacity was shifted from the CELs at bus 1 and 11 to the CEL at
bus 10 in order to relieve the violated FLCs and reduce total losses. Intelli-Gens and ECVC-
Gens allocations, which became identical when FLCs were introduced to the optimisation

process, remain identical after losses are considered.

The greatest decrement in losses is noticed for Intelli-Gens and ECVC-Gens (both by 30.7-
10.1=20.6 MW), while losses are decreased less for CVC-Gens (34.7-21.2=13.5 MW). Table
6.5 presents the transmission losses of Table 6.4 as a percentage of the total new capacity
with respect to the voltage control strategy implemented by the DNO. Total new capacity is
converted from MVA to MW using the PFs presented in Table 6.4. A comparison with the
respective decrements in losses from Table 6.2, where FLCs were ignored, makes it clear
that FLCs reduce losses more for Intelli-Gens than other more relaxed voltage control
strategies.

PFC Intelli-Gens CVC-Gens ECVC-Gens

FLCs | Ignored | Considered | Ignored | Considered | Ignored | Considered | Ignored Considered

Total 43.7 43.7 76.3 56.0 84.9 72.6 76.4 56.0
capacity | MW MW MW MW ' MW MW MW MW

Losses | 8.9% 8.9% 40.2 % 18.0 % 40.9 % 292 % 40.2% | 18.0%

Table 6.5 Transmission losses as a percentage of total new capacity when losses are considered
during capacity allocation. : :

6.7 Chapter summary

In this Chapter, a method for the consideration of losses during allocation of new capacity to
an existing network was discussed. A common example with the previous Chapter was used,
where the impact of allocation on losses was ignored, in order to assess the magnitude of
losses under different voltage control strategies implemented by the DNO.

The discussed method of incorporating losses in the optimisation procedure had two major

effects on the allocation of new capacity:

a) Expected exports increased, even though total new capacity decreased. In other
- words, less power was lost ‘on the way’ to the demand.
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b) The consideration of losses on top of FLCs further decreases the difference between
the total capacities achieved with decentralized (Intelli-Gens) and centralized (CVC-
Gens and ECVC-Gens) voltage control. This is probably a consequence of the more
efficient (total new capacity over losses) allocation achieved under the decentralized

voltage control scheme.

Clearly, if the current strict PFC policy is to be relaxed in order to allow more capacity to
connect to the existing network, losses have to be taken into account. Otherwise, a great
amount of power will be lost in transmission due to transfer of large amounts of reactive

power over long distances.
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7. REINFORCEMENT PLANNING MECHANISM

7.1 Introduction

Electricity networks are called on to accommodate more and more generation capacity in
order to supply the increasing demand. Social, planning and environmental reasons hinder the
expansion of the existing infrastructure, whereas lack of investment prohibits its
reinforcement. Therefore, the efficient utilisation of the existing network is not only suggested
for economy, but also imposed by need. The previous Chapters examined a novel method that
facilitates assessment of the potential capabilities of the existing network to accommodate
new generation capacity. The method modelled new capacity and energy transfers to external
networks as the output of virtual generator placed on predetermined Capacity Expansion
Locations (CELs) and Export/Import Points (E/IPs) respectively. Then the Optimal Power
Flow (OPF), a well-documented tool in efficient power system operation, was used to specify
the size of new capacity at CELs so that total new capacity and eprrts to the E/IPs are

maximised.

The installation of new generation capacity brings the network closer to its operational limits.
Sooner or later investment is needed to increase those limits, so that generation can supply the
continuous demand growth. Investment on network infrastructure bears a very high cost for
network operators, thus, a planning mechanism is needed to expand the capabilities of the
- network in the most efficient way. Since generation and network expansion is so closely

linked, it is logical to seek the overall optimum in a combined approach.

In order to solve the OPF, Sequential Quadratic Programming (SQP) is used. The LaGrange
multipliers, sensitivity by-products of SQP attached to each constraint explicitly described in
the OPF, can be used to facilitate network planning decisions. Later in this Chapter, it will be
proven that in most practical cases they indicate which line, transformer or other equipment
would improve the capacity of the network to absorb new generation; if upgraded first.
Finally, based on the signals from those multipliers, an investment planning mechanism for
the reinforcement of the existing infrastructure is built. The target of the mechanism is to plan
the expenditure of an available budget on reinforcing the network, so that it can absorb as

much new generation capacity as possible.
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7.2 Sequential Quadratic Programming

SQP is used for the solution of OPF, because it outperforms every other tested Nonlinear
Programming method in terms of efficiency, accuracy, and percentage of successful solutioné,
over a large number of test problems [41]. The solution of Nonlinear Programming problems
generally requires an iterative procedure to establish a direction of search at each major
iteration. Basically, SQP sequentially forms a Quadratic Programming (QP) problem at each
iteration based on the quadratic approximation of the Lagrangian function. The Lagrangian
function is practically the objective function f{x) to be minimized, augmented with the
constraint functions g;(x) penalized by parameters 4; (called LaGrange multipliers):

L(xA)= /() + 3 Az (x) @

where i=1,...,m and m the number of constraints.

QP concerns the minimization of a linearly- constrained quadratic objective function; the
LaGrangian in this case. Thus, the nonlinear constraints described in Section 2.4 are linearised
in the beginning of each iteration. The QP part of the iterative process consists of two stages:
a) it finds a feasible starting point, if the initial point given in the SQP problem is not feasible
and b) calculates an iterative sequence of feasible points. The sequence of feasible points
finally converges to the solution of the subproblem, as it attempts to satisfy the Kuhn-Tucker

equations.

The solution to the QP subproblem produces a vector dj, which is used to form a new iterate
Xp+1=xpta.dy, The step length parameter a is determined by an optimisation procedure, which
targets to determine a x;+; that minimises a merit function, such as the one stated in [74]:
my m
M) =)+ Y [rg@]+ Y [r-max{0,g,(x)}] - (12)
i=l i=my +1 )
where r; is a penalty parameter for constraint i. [6] recommends setting the penalty parameter

of the next iteration equal to:

(heu)s = m’ax{/ll,%[(rk ), + /1]} (7.3)

The next QP subproblem is formed with x;; as the new feasible starting point and a new

approximation of the LaGrange function is calculated around this point. The overall process

- converges to the optimum when d; gets sufficiently small.
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7.3 Meaning of LaGrange multipliers in the OPF solution

As it is already mentioned, the solution of the QP ‘subproblem at each major iteration of the
SQP complies with the Kuhn-Tucker equations. The. Kuhn-Tucker equations are necessary

conditions for optimality of a constrained optimisation problem:

Vf(x)+i/1,. Vg, (x)=0 (7.4)
4 -g,(x)=0 (1.5)
220 ' (7.6)

Equation (7.4) describes a cancelling of the gradients between the objective function flx) and
the constraints g(x) at the solution point. For the gradients to be cancelled, the LaGrange
multlpllers are necessary to balance the deviations in magnitude of the obj ective function and
constraint gradients. Generally, the magnitudes of gradients represent the effect marginal
changes of function variables have on the function value. Therefore, each multiplier reflects
the impact of a marginal relaxation of the respective constraint on the objective function

value.

A constraint is considered ‘active’ when the solution lies on the constraint boundaries. Only
active constraints are included in this cancelling operation. Constraints that are not active
must not be included in this operation and so are given LaGrange multipliers equal to zero.
This is stated implicitly in equations (7.5) and (7.6).

During the final iteration of SQP, the QP subproblem produceé the LaGrange multipliers
connecting‘the overall optimum of the objective function with the constraints. When SQP is
used to solve the OPF, not only does it optimally allocate new generation capacity at CELs
and set the energy transfers at E/IPs, but it also calculates the LaGrange multipliers for all the
active system constraints. An examination of the multipliers can facilitate decisions about
which constraint, if marginally relaxed, would result in the greatest increase of the objective
function.

When OPF is utilised for’ generation capacity allocation a higher value of the objective
function means higher total new generation capacity. Subsequently, when OPF allocates new
generation capacity the LaGrange multipliers indicate which system constraint would result in

even higher total generation capacity, if it was marginally relaxed.
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7.4 Network reinforcement planning mechanism based on
LaGrange multipliers

At this point, the fact that LaGrange multipliers reflect only the impact of marginal changes of
the constraints on total new generation has to be stressed. They do not directly specify how
much these constraints should be relaxed and in which order, to optimally increase the
potential connection capacity. This is because reinforcements are usually lumpy, while
LaGrange multipliers specify the benefit due to a unit relaxation of a constraint (e.g. by 1
MVA for lines thermal limits). Benefits due to relaxation of a particular constraint may be
highly non-linear, s0 any linearisation-based calculation may lead to large errors when the
upgrade size is substantial. Therefore, the signals received by the multipliers cannot lead us
directly to the optimum investment plan. In this Section an iterative Reinforcement Planning
Mechanism (RPM) is developed, which uses the multipliers to identify the most cost effective
equipment, marginally upgrade it and reallocate capacities at each iteration. In other words,
the multipliers are used as sensitivities connecting the active constraints set by equipment that
reach their operating limits and the current capacity allocation given by the OPF. In the
following text the RPM is examined in more detail by analysing it into specific steps.

7.4.1 Step 1: Creating a list of realistic investments

The RPM aims to produce an investment pla;l for the reinforcement of the existing
infrastructure, in order to increase the potential of the existing network to accommodate new
generation capacity. In terms of power system analysis, this is done by selectively alleviating
active constraints which limit the ability of the network to absofb new capacity. Nevertheless,
not all constraints can be relaxed in real world power systems. For instance, some
transmission lines can be upgraded and their thermal limit increased, but none of the bus
voltage limits can be relaxed as they are imposed by statutory regulations. This narrows down
the number of constraints considered during network reinforcement planning. The constraints
which are susceptible to improvement in real-world power systems are called ‘feasible’. The
investments in the equipment- which technically create these constraints will be termed

‘feasible investments’ from this point on.

In addition, social, political or other non-technical reasons may prevent the investors (e.g.
network operator) from reinforcing parts of the network, even if an investment is feasible and
would result in maximum return on investment. For example, local authorities or citizens
could oppose the expansion of a substation in a highly populated area. Feasible investments
which is not possible to attract non-technical risks, like the ones mentioned above, will be

termed ‘realistic’ from this point on.

Obviously, the RPM has to assess only those investments which are considered to be realistic.
In this first step of the mechanism, the RPM segregates network constraints to feasible and
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non-feasible. Then, according to the subjective and case-specific data provided by the user, it

filters out those constraints where an investment would not be realistic.

7.4.2 Step 2: Allocating new generation capacity with the OPF

New generation capacity is allocated to the network, which is reinforced by the investment
plan up to the current step. To achieve this, a method based on the OPF formulation was
developed in Chapter 3 (D-FLCOPF). The method produces: .
a. An assessment of the network capacity to absorb new generation, with respect to
system, network and fault level constraints.
b. The LaGrange multipliers for the system’s constrained equipment (e.g. congested
transmission lines, switchgear expected to break fault currents close to specifications
etc.). '

-~

7.4.3 Step 3: ‘Discretising’ marginal reinforcement

Section 7.3 concluded that when OPF is used as a tool for capacify allocation and it is solved
with SQP the LaGrange multipliers attached to constraint equipment define the benefit
increment for the network operétor from additional generation capacity, if the constraint
equipment is marginally upgraded. Nevertheless, ‘marginal change’ is a mathematical céncept
only. Practically, numerical processes (like the solution of the OPFj simulate ‘marginal
changeé’ on quantities with ‘discrete changes in very small steps’. Thus, whatever decision
engine the planning mechanism may contain, it certainty has to upgrade the specifications of

equipment in small discrete steps in order to preserve the meaning of the LaGrangian signals.

