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ABSTRACT

Under the development of restructured electrical power industry, the competitive envi.ronme.nt of
trahsacting électricity among all the market participants creates more and more challenges to
either suppliers 01; consumers. The goal of suppliers, who own the generating equipment, is to
maXimize their total profits by selling the electricity. The targets of distributors and consumers
are to minimize their expense for purchasing the electricity. With the uncertainty of system
demand and electricity market pricé, it is even more difficult to aéhieve the objectives of both

suppliers and consumers.

This thesis presents an approach for short-term optimal hydro-generation scheduling consideﬁng
 transmission system security constfaints based on uncertain load and electricity market price.
The possible range of uncertain load is.forecasted by fuzzy regression model, v;hich was
developed by an earlier work in our research group. The market price database is obtained from
the analysis of Pennsylvania-New J ersey-Maryland (PJM) market price. The rﬁixed integer non-
linear unit.commitment problem is solved by Lagrangian relaxation technique. Security-
constrained economic dispatch is obtained by solving Lagrangian function with first gradient
method for the equality constraints. After the feasible solution is reached with all the equality
constraints satisfied, the heuristic search consisting of unit substitution and unit de-commitment
is used to adjust the solution to satisfy all the inequality constraints. The proposed approach
improves the final solution to be the best one échieving the global optimal solution. This
approach is tested on a numerical examplé based on BC Hydro 500 kV netv'vork‘ confi guratior‘l..
The results show this approach is applicable to optimize the system operation and gain the

maximum profits for power suppliers, while maintaining the system security and reliability.
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Chapter I : INTRODUCTION

Chapter 1

INTRODUCTION

1.1 Background
The electric power industry is undergoing vast changes in many pérts of the world. Restructuring
of the industry involves the separation of transmission and distribution operation from generation
operation. The direct subsequent step is to introduce competition in the restructured power
market. The main objective of opening up the electricity sector to competition is to improve the
efficiency of electricity production and distribution and thereby to benefit the market
participants, while maintaining the security and reliability of the power supply. Hence, the
generation companies (GenCos) aim to ensure sufﬁcient revenue recovery that would meet their
targeted profit levels and maximize the profits.
The restructured electricity market consists of three major models. They are pool markets,
bilateral contracts, and a hybrid model. The electricity energy is traded in such markets which
are expected to be efficient, meanirig that the markets not only operate at or very close to the
optimal operating point, but should also provide a fair, transparent and open price-setting
mechanism. Therefore, in the restructured market, all the participants want to have sufficient
information about the electricity price, power supply, demand and transmission capability. |
Although the theory supporting the electricity market with ideal competition is relatively simple,
its implementation has been found to be very complex. The practical problems stem from
implicit coordination, such as game opportunities for over—-bidding to push up the market
clearing ﬁrice, lack of transparency, lack of demand-side involvement and transmission

- capability, price manipulations by market power, and the weakness of long term contracts, etc.

YanLing Cong 1 University of British Columbia
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Chapter 1 INTRODUCTION

These shortcomings are evident in some European and North American electricity markets and

have led to a review and development.

' One of the motivations of the review is to improve competition by facilitating all the market

participants, thus to increase its efficiency and provide more choices to them, while maintaining
the system operation security and reliability. Under this circumstances, the new arrangement is

to abandon the current centralized scheme of scheduling and pricing, to minimize central

‘administration, to increase participation from the demand side, and to give all the sellers and

buyers more freedom to negotiate their sales and purchases based on the level of risks they are
Willing and able to accept. Trades can be arranged in advance via long-term contracts or thrdugh
short-term or spot markets (power exchanges). While the settling of trades would be left to the
market participants themselves, the System balance of supply and demand would be controlled

byv the independent system operator (ISO).

1.2 Motivation and objective

In order to be competitive in the electricity market, an electric utility company must achieve the

sufficient revenue to meet the target profit margin first and further to maximize its own profits.

Therefore, the profit maximization comes to be the obj ective of GenCos and also is the part of the

motivation for this thesis work. The specific objective of the thesis is to develop a computer
application system to solve the unit commitment' problem and achieve optimal generation
dispatch” to maximize the GenCos’ total profits over a given scheduling period in the restructured

power market, while maintaining the system security and reliability. With the consideration of ,

! Unit commitment means that the status of unit is turned on, that is , to bring the unit up to speed, synchronize it to
the system, and connect it so it can deliver power to the network [33].

? Generation dispatch is the output pattern of each on-line generator.

YanLing Cong ' 2 University of British Columbia




Chapter 1 _ ___ INTRODUCTION

transmission security constraints, this program is also able to aid GenCos to decide on the firm or

non-firm power exchange with external power market in each time interval.