The upgrading of equipment in small steps in terms of power system analysis can be
interpreted as small improvements of the specification of the existing equipment. The
objective function increment Af can be approximated using the LaGrange multiplier A,
attached to the discretely upgraded specifications As, of equipment e:

L = ar=ans, (7.7)

Se

This approximation is depicted in Figure 7.1.

fh

Figure 7.1 Estimation of objective function increase due to investment.
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If step determines how many times this specific equipment has been selected by RPM as an
optimum investment, thus As.=s.(step+1 )-ée(step).

In some cases of investment the upgrade of equipment does not affect only the set of
constraints during allocation of capacity. It also affects the physical characteristics of the
network. The network characteristics have to be updated together with such investments
before D-FLCOPF allocates new capacity.

For example, the upgrade of transmission or distribution lines in order to increase their

thermal limit alters the impedance of the network. The new line resistance R,,, and reactance
X, has to be calculated as a function of the old resistance R, and reactance X,
Generally, the thermal limit S is given as the product of the rated voltage V., and current

of the line:

raled

S
1

rated

S=. .| v (7.8)

rated | —

=

rated

Since the rated voltage of a line remains unchanged after a minor reinforcement, according to
(7.8) the ratio of the thermal limit over the rated current before (S,,;) and after (S,,,) the

reinforcement remains unchanged and equal to approx1mately 1p.u.:
Spee =|1 pa. (7.9)

new rated ,new
=S, —S,, decreases transmission losses

pu.and S,

raled old

Let us assume that the upgrade of a line by S

step
by:
L, =L, —L,;,=-S,,"L (7.10)

'step new old step perc.

where L expresses losses as a percentage of S

perc. tep *

. However, the losses before and after the upgrade are equal to:

2

Lo = Iralc 0l : Ro ‘
Id d old ] id (71 l)
Lnew = 1 rated ,new . Rnew
(7.10) is recalculated using (7.9) and (7. ll)'
slep = S2 Sjld ) Rold =
2 .
R - Sold : Rold + Lsrep (712)

new. Sz
If the thermal limit before and after the upgrade is expressed as a function of the rated voltage

and line impedance:

Ve Vel
S,,ew — rated = S"ew = . raled. | . (7.13)
new |Rnew + J X new
2 2
V
S‘ﬂd = rated = So rated (7.1 4)

d = p
|Rold + onld

old
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Both terms of (7.13) are divided by (7.14) and solved with respect to X,

Snew _ lROld + onld‘

= =
Sold Rnew + .] X new

2

Xpow = \[(R:,,, + Xf,d)%’"—kfm (7.15)

new -

In real life, the effect of upgrade on thermal limits may be more complicated. Here is just an
example of simplified analysis, which may be updated to consider more realistic situations.

7.4.4 Step 4: Defining the cost of investment

One of the most important parameters used during the evaluation of candidate investments is
their costs. The RPM framework includes as candidate investments the network equipment
which could potentially replace parts of existing infrastructure in order to increase the
capacity of the network to absorb new generation. The cost of network equipment is
practically defined by its specifications: rating, reliability, life expectancy etc. Therefore, it is
important to know the specifications of the equipment that represent possible options- during
“reinforcement planning.

According to Section 7.4.3, the RPM plans the upgrading of equipment in small, discrete
steps at each investment iteration, in order to preserve the economic meaning of the LaGrange
multipliers (see Section 7.3). Since the cost of equipment is a function of specifications, the

cost of upgrading specific equipment e by a small step will be a function of its specifications

at the current step step: C

“e,increm.

(se (step)). Siep determines how many times this specific

equipment has been selected by RPM as an optimum investment. An example of how this cost
could be mathematically described is a quadratic cost function with respect to step:

C

e,increm.

(sc (step))=a-step® +b-step+c (7.16)
where a,b,c,step >0 and a,b,ceR and stepe N ‘

When e is not planned for upgrading in one of the previous investment iterations (i.e. step=0)

it carries a replacement (or starting) cost C,

. - FOr example, if in a real-life situation the
switchgear in a substation had to be upgraded even by a few MVA of breaking capacity, then
the whole switchgear would be replaced. Of course, in this case the replacement cost would
be much higher than the cost induced by the improved specifications. Therefore, the
replacement cost should also be considered during the calculation of the cost of investment

C, on equipment e for step times:

C, (step) = C, o (51€P) + C, prorem (5. (step))
where C

e,start

7.17
(step)=C, ..o, for step=0 or C,,,,, (step)=0 for step >0 19

e,start

A graphical representation of C, is depicted in Figure 7.2.
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Figure 7.2 Cost of upgrading equipment in discrete steps.

Prices of equipment for a range of specifications can be gathered from network equipment
suppliers. They depend on the category the equipment belongs (e.g. MV or HV transmission
line etc.), which also determines a minimum investment cost, and the characteristics of the
application. For example, MV switchgear may start from a retail price of 15,000 €, but it can
reach 150,000 depending on the breaking capacity and capability required. If the RPM is to
prepare a short-term investment plan, these prices directly define the cost of new equipment
with respect to its specification. If the planning is extended for longer time frames, then more
complicated factors have to be considered during the mathematical formulation of the cost of
equipment. For example, inflation, reduction of prices in the future due to expected

technological progress and other time-connected factors must be taken into account.

During this step of each RPM investment iteration, the costs of ‘marginally’ upgrading (i.e.
by a small step) network equipment which comprise realistic investment options are
calculated.

7.4.5 Step 5: Optimum investment

If among all realistic investments it is decided by the RPM to marginally upgrade the
equipment with the highest LaGrange multiplier, then the investor will have the highest
possible return for his investment: for example, if the investor is the network operator, he will
achieve the maximum possible increment of benefit from additional generation. However, this
is not sufficient to qualify an investment as optimum. For example, if the investment is on
equipment which is very expensive to upgrade (e.g. transmission line), then it may result in
the maximum possible return, but it will also have a very high cost. Therefore, it is logical to
define as optimum the investment which results in the highest ‘net profit’, which is the
subtraction of the investment cost from the return.

Consequently, the investment cost has to be converted to a comparable quantity with the

benefit from new generation in order to calculate the expected net profit from each possible

investment. The investment cost C,(s) of a new equipment e is a function of its
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specifications s (see Section 7.4.4). The division of the cost with the life expectancy of the

new equipment provides the average yearly cost of investment.

In order to simplify the analysis it will be assumed that only the marginal coefficients of the
quadratic cost functions attached to CELs are non-zero and they are all equal to r. In other
‘words, ] MW of new generation capacity increases the objective function by r. Let us assume
that the benefit » from new capacity has an equivalent monetary value of R for the network

operator.

Now, let us also assume that the upgrade of the specifications s, of a network equipment e by
As, is expected to increase the objective function by Af. The rise of the objective function
would have a monetary value AR, equal to: _

Increment of obj.fun.by r = Increment of operator's revenue by R

r

7.18
Increment of obj.fun.by Af = Increment of operators revenue by AR, = Af R (7.18)
-
R and r are constant, so AR, is proportional to Af:
AR, =k-Af , where k = R = const. (7.19)

By substituting (7.7) in (7.19) the increment of the benefit function Af'is connected with the
equipment upgrade As.:

AR =k-A,-As, (7.20)
where 1, is the LaGrange multiplier attached to the OPF constraint related to equipment e.

If the upgrade As, of a network equipment e costs C.(s.) and is expected to increase the

monetary benefit by AR,, then the net return on the investment is equal to:
NetR, = AR, - C,(step)=k- 4, As, - C,(step) (7.21)

The RPM considers an investment on equipment- e,, optimal when it has the highest net
return NetR, among all realistic investments:

Copr. = e{max(NetRe )} , (7.22)

7.4.6 Step 6: Updating investment plan and cost

In this step, RPM adds the investment, which was selected as optimum in the previous step, to
the end of the list of investments from previous iterations. The list of investments determines
the order with which the investments must be implemented in order to maximise the benefit
of the network operafor from new generation at each iteration of investment. However,

upgrading equipment in small steps is not realistic, not to mention the installation burden
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from which the cost was neglected. Thus, the investment on the same equipment, but different
iterations, can be accumulated as one investment at the iteration that this investment was
selected as optimum for the first time. Finally, the cost of the optimum investment in this
iteration is added to the total cost of investment up to this iteration. The total cost of
investment can also be added to a list of expected investment costs. Each row of this list
would signify the cost of implementing the investment plan up to the respective row in the list
of investments.

7.5 Planning loop

After the investment plan is updated in Step 6, the control of the algorithm is passed back to
Step 2, where the future network is assessed. Steps 3-5 are repeated, so that the new optimum
investment is identified, Step 6 updates the investment plan; control is passed back to Step 2
and so on. The algorithm iterates until the capacity allocation violates only constraints which
are not realistic investments or the network operator’s budget roof is reached. Figure 7.3

shows the flowchart of the iterative algorithm implementing the RPM.
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Figure 7.3 Flowchart of the iterative algorithm implementing the RPM.
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7.6 Considering long-term load forecasts

In the previous Chapters, the change of demand/load through time was neglected, because the
target was to assess the capacity of the network to absorb new generation at the present time
or a specific time in the future. However, this Chapter focuses on reinforcement planning, a
process which affects the characteristics of the network over a long period of time. During
this time, expected demand changes (mostly increases), affecting the flow of power through
the network. Consequently, the change of demand can affect both the amount and location of
equipment which constrain the capacity of the network to absorb new generation. This
Section develops a methodology in order to consider the effect of load change through time

on reinforcement planning.
AN

Let us assume that there is a constant increase d;% every time unit (e.g. year) for load ;.
‘Load forecast’ is defined as the size of L; at time unit ¢ g

L (t) = (di )’ Ll (O) (7.23)
where ¢=0,1... with =0 the present time.
Using the above methodology, investment plans that consider future demand growth could be
created. In this case, loads would be considered equal to their forecasts. The forecasted values
are calculated before the execution of step 1 in RPM, which assesses the capacity of the
network to absorb new generation. The analysis can be simplified if loads are assumed to
have constant power factors through time.Thus, if L}(?) is the real power demand of load i in

time ¢, then a proportional reactive power demand & - L,(¢) is assumed for the same time.

7.7 Considering the retirement of generators

Electricity generation plants have a limited life expectancy. Sometimes this is supposed to be
reached when basic equipment of the plant become unreliable due to age and spare parts are
not produced any longer. In other cases, the production technology of the plant is outdated
and its operation is no longer profitable. In any case, all generation plants eventually go out of
service at some point in the future. This is called retirement.

When a big generator permanently disconnects from the grid power flow and voltage patterns
change. New constraints may become binding for the future operation of the power system.
The exact time of retirement is not always predictable (e.g. because it is not known when a
new, more competitive production technology may be established), but when it is it has to be

considered during network reinforcement planning.
In Section 2.5.1, existing generation capacity was modelled with fixed sources of real power

equal to the capacity (in MW). When RPM reaches the point in time (see Section 7.6) that the

retirement of a generator is expected, the respective source could be simply removed from the
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power system model. Thus, the optimum investment on the network infrastructure would be

decided according to the expected drop in power production.

7.8 Example

The RPM will be tested on the 12-bus network that has been used up to now as an example
network. A detailed description of the network topology is presented in Section 3.6.1. It will
be investigated if the different voltage control policies presented in Chapter 5 (PFC, Intelli-
Gens, CVC-Gens and ECVC-Gens) have any impact on the optimum investment plan
produced by the RPM. Transmission losses will also be taken into account during allocation
optimisation, accofding to the methodology presented in Chapter 6. WL=26 (see Section 6.4),
i.e. value of losses per MW equal to the negative value of the marginal benefit from new

capacity.

7.8.1 Investment economics

It will be assumed that the only realistic investments are the ones on thermal limits of
transformers and transmission lines and the breaking capacity of switchgear (see 2.6.2).

Transformers and lines have a common initial cost of upgrade C,,, .., = 50,000 €. For each

upgrade of the thermal limit by 5 MVA a flat cost (indifferent of line length, initial capacity

etc.) equal to C, =5,000 € will be assumed. Similarly, the replacement cost of

ine,increm.

switchgear will be set to C; =15,000 € and the incremental cost for 50 MVA of

switchgear start

additional breaking capacity will be equal to C =610.5€.

switchgear ,increm.

The above assumptions for the cost of investment are calculated according to average costs'?
of transmission lines, given by the British Network Operator, whereas ABB provided the
typical prices for MV switchgear of several breaking capacities. The hypothetical investment
budget available for this specific network is equal to 200,000 €. Inflation, fluctuations of

equipment prices and technological advances will be ignored.

In Section 5.2.4.2 the network operator;receives a subsidy of 567 €/year for each additional
MW of generation capacity connected to the network. If a marginal eQuivalent benefit of 20 is
attached to all Capacity Expansion Locations (CELs) as in the previous Chapters, then each
additional MW of generation capacity will increase the OPF objective function by r=20.
According to (7.19) the marginal relaxation As, of system constraint e will increase the

monetary benefit of the network operator by AR, =k-A,-As,, where 4, is the LaGrange

multiplier of e and k = R = % =28.35€/ MWyear . In our example, the growth of monetary
r .

12 Acquired with personal communications dufing CIRED 2005 conference in Turin.

137



Reinforcement Planning Mechanism

benefit AR, from the upgrade of lines/transformers and switchgear minus their cost (see
beginning of Section), according to (7.21), gives the expected net profit from each
investment. Equation (7.22) compares those net profits and defines the optimum investment,

which would result in the maximum possible net profit for the network operator.

‘

'(.8.2 Results

Using the above parameters for the economics and triggering of investments a series of
simulations was completed, which implemented the-RPM for the 12-bus network of the
example. For all the figures produced from the RPM the same notation was used to signify
investments. The green squares along the plot of total capacity represent investment iterations
i.e. small upgrades of network equipment. Tags next to the squares show the exact iteration
that the investment is planned for. The notation used for the tags is the following:

- iteration, investment ‘

where iteration is the RPM iteration that investment is planned for. Iteration 0 represents the
current network status. Thus, no investment is planned for this iteration in any case. An
investment is defined by a) ‘Tf-t’ for an investment on transmission line f-t and b) ‘Sm>n’ for
an investment on switchgear at bus m, which breaks fault currents in transmission line m-n.
For example, ‘>2,T1-2’ means that the RPM has planned in the second iteration an
investment for the upgrade of transmission line connecting buses 1 and 2.

7.8.2.1 Investment plan undér strict power factor control

First, RPM created an investment plan under strict Power Factor Control (PFC) for new
generators. More details of how this assumption is formulated in the OPF for capacity
allocation can be found in Chapter 2. The allocation of new capacity to the three CELs (buses
1, 10 and 11), the E/IP (bus 12) and total new capacity with respect to the cost of investment
is given in Figure 7.4. Figure 7.4 shows that RPM plans first the reinforcement of S1>2 and
then S10>4 with 50 MVA higher breaking capacity. Figure 7.4 also gives us the information
that if this investment pfan is implemented, then total new capacity'® will reach 51 MVA, 2
MVA more than the connecting capacity of the current network, which is 49 MVA (see Table
'6.4). After 2 iterations planning stops. This is because there is no realistic investment
available for RPM. Other constraints (e.g. statutory voltage level) become binding, which
cannot be alleviated with any of the available investment options.

Figure 7.5 presents the progress of benefit from the new capacity for the network operator.
Planned investments increase benefit for the network operator from new capacity from 36,140
€/year to 38,027 €/year, an increment of 1,887 €/year. According to the x-axis of Figure 7.4,
the total cost of investment is 30,000 €. If these investments are assumed to be implemented

In comparison with the existing capacity
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quickly (e.g. in a few years), then a good estimation of the time needed for the investment
return to equalise the cost is about 30,000/1,887=15.9 years.

Finally, Figure 7.6 presents the expected tap ratio and regulated voltage at bus 12 of the
transformer with automatic tap changer throughout the planning period. The tap changer does
not respond, because the voltage at the regulated bus lies within the desired bandwidth (1+0.2

p.u.).
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Figure 7.4 Investment plan created by the RPM assuming strict PFC for new generators.

140



x 10
3.85

3.8

Benefit (€)

w
=3

3.65 -

3.6
0

Reinforcement Planning Mechanism

=7Z<|S'L

L !
0.5 1 1.5 2 2.5

Total Cost (€)

Figure 7.5 Benefit for the network operator vs. cost of investment.

x 10

P<0tST®

141



Reinforcement Planning Mechanis

1.015, ‘ ] : , : :

-
o
=,
e
| I

1.005 - i
|

we Ratio ‘
\ | me Controlled Voltage | |

0.995 - .

0.99! |

Ratio and Controlled Voltage (p.u.)

?2Z<1S'L

0.985 -

0.98'! L - L o L I - |
0 0.5 1 1.5 2 2.5 3

Total Cost (€) x 10°

Figure 7.6 Expected tap ratio and regulated voltage of the transformer with automatic tap changer vs. cost of investment.

142



Reinforcement Planning Mechanism

7.8.2.2 - Investment plan under widespread use of Intelli-Gens

In this case RPM created an investment plan assuming that all new generators will be Intelli-
Gens. More details of how this assumption is formulated in the OPF for capacity allocation
can be found in Chapter 5. The allocation of new capacity to CELs, the E/IP and total new
capacity with respect to the cost of investment is given in Figure 7.7. The RPM plans the
reinforcement of transmission lines T4-9 and T4-10 by 30 and 45 MVA, respectively. It also
plans the replacement of S1>2 and S10>4 by-switchgear with 50 and 350 MVA higher
breaking capacity, respectively. The investment plan stops after 23 iterations when the
reinforcement plan reaches the limitations of the available budget. The planning horizon is
short enough for illustration purposes. However, planning investments much further into the
future wouldn’t have much meaning in most practical cases. Probably other investments will
be done on the network by the time the above plan will be completed, e.g. new transmission
lines between buses or even new buses, which would practically change the study case.
Accordmg to the same figure, at the end of the investment plan total new capacity reaches 106
MVA. This is 50 MVA more than the connecting capacny of the current network, which is 56 -
MVA (see Table 6.4), if all new generators are Intelli-Gens!

Figure 7.8 shows the benefit from new capacity for the network operator with respect to the
cost of investment. Planned investments increase benefit from new capacity from 43,130
€/year to 92,818 €/year, an increment of 49,688 €/year. According to the x-axis of Figure 7.8,
the total cost of investment is 198,663 €/year. Each investment on the network starts paying
back from the time it is implemented. Things become confusing if the fact is considered that
after a few investments it is difficult to allocate the increase of capacity to specific
investments. Each investment represents the relaxation of a constraint, which may or may not
become binding in different points in time. Therefore, the calculation of return from planned
investments scattered all over the planning horizon (as in this case) is quite a complicated
process. Here, a very conservative estimation of the pay-back time will be calculated by
dividing the total cost of investment with the profit for the network operator from the
additional capacity due to investment. This is equivalent to assuming that all investments start
to pay back at the end of the planning horizon, which gives a much longer time than reality.
Such an approximate calculation gives a pay-back time of 198,663/49,688=4 years for this

case.

This high investment return can be explained by the fact that once an investment is included
in the plan and the high initial cost is paid, then each further upgrade costs very little in
comparison with the benefit it will bring for the network operator. For example, the first
planned investment on T4-9 costs 50,000 € and increases benefit by 61,850-54,900= 9,950
€/year (Figure 7.9a). Therefore, the first investment on T4-9 will pay back in about
50,000/9,950=5.03 years. The next investment on the same line costs 5,000 € and increases
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benefit by 68,300-62,300= 6,000 € (Figure 7.9b). Therefore, the later investment will pay
back in about 5,000/6,000= 0.83 years, which is less than 6 times lower than in the first case!

Figure 7.10 presents the response of the tap changer with respect to the total cost of
investment.
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Figure 7.7 Investment plan created by the RPM assuming widespread deployment of Intelli-Gens.
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Figure 7.8 Benefit for the network operator vs. cost of investment.
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7.8.2.3 Investment plan under widespread use of ECVC-Gens

In this case RPM created an investment plan assuming that all new generators will be ECVC-
Gens. More details of how this assumption is formulated in the OPF for capacity allocation
can be found in Chapter 5. The allocation of new capacity to CELs and the E/IP, as well as
the total new capacity with respect to the cost of investment is given in Figure 7.11. The RPM
p]ans the reinforcement of T4-9, T4-10 by 35, 40 MVA each. It also plans the replacement of
S1>2 and S10>4 by switchgear with 50 and 400 MVA higher breaking capacity, respectively.
The plan stops after 25 investment iterations, when the reinforcement plan reaches the
limitations of the available budget. However, the plan is so extensive that it wouldn’t have
much meaning to continue further. Figure 7.11 also show that in 24 iterations total new
capacity can reach 114 MVA, if this reinforcement plan is to be used. This is 58 MVA more
than the 56 MVA (see Table 6.4) connecting capacity of the current network if all new
generators are ECVC-Gens. '

Figure 7.12 presents the benefit from new capacity for the network operator with respect to

investment cost. Planned investments increase benefit from 43,129 €/year to 97,989 €/year
from the additional capacity due to investment on the network infrastructure, an increment of
54,860 €/year. According to the x-axis of Figure 7.12, the total cost of investment is 199,274

€. An approximate calculation (as in 6.9.3.2) gives a pay-back time of 199,274/54,860=3.6

years for this case.

Figure 7.13 presents the response of the tap changer with respect to the total cost of

investment.

149



— 2T 1
23,510>48,22,T4-10 )
21,510>48 ¢ ,20,T4-9
19,T4-10#
17,74-18:518,510>4

15,T4-9 16, 510>4 \

&514,T4-9
13.74-10:4
5512,T4-9
11,510>4<4,10,74-10
9,T4-9cw
h.ﬂ?;oﬂ.&mh;o&
®,6,T4-9
5,510>4¢84 T4-10

3,T4-%sm
552,510>4
1,81>2¢m
L Bt ) M 1
o o (=]
N o @

e e
o o

< N

e o™

o

= o
W x
=3
> B
©
8
(0]
(&}
P e e ©
T~ B
MVVWW o
S2225
~2rag
i
‘ ; ] | =
\\\\\ ,
SN~
W
el
w
— - o
@)
o
| @
=
| ©
BE=]
[
16, s
o
‘N
o
3 T S |
o o o o
§ ¥ @ 2

A>>_\M_ ul spodxa 9 YA Ul siojessuab) uoneoso|y Ajoede)

Figure 7.11 Investment plan created by the RPM assuming widespread deployment of ECVC-Gens.
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7.8.24 Investment plan under widespread use of CVC-Gens

Finally, RPM created an investment plan assuming that all new generators will be CVC-Gens.
More details of how this assumption is formulated in the OPF for capacity allocation can be
found in Chapter 5. The allocation of new capacity to CELs and the E/IP, as well as the total
new capacity with respect to the cost of investment is given in Figure 7.14. The RPM plans
the reinforcement of T4-9 and T4-10 by 35 and 40 MVA, respe\ctively. It also plans the
- replacement of S1>2 and S10>4 by switchgear with 50 and 400 MVA higher breaking
capacity, respectively. The investment plan stops after 24 iterations, when the RPM invests
the entire available budget. At the end of the reinforcement plan total new capacity could.
reach 114 MVA. This is 39 MVA more than the connecting capacity of the current network,
which is 75 MVA (see Table 6.4) if all new generators are CVC-Gens.