1.3 Literature survey

Since a proper unit commitment (UC) is a crucial step in achieving the economic, secure and
reliable operation in power systems, the unit commitment problem has been widely and deeply
studied during the past 40 years. Many mathematical and intelligent approaches have been
published to address this topic under both traditional integrated system and restructured power

market conditions. These technologies are categorized into classical, non-classical, and hybrid

- model methodologies. Classical methods include, priority list [1], [2], dynamic programming [3],

[4] and its modification [5], branch and bound [6], infeger programming [7], Lagi'ang_ian

relaxation [8], [9], [10]. From the end of the 90s’, a series of nbn—classical methods was

- developed to solve the UC problems. In 1988, S. Mokhtari [11] provided an expert system-based

consultant to assist system operators to schedule the operation of units. In 1991, M. S. Salam
[12] used an expert system as the preprocessor and postprocessor to obtajn the feasible solution
of unit commitment. Fuzzy system aided models by considering the outage of units and ,
uncertainty of demand were provided by S. K. Tong [13] in 1990. In 1997, S. Saneifard
demonstrated the application of fuzzy logic to the UC problem. Artificial neural networks were
first explored for solving the UC problem by applying Hopfield neural network by H. Sasaki ih
1992 [14]. Later, it was found that UC cannot be handled accurately within this framework. In
1997, M. P. Walsh [15] presented an augmented network architecture to refine the scheme to
solve the samé problem. An extended mean field annealing neural network approach was

successfully applied to solve the UC problem by R. H. Liang [16] in 2000. Genetic algorithm

YanLing Cong » 3 University of British Columbia



Chapter 1 INTRODUCTION

(GA) was widely used in recent years. In 1994, G. B. Sheble applied this approach to the unit
commitment problem [17]. In 1999, A. Rudolf [18] used the GA to solve UC of hydro-thermal
power system and was tested on real system over a period of a day. Evolutionary programming
is a quite new intelligent approach for UC problem, which started from 1996, by H. T. Yang
[19]. In 2002, H. Chen proposed the extension of traditional evolutionary program which has
considerable potential to solve more complex UC problem.

Some of these methods are simple, take short computation time, but sub-optimal; the others are
complex but accurate [20], [21], [22], [23]. Thus, there exist a need for further improvement of
the existing algorithms for UC solution. I‘n 1991, C. C. Su [24] propoéed a new fuzzy dynamic
programming for UC problems. One year later, Z. Ouyang [25] studied a hybrid artificial neural
network-dynamic programming. A new approach using GA-based neural networks and.dynamic
programming was proposed by S. J. Huang in 1997 [26].

As the electricity market is undergoing the restructuring, the unit commitment algorithm is
required to be updated and improved to solve the UC problem in restructured electricity market.
New formulations to the unit commitment problems suitable for an electric power producer in an
deregulated market was studied by J. Valenzuela [27] and T. J. Larsen [28] in 2001. C. W,
Richter proposed a price/profit based unit commitment formulation which considers the softer

demand constraints and allocates fixed and transitional costs to the scheduled hours [29].

‘1.4 Contribution |

The proposed approach in this thesis work performs effectively and efficiently to maximize the
power suppliers’ profits from the short-term day-ahead generation scheduling with the
consideration of network security and reliability. It also generatgs the by-product of calculation

of spinning reserve costs for GenCos whenever system spinning reserve is used to balance the
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Chapter 1 INTRODUCTION

-high level load. The function of this procedure can be further extended to provide the

instructions to the suppliers to decide the market-based real-time’ dispatch at the highest
economical level and lowest risk level because of the consideration of network security
constraints. Furthermore, it would facilitate the power market to be transparent and consistant

during the period of competitive electricity bidding.

1.5 Outline of thesis

Chapter 2 describes the profit maximization generation dispatch problem. First, it provides an
overview of the restructured electricity market, with the emphasis given to the following: 1) |
traditional model, 2) pool market model, 3) bilateral contract model, and 4) hybrid model. Then,
the unit commitment problem under deregulated market is discussed in detail by explaining the
réle of ISO and GenCo in pool market. Further discussion of unit commitment in pooi rnax;ket is
given by comparison among traditional model, price-based UC, and security constrained UC.
Finally, it leads to the profit maximization UC problem, which is classified into price-based unit
commitment (PBUC) formulation and security constrained unit commitment (SCUC)
formulation.

Chapter 3 presents three main categories of technologies that can be used to solve the profit
maximization UC problems, which are named classical, non-classical, and hybrid methods. The

basic features of some widely used methods in each category are reviewed and compared with

each other to achieve the conclusion of method selection in this thesis.

| Chapter 4 describes the proposed optimal géneration dispatch solution procedure comprised of

unit commitment solution, economic dispatch, power interchange, and spinning reserve.

Lagrangian relaxation, first order gradient, and fuzzy logic model are used individually to solve

® Real-time market calculates the LMP in every five minutes.
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the UC problem, economic dispatch (ED) and price forecast problems, along with examples to
explain the solution of each part. This model takes into account of power interchange and
/

spinning reserve to be constraints of reliability to satisfy the requirement of restructured

~electricity market.

Chapter 5 focuses on the consideration of security of the transmission netWork. First, the model
provides the optimal operation in steady state without any transmission congestion. Further on,
subject to N-1 contingency constraints, the final optimal dispatch is achieved by security
management of recommitment and power intefchange rescheduling. The series and parallel
aigorithm are used for the dispatch éptimization.