Figure 7.15 shows the benefit from new capacity for the network operator with respect to
investment cost. Planned investments increase benefit from new capacity for the network
operator from 49,480 €/year to 98,011 €/year, an increment of 48,531 €/year. The total cost of
investment is 199,274 €. An approximate calculation (as in 6.9.3.2 and 6.9.3.3) gives an
investment pay-back time of 199,274/48,531 =4.3 years for this case.

Figure 7.16 presents the expected tap ratio and regulated voltage at bus 12 of the transformer
with automatic tap changer throughout the planning period.
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7.8.3 Comparison of results

Table 7.1 presents a summary of the reinforcement plans produced by RPM for the four

voltage control policies.

PFC Intelli-Gens ECVC-Gens CVC-Gens
Initial i
nitial capacity 49 56 56 75
MVA) ‘
Final i
nal capacity 51 106 114 114
(MVA)
C ity i e
apacity increas 5 49 57 38
(MVA)
Planning Hori
. annlr{g o.nzon 2 23 24 24
(RPM iterations)
T4-9 : 30 T4-9: 35 T4-9: 35
Investments S1>2:50 T4-10 : 45 T4-10:40 T4-10:40
(MVA) S10>4 : 50 S1>2:50 S1>2:50 S1>2:50
S10>4 : 350 S10>4 : 400 S10>4 : 400
Approximate.
pay-back time 15.9 4 3.6 43
(years)

Table 7.1 Comparative analysis of reinforcement plans.

As it was demonstrated in detail in Chapter 5, the introduction of Fault Level Constraints
(FLCs) forces Intelli-Gens and ECVC-Gens to have similar behaviour in voltage control. The
consideration of the impact of new capacity on losses during optimisation of allocation in
Chapter 6 did not change this fact. That is why total capacity before and after investment on
the network has similar values, with a slight advantage towards the more relaxed ECVC

policy (see row ‘capacity increase’ in Table 7.1).

The row of ‘investments’ in Table 7.1 clearly shows that in the case of non-PFC voltage
control policies the RPM plans investments on some common equipment between policies: a)
the transmission line 4-9 (T4-9), b) the transformer between buses 4 and 10 (T4-10), c) the
switchgear at buses 1 and 10 breaking the primary circuit of the transformers between buses
1, 2 (S1>2) and 10, 4 (S10>4), respectively. Therefore, even if the future preferred voltage
control policy is not clear at present, the network operator can still plan the upgrade of this

equipment, anyway.

The reinforcement of network infrastructure improves the capability of the power system to

absorb new generation capacity. Consequently, voltages at generator buses rise and the
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emergency voltage control mode of ECVC-Gens is activated. Therefore, the more the
network is reinforced the more possible it becomes for ECVC-Gens to operate as CVC-Gens.
This is proven by the comparative results for initial and final generation capacity for each
voltage control policy in Table 7.1. Even if 75-56=19 MVA more CVC-Gens capacity can be
installed on the current network, the allocation plan converges with the one for ECVC-Gens
at the end of the reinforcement plan (both achieve 114 MVA of new capacity). Figure 7.17,
where the total capacity with respect to investment cost for each case is superimposed on the
same graph, demonstrates this convergence between the two policies. Generally, total
capacity is much higher for relaxed PFC policies than strict PFC after the implementation of
the investment plans. The difference between total capacities achieved for PFC, Intelli-Gens
and CVC-Gens/ECVC-Gens increases as the cost of investment increases. A similar tehdency
exists for the benefits from new capacity in each case for the network operator with respect to

investment cost (Figure 7.18).

The last row of Table 7.1 presents the approximate pay-back time of the investment plan for
each voltage control policy. For all cases, the relevantly low pay-back time can be explained
by an economic practice included in the RPM. Once an investment is included in the plan and
the high initial cost is paid, then each further upgrade costs very little in comparison with the
.benefit it will bring for the network operator. Let us not forget that this approximate ‘pay-
back time’ is a very conservative estimation of the actual pay-back time. The total cost of
investment was divided by the profit for the network operator from the additional capacity
due to investment. This is equivalent to assuming that all investments start to pay back at the
end of the planning! Of course investments on the network start to pay back immediately after
they are implemented, thus, actual pay-back time is expected to be even shorter in reality.

The two investments done under PFC do not release much additional generation capacity. As.
a consequence, the respective investment pay-back time is much higher than for the other
‘flexible’ policies (see last row of Table 7.1). The reason for this is founded upon a
fundamental disadvantage of PFC. There is practically no control over voltage rise due to new
generation capacity, so statutory voltage limits soon become the unresolved constraints for
generation expansion. On the contrary, the other more relaxed voltage control policies seem
to favour investment on the network, delivering a much lower pay-back time (see last row of
Table 7.1). If the results are examined in more detail, then the disadvantage of the current
voltage control policy (PFC) with respect to efficiency is demonstrated once more: the pay-
back time of investments under PFC is one order higher than the other more relaxed policies.
Especially, if a central voltage control policy is implemented (CVC-Gens or ECVC-Gens)
pay-back time is around 4 times less than under PFC. »

The implementation of CVC or ECVC generator voltage control practically requires the
development of an extensive and highly sophisticated communication system. This system
must be able to receive information from all generators about local voltage patterns and

transmit control signals for their reactive power output ... in real time! Such a sophisticated
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communication system may require significant investment from network operators and

creates a serious technical challenge for engineers.

Summarising the comparative analysis, ‘Intelli-Gens perform very competitively in
comparison with the centralised CVC-Gens or ECVC-Gens. They combine a low pay-back
time for investment on the network with the applicability and simplicity of a decentralised
voltage control policy. The ‘intelligent’ voltage control algorithm is integrated into the
generators’ field control, so the investor on generation bears the additional, but small cost.
Therefore, even if CVC-Gens and ECVC-Gens exploit the enhanced capabilities of the
reinforced network slightly better, the high cost for the network operator of a centralised
voltage control system may be a serious drawback for its establishment. '

159



Total new capacity (MVA)

nKemjorcement Hidnring vicCridnism

43 [ ‘ ] T T T T =
| ’ll ) | ;\ !’“ "‘/.
110 - - \:\: LRl
| : h'
‘ : L L T
n
| ) | d
100 r " ;
| - '
e — »
90 - Al - 1 _
: i “ ——
L ¥ -
S |
i i ,/7
* ’
70| 7
Y
GOL,/ =l: PFC-Gens .
d == Intelli-Gens
-m- ECVC-Gens
| % s CVC-Gens
5 v [l = ™ — R | :
08- 5 . 8 10 12 14 16 L
Total Cost (€) g
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7.9 Chapter summary

This Chapter examines a Reinforcement Planning Mechanism (RPM), as it was termed, of
existing networks. ‘Existing’ in the sense that network equipment can only be
upgraded/replaced, so that the network topology is maintained throughout planning. The

target of the mechanism is to expand the capability of the network to absorb new generation .
capacity so that the system will always be able to serve the increasing demand. This is done
in the most economic way for the network operator. The economic signals produced for
constraint equipment from the OPF during the allocation of new capacity are used to define
the most profitable investment at each point in time. The final product of RPM is an
investment plan, which can be used by the network operator or other potential investors as a

guide for when and which equipment to upgrade.

The formulation developed in Chapter 5 was used to incorporate different voltage control
algorithms for new generators. A technique presented in Chapter 6 was also used to consider
the impact of the allocation of new capacity on losses; because in that Chapter it was shown
that a big part of new generation may be consumed on transmission (especially for the more

‘relaxed’ voltage control policies).

The RPM was tested on the same 12-bus, LV, meshed network; a typical topology for
urban/suburban networks. It was demonstrated that the current strict PFC policy, followed by
most network operators, may not only limit the capability of the existing network to absorb
new generation capacity (as it was shown in Chapter 5 as well), but also reduce the positive
effects of investment on the network in comparison with the other ‘relaxed’ voltage control
policies. Finally, the decentralised (Intelli-Gens), partially centralised (ECVC-Gens) or
centralised (CVC-Gens) control of the reactive power output of new generators, drastically
decreases the pay-back time of investment with the latter giving the most impressive resuits.
However, the slightly higher allocation efficiency of a centralised voltage control system in
comparison with ‘intelligent’ decentralised control probably does not justify the high capital
and maintenance cost it bears for the network operator. Therefore, intelligent voltage control
algorithms should be considered as a competitive alternative to the current trend towards
central management. Of course, further research is needed to clarify the technical and
economic advantages of each approach before any specific inferences are announced. The
certain thing is that under any of the more ‘relaxed’ voltage control policies, centralised or

decentralised, network infrastructure becomes an attractive investment option.
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8. THE IMPACT OF FAULT LEVELS ON THE
ECONOMIC OPERATION OF POWER SYSTEMS

8.1 Introduction

In the previous Chapters Optimal Power Flow (OPF) was considered as a tool for network
capacity analysis. However, the original vs:rsion of OPF is a well-known tool in power
engineering. It defines the optimal operating point of generators to cover the demand with
respect to system constraints, for instance voltage levels on buses, lines thermal limits and
the active and reactive power capability of the generators. Traditionally, protection was
designed to meet the security needs of a vertically integrated power system, where expected
fault levels were more or less predictable under all scenarios. Therefore, it- was rather

improbable for the specifications of the switchgear equipment to restrict any OPF solution.

Indeed, fault current breaking devices usually do not constitute a constraint for the economic
operation of well planned power systems under normal conditions (e.g. UK and most
European and North-American power systems). Nevertheless, in great disasters even these
power systems are called to operate under completely unpredicted conditions. Surviving
switchgear, which is designed for an entirely different mode of operation may even

exacerbate, rather than remedy, the problem by malfunctioning.

Furthermore, the competitive environment of the modern electricity markets reduces the
system’s security margins, while parts of networks and their maintenance pass to private
operators. Generation and network patterns appear that were not considered in the original
planning of the | protection. Similarly, in some developing countries, power companies
compromise security investment with the urgent need for new generation. Thus, there may
be cases nowadays that OPF solutions may result in fault currents exceeding the breaking
capability or capacity of the existing switchgear during a possible fault, leaving the system
practically unprotected. A preliminary study carried out by the Power Systems Engineering
Research Center in the U.S. acknowledged ‘the potential economic impact arising from the
increase of fault current due to the interconnection of new merchant plants’ and that ‘the
generation of the merchant plants under the fault current limitation may result in higher cost
of operation than the operation without this constraint’[75].

Therefore, a methodology is needed to regulate the operation of such ‘non-conventional’

power systems with respect to the limitations posed by existing switchgear. If some economy
could be achieved towards this fundamental aim, then it would be more than desirable. This
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Chapter presents the formulation of an enhanced OPF with these additional constraints. No
new variables are introduced and they can be directly introduced to any optimisation process
performing the OPF. Tests on a simple 12-bus network verified the significant impact of
fault levels on the economic operation of power systems that operate under extreme
conditions.

Approximate fault current calculations, which are a standard in the industry, assume fixed
values of voltages (e.g. 1 p.u. or 1.05 p.u.) and therefore do not reflect the influence of pre-
fault load current. The idea behind the approach described in this work is to make
calculations more precise by calculating fault currents as a function of actﬁal, rather than
assumed, values of pre-fault voltages. The OPF can change the values of the pre-fault

voltages, thus, adjust the expeéted values of fault currents.

8.2 Incorporation of FLCs in OPF as an operating tool

Fault Level Constraints (FCLs) refer to the operational limitations of switchgear equipment
during a fault. If the specifications of the switchgear equipment are not adequate to clear or -
isolate a fault, then not only the equipment itself will be possibly damaged, but the operation
of a broader part of the power system will become insecure. Generally, it is the magnitude of
a fault current which is compared with the specifications of the switchgear equipment. Two
basic specifications of switchgear are capacity and breaking capability. They both set limits
to the magnitudes of fault currents that the switchgear can securely break. Therefore, this

analysis will focus on the magnitudes of fault currents, rather than their complex values.

The magnitude of the expected fault currents II ,f j| between buses i and j for a fault at bus f

I

must comply with the maximum allowed by the specifications

spec| *

lli{fl <

S
Ispec <:>|Ii.j - Ispec

<0 8.1
In order to include FLCs in OPF, the first task is to find a mathematical expression linking
the expected fault currents with the OPF variables. These variables are the voltage

magnitude |V,| and angle ¢, of any bus i and the real P* and reactive Q* power of any

generator g. In Chapters 2 and 3 a detailed analysis of how this can be done for OPF as a
planning tool for the allocation of new generation capacity has been presented. The
difference between that analysis and our current target is practically the convenience that in
OPF as an operating tool the impedance matrix, the basic element of fault analysis, is
constant for a given network, generators’ reactance and fault type/location. In the
formulation of OPF as a planning tool this matrix was defined as a function of new capacity,

since the serial reactances of new generators were expresseéd as a function of their size.
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The fault current flowing through a line with series impedance Z, ; for a fault on bus fis

given by the equation (see Section 2.6.8):
1, =(V,~V, - FSF}, -, ) [z

ij

(8.2)

where V,,V,,V, are the voltages of buses i, j, f. They are described in magnitude and angle

irVjo
by the OPF Variables|Vk| , 9, , Where k=i, j, f. FSF}fj = (z,.‘f -z, )/zf’f where z, .,z , and
z, , are the elements of the impedance matrix. This matrix is constant, as it was explained in

the previous Section. Therefore, equation (8.2) shows that FLCs are effectively constraints

on the complex nodal voltages.

The solution of Nonlinear Programming problems, such as OPF, generally requires an
iterative procedure to establish a direction of search at each step towards the global optimum.
This requires the calculation of the derivatives of all non-linear equality and inequality -
constraints with respect to each OPF variable. This section briefly presents the derivatives
for the new constraints.

The analysis differentiates according to the fault location.
oIf f#i and f # j then:

d|1,-{j|=x+ytan(0,. dlli,f,-|=_x+ytan(0,

le,l II;{IHZ‘JIZ Cos@;, d¢, |],fj"§”|2 |V:|Sln¢, (83)
oIf f=i then:
d|i/ | RE7ESY. I dltf| _ xa+yB |sing, 84)
T TR T
oIf /= then:
d|1i{j|=x+ytan¢i 050, | dl]i{jl—x+ytan¢"llfi|sin¢,. _ | (8.5)

awl 17 z.,f

o] ] ] )
imilariy, lejls dqoj d|Vf|’d(0f

do. T

can be calculated.

According to (8.2), fault currents are connected only with the OPF variables describing the
voltages across the line under consideration and the faulted bus. Therefore :

dlry)| ali/, -
——H=—=0 Vbuss#i,j,f (8.6)
ayv,| do,
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. The only difference between the above set of derivatives and the one calculated in Chapter 3
‘ _ d|iy)| dlt, o
for OPF as a planning tool is that ———=——-=0 V generator g . This is because here
dpP® - dQ*
the outputs of the generators represent their actual real and reactive output, not their
capacity. The generators have a fixed size, their impedances are constant, and so their real or
reactive output does not define their series reactance, as with OPF for capacity allocation.

Fault currents are determined practically by the system voltage pattern (see (8.5) and (8.6)).

Finally, the number of FLCs included in the OPF during optimisation can be reduced using
the Fault Level Constraints Reduction Algorithm (FLCRA) developed in Chapter 3. This
algorithm identifies those FLCs which are binding for the OPF and includes them in the set
of non-linear constraints.

8.3 Example

The simple LV 12-bus/15-line network that was used in all the previous Chapters will be
used here, too, to demonstrate the impact of fault level constraints on the solution of the
OPF. For a detailed description of the passive elements of the network please refer to
Chapter 2. The production cost functions are shown on Figure 8.1 next to the respective
generators. The average values of loads, in terms of active and reactive power consumption,
‘are also shown in the same figure next to the respective loads. The internal subtransient
reactance of generators is 15% on the generators’ reactance base. The adequacy of the
switchgear will only be assessed in terms of breaking capacity. The capacity of the
switchgear installed at the ends of each transmission line and transformer complies with the
UK standards: 250 MVA at 11 kV and 1000 MVA at 33 kV.

9.0 MW
4.0 Mvar 1

10 s.omw

C,y=0.4P2+10.2P,g+1

)
! j/
C,=0.1P2+9.8P,+1000 ‘1,:‘; mr

12 somw

I 5.0 Mvar

C,,=0.2F}, +9.6P,, +300

Figure 8.1 The 12-bus test case network.
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In order to examine the impact of FLCs on the economic operation of the test case system,
the OPF was solved under different operating scenarios. For each scenario the operating
point of each generator and the overall system production cost before and after considering
FLCs was recorded. The solutions ignoring FLCs were termed as ‘initial’, while the
solutions which considered them were termed as ‘final’. The OPF which has the additional
capability to consider FLCs was implemented in MATLAB with Sequential Quadratic
Programming.

8.3.1 Average load (1st scenario)

First, the case that loads consume power equal to their average values was considered
(presented in Figure 8.1). The operating point of generators and the total production cost of
the initial solution are preéented in Table 8.1. This solution violated the capacity of the
switchgear connected to the primaries of transformers 1-2 and 10-4 by approximately 6%
~ and 3%, respectively. The final solution is presented in the same table.

. . Chang
Property Initial | Final %)
T o

Real power MW)| 7.23 | 6.83 | -5.53
Generator| Reactive Power
atbus 1 (MVAr)
Voltage (p.u.) 1.08 | 1.05 | -2.78
-|Real power MW)| 5.69 | 542 | -4.75
Generator| Reactive Power
atbus 5 (MVAr)

Voltage (p.u.) 1.09 | 1.09 | 0.00
Real power MW)| 12.27 | 12.52 | 2.04

Generator| Reactive Power
at bus 10 (MVAr)
Voltage (p.u.) 1.08 | 1.05 | -2.78
Real power (MW)| 15.60 | 16.06 | 2.95
Generator{ Reactive Power
at bus 11 (MVAr)
Voltage (p.u.) 1.10 | 1.07 | -2.73

527 | 636 | 20.68

0.89 | 0.89 | 0.00

9.03 | 855 | -5.32

523 | 6.11 | 16.83

Total

productionl

Cost(€/h)  [1051.73(1055.51] 0.36

Table 8.1 Initial and final solutions of first scenario.
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The last column of Table 8.1 presents the impact of FLCs as a percent change of the initial
solution properties. FLCs increased the total production cost by 0.36 % and had an impact on
the operating points of all generators. OFPF shifted power production from the generators at
buses 1 and 5 to generators at buses 10 and 11 in order to alleviate expected fault currents at

the constraint switchgear.

8.3.2 Light load (2nd scenario)

In the second scenario, all loads are scaled down by 40 % (preserving their power factor).
Such a scenario would result from light load conditions e.g. overnight. The initial and final
solutions of this scenario are presented in .

Table 8.2, in a similar manner to the results of the first scenario in Table 8.1. The initial
solution violated the capacity of the switchgear connected to the primary of transformer 1-2
by 6 %. FLCs increased the total production cost only by 0.16 %, but still had an impact on
the operating points of all generators. Significant power production shifted- again from

generators located at buses 1 and 5 to generators at 10 and 11.

Change
(%)
. |Real power MW)| 3.11 | 2.99 | -3.86
Generator | Reactive Power
atbus 1 (MVAr)
Voltage (p.u.) 1.08 | 1.05 | -2.78
Real power MW)| 4.50 | 4.30 | -4.44
Generator | Reactive Power
atbus S (MVAr)
Voltage (p.u.) 1.09 | 1.06 | -2.75
Real power MW)| 5.68 | 5.91 [ 4.05
Generator | Reactive Power
at bus 10 (MVAIr)
| Voltage (p.u.) | 1.08 | 1.04 | -3.70
Real power MW)| 11.13 [ 11.24 [ 0.99
Generator | Reactive Power
at bus 11 (MVAr)
[ Voltage (pu) | 1.10 | 1.07 | 2.73

Property Initial | Final

3:.05 | 3.58 | 17.38

0.49 | -0.17 [-134.69

5.14 | 491 | -4.47

3.17 | 3.60 | 13.56

Total

. Cost (€/h) 803.64|804.94| 0.16
production -

Table 8.2 Initial and final solutions of second scenario.
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8.3.3 Heavy load (3rd scenario)

The third -scenario simulates a case of heavy demand e.g. winter evening. All loads are
scaled up by 40% (preserving their power factor). The initial and final solutions of this
scenario are presented in Table 8.3, in a similar manner to the results of the first scenario and
second scenario. The initial solution violated the capacity of the switchgear connected to the

primaries of transformers 1-2 and 10-4 by approximately 7% and 6%, respectively.

Chang
(%)
Real power (MW)| 11.39 | 10.51 | -7.73
Generator| Reactive Power
at bus 1 (MVAr)
Voltage (p.u.) 1.09 | 1.06 | -2.75
Real power MW)| 6.90 | 6.53 | -5.36
Generator| Reactive Power
at bus 5 (MVAr)
Voltage (p.u.) 1.09 | 1.06 | -2.75
Real power MW)| 19.08 | 19.37 | 1.52
Generator| Reactive Power
atbus10 | .  (MVAr)
Voltage (p.u.) 1.09 | 1.05 | -3.67
Real power (MW)| 19.95 | 21.00 | 5.26
Generator| Reactive Power
at bus 11 MVAr)

‘Voltage (p.u.) 1.10 | 1.08 | -1.82

Property Initial | Final

7.53 | 9.54 | 26.69

1.38 | -1.15 |-183.33

13.21 | 12.32 | -6.74

7.06 | 8.70 | 23.23

Teotal

production

Cost (€/h) 1357.35|1364.96| 0.56

Table 8.3 Initial and final solutions of third scenario.

FLCs increased the total production cost by 0.56 % and had a major impact on the operating
points of all generators. Generators at buses 1, 5 and 11 had to change their real power

output more than 6% on average due to the additional constraints imposed by fault levels.
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8.3.4 Planned network maintenance (4th scenario)

In the fourth scenario line 4-9 goes off-line due to planned maintenance. Loads are assumed
to consume power equal to their average values. The initial and final solutions of this
scenario are presented in Table 8.4. The initial solution violated the capacity of the
switchgear connected to the primary of transformer 1-2 by approximately 6%.

Change
(%)
Real power MW)| 7.96 | 6.45 |-18.97
Generator| Reactive Power
at bus 1 (MVAr)
Voltage (p.u.) 1.09 | 1.06 | -2.75
Real power MW)| 5.90 [ 5.56 | -5.76
Generator| Reactive Power
atbus 5 (MVAr)
Voltage (p.u.) 1.09 | 1.06 | -2.75
Real power (MW)| 9.49 [ 9.60 | 1.16
Generator| Reactive Power '
at bus 10 (MVAr)
Voltage (p.u.) 1‘.08 1.04 | -3.70
Real power MW)| 18.26 | 20.16 | 10.41
Generator| Reactive Power
atbus 11 (MVAr)

Voltage (p.u) | 1.10 | 1.09.| -0.91

Property Initial | Final

6.15 | 9.25 | 50.41

1.44 | -2.48 |-272.22

6.42 | 5.13 [-20.09

7.11 | 9.58 [ 34.74 |.

Total

production

Cost (€/h) 1055.80[1065.27| 0.90

Table 8‘.4 Initial and final solutions of fourth scenario.

FLCs increased the total production cost by nearly 1% and had a major impact on the
operating points of all generators. Especially the generators connected to buses 1 and 11 had
to change their real power output by approx. 19% and 10%, respectively.

8.3.5 Constrained remote switchgear (5" scenario)

In the 5% scenario the ability of the enhanced OPF to alleviate constrained protection
equipment, located remotely from generation units, is investigated. The breaking capacity of
all switchgear connected on bus 6 was downgraded almost 10 times (11% of UK standard),
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until it became binding for the OPF. The initial solution violated the capacity of the
switchgear connected with lines 2-6, 4-6 and 6-8 by an average value of 25%.The initial and

final solutions of this scenario are presented in Table 8.5.

The remote FLCs increased total production cost by more than 3.3%, the highest of all

previous scenarios. Even if the downgrading of switchgear is not a practical situation, this

scenario demonstrates the importance of distance between generation units and constrained

protection equipment. The curve in Figure 8.2 depicts the strong link between breaking

capacity of the downgraded switchgear and total production cost.

. . Change
Property Initial | Final
(%)
Real power MW)| 7.23 | 8.80 | 21.72
Generator| Reactive Power
527 | 564 | 7.02
at bus 1 (MVAr)
Voltage (p.u.) 1.08 | 0.99 | -8.33
Real power MW)| 5.69 | 5.07 |-10.90
Generator| Reactive Power |
0.89 | 0.59 |-33.71
atbus § (MVAr)
Voltage (p.u.) 1.09 | 1.01 | -7.34
Real power MW)| 12.27 | 3.75 |-69.44
Generator| Reactive Power
9.03 | 3.44 |-61.90
at bus 10 (MVATr)
Voltage (p.u.) 1.08 | 0.93 |-13.89
Real power (MW)| 15.60 | 24.68 | 58.21
| Generator| Reactive Power
5.23 | 12.62 {141.30
at bus 11 (MVAr)
Voltage (p.u.) 1.100 | 1.07 | -2.73
Total .
. Cost (€/h) 1051.73|1087.06{ 3.36
production

Table 8.5 Initial and final solutions of fifth scenario.
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Downgrading of breaking capacity (% of standard)

Figure 8.2 Production cost vs. breaking capacity of switchgear connected to remote bus 6.

8.4 Effect of FLCs on OPF bus voltage pattern

According to the results of the test case, FLCs do not seem to affect significantly the total
production cost under normal conditions (first two scenarios). The deviation from the initial
solution increases when the system faces a higher demand (3™ and 4" scenarios), where the
total production cost rises up to 1% (see last row of Table 8.3 and Table 8.4). A greater
deviation is noticed when the binding FLCs correspond to protection equipment located
away from generators (5™ scenario).

On the coﬁtrary, FLCs have a major impact on the bus voltage pattern. The following
contours depict the initial and final bus voltage pattern for each scenario that has been
studied above. Figure 8.3, Figure 8.4, Figure 8.5, Figure 8.6 and Figure 8.7 are the p.u.
voltage patterns of the system operating under the 1%, 2 39 4™ and 5™ scenario,
respectively. Clearly, the introduction of FLCs seriously afters voltage patterns, especially
around the lines and transformers where the constraint switchgear is connected. These are
transformers 1-2, 10-4 for the 1%, 3" scenarios, trasnformer 1-2 for the 204 4™ scenarios,
lines 2-6, 4-6, 6-8 for the 5™ scenario. Such a ‘manipulation’ of the voltage pattern is an
expected function of the enhanced OPF during the alleviation of the violated FLCs.
According to (8.2), the terminal bus voltages across the line where the constraint switchgear
is connected determine the expected fault currents. .
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P voll

(b)

Figure 8.3 Initial (a) and final (b) bus voltage pattern for the 1* scenario (average load).
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(b)

Figure 8.4 Initial (a) and final (b) bus voltage pattern for the 2" scenario (light load).
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(b)

Figure 8.5 Initial (a) and final (b) bus voltage pattern for the 3rd scenario (high load).
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5.0 Mvar

5.0 Mvar

Figure 8.6 Initial (a) and final (b) bus voltage pattern for the 4™ scenario (planned network
maintenance).
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10 somw
4.0 Mvar

Figure 8.7 Initial (a) and final (b) bus voltage pattern for the 5" scenario (constrained remote
switchgear).
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8.5 Performance of OPF with FLCs

The FLCRA reduced the number of FLCs from 360 to 2 or 1 (depending on the scenario), so
the impact of FLCs on computational time was insignificant. It took less than 3 s for a 1.7
GHz CPU to solve any of the OPFs, whether FLC where considered or not.

One iteration was enough for FLCRA to trace the binding FLCs, which means that the
violated FLCs from the initial solutions were the ones binding for the final solutions as well.
Therefore, even though FLCRA is based on an iterative procedure it does not require many

iterations to identify the additional constraints from fault levels.

8.6 Chapter summary

The aim of this Chapter was to demonstrate that fault levels may have a significant impact
on the economic operation of modern power systems. First, a simple method was presented
for the incorporation of fault level constraints in the Optimal Power Flow (OPF), the main
optimisation tool for the economic operation of power systems. The constraints imposed by
fault levels are converted to simple non-linear (inequality) constraints, described by variables
of the conventional OPF. Most common OPF-solving engines already have the
computatidnal capacity to handle numerous non-linear -constraints, such as the ones
described by the power balance equations on buses. Therefore, once Fault Level Constraints
(FLCs) are converted to non-linear constraints described by OPF variables, they can be
directly introduced to any optimisation process performing the OPF. This enhanced OPF was
applied on a simple 12-bus network under several operating scenarios. The results verified
the significant impact fault levels have on the optimum operating point of the power system.
Obviously, this method can facilitate the economic operation of heavily loaded or
constrained networks. The simulation results demonstrate that the system operator has to
take evasive action even under anticipated system conditions (e.g. heavy demand or planned
maintenance), in order to alter the bus voltage pattern and avoid possible switchgear
overstress. Such actions include slight changes of the real and reactive power output of
generators, which in turn incur a divergence from the original OPF solution. The magnitude
of these changes increases with the distance between constrained fault breaking devices’and
generation. In any case, the new method guarantees that this is done in the most cost-

efficient way.
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9.1 Introduction

In this final Chapter, the main conclusions of this work are summarised. The thesis statement

is answered and potential extensions are discussed.

9.2 Optimal capacity allocation

In the first stage of this research, a method for the allocation of maximum new capacity on
existing networks was developed. The key point was in the modelling of new generators and
interconnections to external grids as the outputs of virtual generators connected at respective
points on the network. OPF can then determine their output, which represents size of new
capacity or volume of imports/exports, by optimising an objective function. The objective
function is the summation of benefit functions attached to each virtual generator and
determines the benefit (monetary, communal etc.) for the network operator- from expected
energy exports and the ability of the network to absorb new generation capacity. Here OPF is
used as a planning tool, but like in the OPF for operating purposes, the optimisation is done
subject to network constraints. This guarantees that the final allocation will not result in
power flows or voltage patterns violating network constraints or statutory regulations.
Preferences for the allocation of new capacity can be determined at specific locations or
exports can be directed to specific interconnections by tuning the benefit function parameters
of the respective virtual generators. If all benefit functions of virtual generators are the same,
then OPF finds the network headroom: the allocation that results in the maximum possible
total new capacity for a given network.

9.3 Incorporation of fault level constraints

The next stage of this research focused on developing a methodology for the incorporation of
constraints imposed by the specifications of existing network switchgear equipment on new
generation capacity. The new constraints were termed Fault Level Constraints (FLCs).

Initially, an iterative approach was suggested, which included FLCs indirectly in the

optimisation procedure of capacity allocation. FLCs were converted to upper bounds on new

capacity. During each iteration a fault analysis was performed and the results directed the
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bounds towards an OPF allocation that respected both network and FLCs. However, the
solution provided from the iterative approach has no theoretical link to global optimality.
Therefore, a new method was developed for the integration of FLCs in the group of OPF
constraints. FLCs were converted to simple non-linear (inequality) constraints and no new
variables were introduced in the OPF formulation. Most common OPF-solving engines
already have the computational capacity to handle numerous non-linear constraints,.such as
the ones described by the power balance equations on buses. Therefore, once FLCs are
converted to non-linear constraints described by OPF variables, they can be directly
introduced to any optimisation process performing the OPF. The enhanced OPF directly
allocates capacity with respect to both network and FLCs.

The performance of the two methods was tested on a typical distribution network. The one-
" step optimisation. method demonstrated much better capacity allocation properties than its
iterative counterpart when tested on the same example case. However, the iterative method
has a significant advantage: The decoupling between OPF from fault levels permits the use
of existing professional packages to implement those two basic components. This increases
the reliability of the mechanism, but mostly simplifies the implementation of a commercial

product.

Finally, a capacity planning mechanism was developed so that Network Operators (NOs) can
use the allocations of the two methods to exploit the potential connection capacity better than
the current first-come-first-served policy. The mechanism is based on the gradual release of
transmission capacity through auctioning. It is just an oversimplified example of the way a
planning mechanism could exploit the results of the suggested capacity allocation methods.
Nonetheless, the similarities between transmission capacity release and connection capacity

release guarantee that they would probably share similar advantages

9.4 Studying the impact of reactive power injections on the
allocation of new capacity

The model of OPF for capacity allocation was extended, in order to accommodate two basic
forms of reactive power manipulation: Reactive Power Compensation Banks (RPCBs) and

generators’ voltage control policies.

Reactor or capacitor banks where simulated with the reactive power outputs of virtual
generators with zero active power output. Simulations on a simple distribution network
proved that NOs can practically double the connecting capacity of the existing network by a
small investment on RPCBs. This means that existing networks can accommodate more
generation capacity than initially estimated, minimizing the significant cost of their
expansion for the operator.
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Alternative generator voltage control policies were converted to voltage/reactive power
constraints for the virtual generators representing new generation capacity. Analysis of
capacity allocations to a specific example network under different policies indicated that
widespread application of intelligent automatic voltage/power factor control schemes allow
the connecting capacity of the existing network to be better exploited.

However, the impressive total capacity achieved from some of the voltage control policies
comes at a cost: high transmission losses. To tackle this deficiency, the OPF formulation was
extended further so that the optimisation algorithm considers losses during the allocation of
new capacity. The extension concerning losses is indifferent to the voltage control policy
used. Allocations of capacity were performed on the same test case, with and without
considering losses. When losses were considered expected exports were higher than the case
that losses were not considered, even though total new capacity was lower. In other words,
less power was lost ‘on the way’ to the demand. Currently, losses are not considered by NOs
during generation capacity planning. Therefore, if the NOs are to change their voltage
control policy in order to increase the connecting capacity of their networks, they have to
consider the impact of new capacity on losses. The extended OPF as a tool for capacity

allocation is a tool which can assist the NO to complete this task efficiently.

The exciting results of the extensions of OPF for capacity allocation state one more fact:
further research is needed, so that the capabilities of OPF as a planning rather than operating
tool can be fully exploited.

9.5 Network reinforcement planning mechanism

Throughout this research Sequential Quadratic Programming (SQP) was used for the
solution of OPF. The LaGrange multipliers, sensitivity by-products of SQP attached to each
constraint explicitly described in the OPF, can be used to facilitate network planning
decisions. Based on the signals from those multipliers, an investment planning mechanism
was designed for the efficient reinforcement of the existing infrastructure. The final product
of the mechanism is an investment plan, which can be used from the network operator or

other potential investors as a guide for when and which equipment to upgrade.

It was proven that the current generators’ voltage control policy (for Power Factor Control
see Chapter 5) followed by most network operators not only limits the capability of the
existing network to absorb new generation capacity, but also reduces the positive effects of
investment on the network in comparison with alternative voltage control policies.
Simulation results proved that any of the suggested decentralised, partially centralised or
centralised control methods of the reactive power oufput of new DGs drastically increases
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the pay-back time of investment. The efficient plans provided by the above mechanism
indicate that distribution network infrastructure is still a profitable investment.

9.6 Impact of FLCs in the economic operation of power
systems

With a minor simplification of the OPF formulation for capacity allocation (generators have
a specific capacity) it became possible to investigate the effect of FLCs on the economic
operation of power systems. It was shown that the system operator may have to take evasive
‘action even under anticipated system conditions (e.g. heavy demand or planned
maintenance), in order to alter the bus voltage pattern and avoid possible switchgear -
overstress. These actions cause a divergence from the solutions provided by conventional
OPF methods (methods which ignore FLCs) and increase operating cost to ensure reliability

of protection. The new method guarantees that they are done in the most cost-efficient way.

9.7 Thesis limitations, conclusions and future work

As the power industry moves towards a more competitive environment, additional
constraints become binding for power system 6peration [76]. Notably, fault levels and
~ system stability are two constraints that should also be considered during OPF solution.
Stability analysis involves the solution of many non-linear differential equations describing
the dynamic oscillation of the machines in the power system, The solution of such equations
requires numerical methods, thus, the incorporation of system stability as an additional
constraint to OPF is not a straight forward process. Several suggestions have been published
already in this field [77]-[78]. The importance of stability as a restricting factor for the
installation of new generation is acknowledged, however one of the purposes of this research
is to stress that fault levels should also not be ignored. System stability constraints will be the
target of future research. ) '

In addition, throughout this research it was assumed that all new generators are traditional
synchronous machines, while new renewable power plants may often be inverter interfaced.
However, this assumption does not reduce the value of our analysis. The high speed current
control and over-current shut-down inherent in inverter interfaced DG results in very low
fault current contribution (less than 200% of the rated current) [57]. This could be taken into
account in the calculation of expected fault currents by doubling the pre-fault rated current of
those DGs and using. this fault value during switchgear adequacy control. Finally, it is
assumed that new capacity consisted only of synchronous generators, because they have

much higher fault current contribution, describing a ‘worst-case scenario’.
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Furthermore, the optimisation method suggested in this research for network reinforcement
has an important limitation. It is based on an iterative process which traces the next optimum
investment with respect to the network attained from the previous investment. However,
there may be cases that if one of the previous less efficient investment options was
completed, then it would lead to a set of much more efficient investment options in the next
iteration. Therefore, there is a possibility that the suggested approach may not directly lead
to the optimum investment plan for the total planning horizon.

A ‘way to circumnavigate this problem would be to create a hybrid method, which would
trace the best combinations of investments in two consecutive iterations, rather than for the
next iteration only. First, all possible investment options would be implemented in turn and
in each of them the net benefit for the network operator would be calculated. Then, again for
each of the investment option, the best investment for the next iteration would be traced
using the method explained in Section 7.4.5. This process would create couples of
investments for the current iteration and estimated best consecutive investments. The net
benefit from each couple would be summed and the investment of the current iteration that
corresponds to the couple with the higher sum would be added to the reinforcement plan.
The method could be possibly extended to cover more iterations into the future with
combinations of investments, but an elaborate research is needed to explain how exactly this

can be done.

The main conclusion of this thesis is that OPF can also be used as a powerful planning tool,
besides being a widely-used operating tool. A methodology was developed for the
incorporation of FLCs in OPF. Certainly, several other constraints should be included while
assessing the ability of a network to absorb new capacity, such as those imposed by stability.
The scope of this research extends far beyond the results achieved in this thesis. The final
objective is the creation of a unified modelling approach for all ‘side effects’ of booming DG
in distribution networks. Furthermore, further research is needed towards the improvement
of the reinforcement planning method, so that the optimal long-term investment plan can be
guaranteed. The encouraging conclusions of this thesis justify the pursuing of this target
using OPF, as a starting point at least.
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A. APPENDIX

A1 The Sherman-Morrison-Woodbury formula extension to
matrixes of complex numbers

The Sherman-Morrison-Woodbury formula gives the inverse of a matrix modified by one
element, given the inverse of the initial matrix and the modification.
‘ _ b, ,bs,Aa,

"B.=b
rk Tk 1+b;,Aa, ¢

(A.1)

where B is the new inverse matrix, b is the old inverse matrix, Ag, ; the modification of

element L, S and a is the initial matrix with a,b,Be R™.

The formula was verified using numerical examples of matrixes with real numbers. Here, an
example with a modified impedance matrix Zy,, of a random network (i.e. random complex

numbers) will be presented.

—-0.0000 +5.9988;  0.0000—7.8927i

7 = 0.0003+0.415; 0.0002 + 0.0315i
s 71 0.0002 +0.0315;  0.0002 +0.1507i
» 0.1653 —28.6522i —0.0000 + 5.9988i
and )Ibu': = Zbus =

Then if the top left element of the Z,,, is modified, so that Z;, (1,1)=Z,, (1,1)+0.1i, then

e new inverse matrix ¥/ < ZI {0.0111—7.412% 0.0066+1.5520i]
€ new 1nverse matrix = = .

bus bus

0.0066 +1.5520i 0.0040—-6.9617i
If (A.1) is applied to the modified matrix for b=Z,, is the old inverse matrix, Aa, ;=0.1/ the

modification of element Z,,,(1,1) and a=Z,,, is the initial matrix, then the new inverse is

0.0111-7.4129i 0.0066 +1.5520i
/ -
0.0066+1.5520i 0.0040 — 6.9617i

bus

calculated as ‘Y ! =[

The results are identical. Therefore, the S-M-W formula works with matrixes consisted of

complex numbers and can be ’applied to the Z,  matrix.
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Appendix

A.2 Calculation of the derivatives of fault level constraints

The fault current in line i-j for a solid fault on bus fis:

V.-V, —FSFE/ .V
[ =2 L / : (A2)

iJ

where V; prefault voltage of bus i, ¥; the pre fault voltage of bus j, ¥, the pre fault voltage

z,
of the fauited bus f, FSF} s 5 (where z, ;, elements of Z,, ) and Z, ; the serial line
Zrs :

impedance of line i,j.

The voltages V;, V,, V,, as well as the FSF, /" can be expressed as a sum of a real and an
imaginary part:

V,=Real(V,)+ j-Imag(V,) =V + j-V (A3)

V,=Real(V,)+ j-Imag(V,)=V] +j-V} (a9

V,=Real(V,)+ j-Imag(V,)= ity (A.5)

FSF/, = FSF = Real (FSF) + j - Imag (FSF) = FSF* + j - FSF” (A.6)

J

(A1)—U203 1 _ Vi+j-v? - V."—j-V,-’—(FSF"+j-FSF-“)-(V;+j-ny\):>

(da)(a5) ~tiJ

z
ij
Vi -V ~FSF*.V; +FSF’ .V} +(V? —V? ~FSF” .V} ~FSF*-V})- j
=1/ = ( J / 7) (A.7)
zi,j
Let . x=V -V -FSF*.V:+FSF’ -V} (A.8)
and : y=V? V! —FSF’ .V} ~FSF*.V} (A.9)
x+J y_ x+jy x+jy 2+t
(46)—d> 1/, = | | | R s||=Y—— (@10

R 2.

A.2.1 Derivatives of fault currents with respect to voltage magnitudes
and angles

According to (A.2), the derivative of fault currents with respect to buses voltages different
than i, j, f is zero. Obviously, the derivative of the magnitude of the fault currents with
respect to those voltages is also zero. The chain rule will be used in order to calculate the

desired derivatives as a function of two derivatives, which are easier to calculate:
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d|rZ)| d|1f | vy

dy| ~ av: dy|
| d|) avy '
similarly, Ile = dVJ’Z d|I;,‘ (A.11)

L A
| | av; dy)

av; _d([¥]-cose,)
= =Cos @,
d|y] ]

av’
similarly, —|’—| =cos@; (A.12)
f _

X
—f—|=cos¢/

and
12

where ¢, @;, ¢, are the voltage angles of buses i, j, 1.

d(\/xz +)7 }
dll,{jl _ lZi,jI 1 d\x* +y? _ 1 .d(xz +y2) _
dV'ix - dI/’x - = = ...

R L A P BV P
- L dy |__ 1 dx dy )
i 2-|2,»,,-|-|I,{,|-|E,-,,|2 (deix +de’_,) |I.-{j|'|5,-.j|2 (de,-’ +de.~’J
larly — 7= A.13
Y s U (A1)
oyl (x de | b } 4
KA A

A If f2iand f#) ‘
Calculation of derivatives with respect to voltage magnitudes:

L]

ax d(V:-V;-FSF*-V;+FSF’-V})

Then, =— =1 (A.14)
dvy dv;’
dy d(Vy -V} —FSF*-V;—FSF"-V})
e 7 =..

d(V” -tang, -V —FSF> -V —FSF*-V}

- ( b — ! f)=tan(o,. (A.15)
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dlI.f.I x+y-tang,
(411)(412) - = 2 T
(4.10) (An):M) f dIV}J| B |1-{,~|'|Zi,j|2

d(V: -V} ~FSF* -V} +FSF*-V}
Similarly, 2% = U=, L N
dex de’X
and - :d(V"y_ny_FSFy'V;_FSFX'ny):..
deX d'VJX
d(V} -V} -tang, — FSF* -V} - FSF*-V})
= =—tang,
dl-/jx J
S
Thus, (4.10)—&lHA) Altl]_| -x-y-tang, cosg
s . J

(ale)(a17) ~ d|V,| ) |1,.{j|-|2~,~,j|2

© Similarly, d"x =— - =...
av; av;

d(V; -V -FSF*-V; + FSF’-V})

d(V; -V ~FSF* -V} +FSF’ -V} -tan
= -7, ! L ¢I)=—FSF’+FSFy~tan(0f
dv;

a _drv-Fs v rsEy)

v} dv;

d\Vy -V>—-FSF’-V; —FSF* -V --tan
= ( 4 ! ! (af)=—FSFy—FSF‘-tan¢f

dv?
Thus, (A. 10)——%—%)
d|t/)| | -x-(~FSF* +FSF’ tang, )+ y-(~FSF” - FSF* tang, )
5 cosQ,
d|Vf| |1i.f1'|'|2i,j|

e Calculation of derivatives with respect to voltage angles:

(A.16)

(A.17)

(A.18)

(A.19)

(A.20)

(A21)

(A.22)
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d|r/, _d|1,.{j| dvF
dp, — dv; do,

similarly dl]"{f =d|1"{"|-dV"x (A.23)
do; dav; de,
and dl['{j —dll"{fl.dex

dp,  dv; dg,
avy _d([Vi|cose)

= =—|V;|-sin @,
dp, do, Vil sing
v '
similarly =—|V Ising, (A.24)
d(ol I ’| ! .
and f = I |sin(pf
dllf-l x+y-t
2),(423) | i y-tang;
(4.22)—EHT d¢,.j { 7 | : ,,| |Vi|-sing, (A.25)
124 d\I; X+ y-tang;
()t Bl oy o a2
! | | | '1| !
Wl
(4.12),
(4.22) (: :6)( 7) dgof | |
x-(-FSF* + FSF” -tang, |+ y -(—FSF? — FSF* - tang )
== ( ;) - (2 - I)}|VI|-sm(pf (A.27)
||,
B. Iff=i
‘e Calculation of derivatives with respect to voltage magnitudes:
ax d(V -V -FSF*.V; +FSF’-V})
v v =..
d(V;* -V} —FSF* -V + FSF’ -V -tang,)
= - =1-FSF* + FSF” -tang, (A.28)
av’
dy d(V} -V} -FSF’-V; -FSF*-V})
z = v =0
d(Vi‘-tanw,.-— - FSF” .V’ —_FSF"-Vi"-tan(o,.)
= v =...
..=tang, (1~ FSF*) - FSF” (A.29)

(4.11),(4.12)
(A' 10) (Az7)(428) >
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d|1f| -(1-FSF* + FSF* -tang,) + y-(tang, - FSF” -~ FSF* - tang,)

d|V| ' II,.{jl-|Z,.J|2

d(V; -V; - FSF* -V +FSF’-V?)
similarly, = =-1
av? dv;

J

d(V -V} - FSF* -V} - FSF*-V})
and = . = ...
av; J

d(V} -V} -tanp, - FSF” -V — FSF*-V}?)
= : =—tan @,
av; !

J

Thus, (A.IO) (411)(4.12) d|1{j| _ —X—y-tan¢j

R 7 B

Since f=i : dx = dx

=1-FSF* + FSF” -tang,
av; av:

dy x
and —= de d7—tan¢,-(1—FSF )- FSF”

A. ll A12
Thus, (4. 10)%

d|i/,)| x(1-FSF* +FSF”-tang,)+ y(tang, — FSF’ - FSF* -tang,)

lefl ) ! | IIi{jIlZi,j|2 ?osq’f
e Calculation of derivatives with respect to voltage angles:
dltl)| dltl)]| av; s
do, = av’ ’ do, (427)(A28) ~
d|r, | x(1- FSF* + FSF’ -tang, ) + y(tan¢ (1- FSF*)- FSF")
|Vi|'5in¢i
g, |Ii{j|'|zi,j|
dlli{jl — dl],fjl . de)r (4.12),(4.23) N
d(Pj dex d¢7j (4.30),(4.31) .
d|1 l x+y-tang;
do, It
d|r/)| _d ] a7 sy S
d?f de d(o ‘ (4.33).(4.34)
|/, | x(1- FSF* + FSF” -tang, ) + y(tanp, (1- FSF*) ~FSF”)
I | sing,

d¢; _lli{jl'l i,jl

cos@, (A.30)

(A.31)

(A.32)

(A.33)

(A.34)

(A.35)

(A.36)

(A37)

(A.38)

(A.39)
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C. Iff5f
e Calculation of derivatives with respect to voltage magnitudes:

dc _d(V; -V —FSF*-V;+FSF> -V}
dv; dv;

d(V; -V —FSF'V; + FSF” -V} -tang,
= ( - djV" - ¢’)=—I—FSF’+FSFy-tan¢j

J

dy _d(V) -V} -FSF>-V; -FSF*-V}) _

d ij d I/}X

_d(Viy—FSFy'V;_(1+FSFX)‘V}X'tan(pj)—_tan¢ (1+FSFX)—FSFy
s ™ - j

dv;
(4. 10)% |
d|l/| x-(-1-FSF*+FSF’ -tang,)- y-(tang, (1+ FSF*) + FSF”)
cosQ, .
d| Iff,jl'lf,-,fl ’
dax d(V;-V;-FSF*-V;+FSF’-V’)
avy avy -
dy d(V -V} -FSF*.V;-FSF*-v})
dVIX - dV'X -
d(V; -tang,~V? — FSF” -V} — FSF* -V} )
= de =tan¢i
d\I; t
(4.10) gjj;}}jjé) > d||Vl|| x+y-tang, cosg,
(AR
Since f=i : d(f/);‘ = dcf/’j‘ =—1-FSF”* + FSF” - tan g,
by _ A _ FSF” _ FSF* - tan
and v —dex =—tang, — FSF’ — FSF” - tang,

(4.11),(4.12)
(A 10) (A45)(A46))

dli/| x (-1~ FSF* + FSF” -tang, ) - y- (tanq)f (1+ FSF*)+ FSFy)
W, T

e Calculation of derivatives with respect to voltage angles:

cos g,

(A.40)

(A.41)

(A.42)

(A.43)

(A.44)

(A45)

(A.46)

(AA4T)

(A.48)
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S S| x
dlli,j _ dlli,j| . de (4.12),(4.23)
d 0, - dv: d o, (4.39),(4.40) 7

J

dlI{j =_x(—l—FSF"+FSFytan(oj)—y(tan(pj(1+FSF”)+FSF’)

|VJ| sing; (A.49)

@, II,{',|'|5,-,,-|2
d If,{,- _d|1{f|‘dV.~’ (412)(423)
d(p,- - dV;x dqo,. (442),(443) 7
dlf,{-l_ x+y-tang, .
d, )2l e .
dlt| _dltl] av; s
d¢f - dex dqo, (4.45),(446) 7~
d|r/)| i x(FSF” :tang, —1- FSF’)—y(tan(pf (1+ FSF*)+ FSF* ¥ |:sing, AsD

a [} ef
7 ]i’j zZ,;

A.2.2 Derivatives of fault currents with respect to real and reactive
power of generators

If P is the real power, Q° is the reactive power and ;Y the subtransient, transient or
steady state admittance of generator G, then:

dlli{‘ d|1i{'| day, :
e dYGJ e (A-52)

; dli)| d|t/| ar,

M 0% T ay, do°

(A.53)

)

alrz) e .7

— ...similar to the calculation of (A.12)...

ay, - dy,
- 1 thdd; +y;’;) . (A54)
[72,]|7.,] ¢ ¢
d(V: -V —FSF*-V+FSF”-V!) . * g
dx _ ( j ! s ) ~y; dFSF +V} dFSF (A.55)
day, dy; dy, dy;
d\Vy -V’ —FSF” .V + FSF”* -V} Y *
dy _ ( i J S S ) =—V; dFSF _va dFSF (A.56)
dy; d¥s d¥g s
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dFSF _dFSF" . dFSF’

Attention: FSF = FSF* + jFSF” =

dy; dy; dyYg
Therefore
dFSF =real drSE ‘ (A.57)
dy; dyy
v ]
dFSF — imag dFSF (A.58)
dy; dy;
dF}fF is unknown and has to be calculated.
G
‘However, Z,, =Y, ™. If a change to generator’s admittance is assumed to be jAY, then

AY; is added to the diagonal element y; of the admittance matrix. According to the

Sherman-Morrison-Woodbury formula, any element «, A of the new inverse matrix Z,, is

given by the equaﬁon:

' %6 %6 J -AY;

z , =z A.59
K,A x,A 1+ZGVG _]AYG ( )
, Z ' 2s 0 JAY,
For k=i and A=f : (A58)= z, =z, ——o 2esJ %6 (A.60)
l+2z56-J-AY; '
, z,52g,J AY,
For x=j and A=f : (A.58)= 2z, =z, , - 22 S A.61
J f ( ) i/ i.f 1+ZG'G 'j'AYG ( )
, Z,c2c rjAY,
For k=f and A= : (A58)=> z,, =z, , —-L8 “os I 7o (A62)

I+z;.-j-AY; -
If FSF’ is the FSF after the change to the generator’s admittance, then:

, , (4.59).(4.60).(4.61)

FSF' =20 Z 20

2y
5 _Zi,G'ZG.f'j'AYG_Z +Zj,G'ZG,f'j'AYG
— VgAY M M4z AY,
2 %6 %6 S A
TT N4z, j-AY,
(Zi,c_zj.c)'zc,/'j'AYG
Z,,—2,,~
_ ’ s 1+ZG,G'j'AYG
2,6 266 ] AY;
Zrr~

14254 j-AY,
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1

(A-p—k)-AY; + 4

FSF' = (A.63)
(é'ﬂ_p)'AYG +&
where A=Z.~,/ -2z, k=(2i‘6 -zj,G)'ZG,/ - J, H=Z6 “Js g:z/,f, P=2;6"Z6; -J
Using the definition of derivative: '
(A-pu—k)AY,+A4 4
r_ (4.62) sy — .AY
dFSF _ . FSF'-FSFU® . (§-pu-p)-AYe+& &
dYG AYg —>0. A YG AYg—0 AYG
aFSE_ ks Ap_c (A.64)
dy; g

whére «, & A, p are calculated for the current generator set-up (Y;,,Y;,,...}, so C is a
constant.

(A 53) (454)(455) o

(456).(4.57),(4.63)

)| [ (- real(C)+V} -imag(C)) - y-(V; -imag(C) +V7 - real(C)))

(A.65)
e 7).l
ey 1 e ]
Y = ——— -
=% o S, " 5, =
typical SG tpical PG/pf
G G
Y,=——©F — 9 (A.66)
X *Sp P-S- X+ S, -sin (acos(p.f.)) A
(4.65) X, . -S -p.f.
dY(é _ : tvpical . s P f __ 1 (A.67)
dP P Xopon S, 0. ,
d| - QG

dy, 49\ Xy S, -sin(acos(p.f))) 1 (A.68)
dQ° dP° X ppica Sy sm(acos( p-f. ) )
(Ajl)%
d|1{j _ x-(—V; ~real(C)+ 144 imag(C)) y: (V" -imag(C)+ V- real(C)) (A.69)
dPG | | | l j| l)plcaI b ) p'f
(451)—{5—> '
dlli‘j _x~(—V;.real(C)+ lmag(C)) ( ~-imag(C)+ Vf"~real(C)) (A70)

a _|1,-{,-|'|2,-,,-| X ica - S -sin(acos(p.1.)) -
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A.3 Derivatives of traditional non-linear constrained
functions in the Optimal Power Flow formulation

A.3.1 Apparent power flows constrained by lines thermal limits

If |S fl is the apparent power at the ‘from’ bus f'end of each line, which must be less than the

thermal limit of the respective line, then the partial derivatives with respect to the OPF

variables are:

ATl
#, ") a
dls,| _ imag([s,) (A.72)
dQ, |s,|
dls,| _dls,| ar, _ dls,| do, (A.73)
dv,|  dp, dl,| do, dJV, '
dls,| _d|s,| ap, N dls,| 4o, (A.74)

do

n

where P/Q; are the real/reactive power output of a generator located at bus £, whereas |V,
and ¢, are the voltage magnitude and phase angle of bus ». The derivatives of the ‘to’ bus are

similar.

A.3.2 Power imbalance at buses equal to zero

S“ | the complex power unbalance of bus n, which must be equal to zero at the OPF

solution point, is equal to:

57 =0, (1) -5 =0 S n)) -5 (A7)

k

where V,, I, and S’ are the voltage, net injected current and net injected complex power of

bus . The partial derivative of S, with respect to the OPF variables are:
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ds dV AY
le I d vV (Z(Y;,k .I/k)J +Vn :

n k

ds,;” _av, (;(Ynk V))

dp, do,

»*

k

---=f-Vn-(Z(Yn.k-Vk)) +7,-(%,

dS:nb. dS:et

dP, dP

n n

dS’l'mb. dS net

g, dg, ~

=-1

k .j.Vn).

(A.76)

(A.77)

(A.78)

(A.79)

where Y, is the s,r element of the network admittance matrix, P,/Q, are the real/reactive

power output of a generator located at bus n, whereas |V,| and ¢, are the voltage magnitude

and phase angle of bus n.
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