Chapter 6 presents the case studies performed to validate the proposed approach. Numerical
simulation is tested on a simplified BC Hydro SOOkV_ system with14 buses and 6 generation
stations including 5 hydro plants and 1 thermal plant. The first three study cases simulate the
system with ﬁ)ged medium load level, but with different market price level in each case: Higher -
market price in case #1, medium market price in case # 2 and lower markét price in case # 3. In
last two study cases, the model tests the system with fixed medium market price and different
load level in each case: higher load level in case # 4 and lower load level in case # 5. The results
are presented graphically and the comparison of each case is presented in the accompanying text.

Chapter 7 presents the contribution made by this work and concludes the thesis. The future

work is also recommended.

All the references and appendix are listed following this chapter.
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Chapter 2

THE UNIT COMMITMENT PROBLEM IN RESTRUCTURED POWER
MARKET

2.1 Overview of restructured market

Restructuring of power industry involves a transition from natural monopolies with centralized
planning to markets that are subject to competition. With the same goal of secure and
economical operation, the restructured market has been classified into three major types based on
different structures.

2.1.1 Pool market model

A pool market (PoolCo) is defined as central marketplace that clears the market for sellers and
buyers [30]. The PoolCo is comprised of competitive power suppliers, vertically integrated
transmission companies (TransCos), distribution companies (DisCos), and a separate entity
which is called the independent system operator (ISO).

Pool market can be broadly classified into futures market, day-ahead or hour-ahead market and
real-time regulation (balancing) market. The futures market serves for long-term supply
contracts. The day-ahead or hour-ahead market is a forward market in which hourly locational
marginal price (LMP)' are calculated for the next operating day or hour from scheduling
operation based on generation offers, demand bids and settle transactions. The real-time
regulation market is a spot market in which current LMPs are calculated at five-minute” intervals
based on balancing supply and demand in actual grid operation. The final real-time market

clearing prices are available based on LMP for all the market participants. .

! Locational marginal price reflects the value of the energy at the specific location and time it is delivered. If the lowest-priced
electricity can reach all locations, prices are the same across the entire grid. When there is transmission congestion, more-
expensxve electricity is ordered to meet the demand in those congested area. Thus, the LMP is higher.

2 PJM real-time market calculates the LMP i in every five minutes.

YanLing Cong 7 University of British Columbia




Chapter 2 THE UNIT COMMITMENT PROBLEM IN RESTRUCTURED POWER MARKET

In a PoolCo, sellers compete for the right to inject power into grid, not for specific customers.
Thus, if the suppliers bid too high, their bids can not be accepted by the pool, as a result, the
providers can not sell the energy. On the other hand, if the buyers bid too low, they can not buy
any power. The market is finally settled at market clearing price (MCP), which is applicable for
all bidders—both buyers and sellers. In the day-ahead market, bids are accepted for both sellers
and buyers in the form of linear segment denoting price and corresponding quantity. The bids are
aggregated into several segments of price versus quantity curves for both of supply and demand
sides, which are matched eventually to obtain the MCP. The market price settlement in day-

ahead market in the Pennsylvania-New Jersey-Maryland (PJM) pool is illustrated in Figure 1.

Customer bid price

Price A

Supplier offer price

» Energy Bid, MWh/per 1/2 h

Figure 1 Day-ahead market settlement
In reality, market clearing price (MCP) in many pool market is decided when the highest bid
match the forecast system demand. The amount of generation to be scheduled of each supplier is
also decided from this and unit commitment decision is conveyed to each generation companies.

In a typical pool market, the customer bid is not elastic, which is described in Figure 2. From this
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figure, it is easy to see that the generators whose bidding prices are lower than the pool price will

achieve benefits.

, Forecast
i Demand
Genco E
offer price i
’ >
Energy Bid, MW/per1/2h

Figure 2: A typical pool market operation

2.1.2 Bilateral contract model

Bilateral contract model is also named direct access model, in which the buyers and seller
negotiate contract directly without entering into pool arrangements. The contracts are settled
independent of ISO. Hence, the ISO has less duty in bilateral market; it only ensures that
sufficient supply is available to balance the system demand and to maintain the security and
reliability of the system. After two parties agree on the contract terms such as price, quantity and
locations, the GenCos would inform the ISO its unit commitment and generation dispatch
schedules based on an hour or half an hour time period.

The bilateral model provides more freedom and flexibility for trading parties to specify
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their desired contract terms, while it protecfs all the participants froni strategic bidding of
powerful market players as well. However, it has a disadvantage of less economic efficiency of
whole system operation than the efficiency of pool markets. The reduced efficiency comes from
the lack of competitive trade in powér exchange market. C‘urrently, Nordpool (Norway) is based
’on this model.
'2.1.3 Hybrid model
"The hybrid rﬁodel combines the Variqus features of pool model and bilateral model. In the hybrid
. model, utilizing power exchange market 1s not mandafory, and customers are allowed to either
settle their contracts with suppliers directly or bid for supply in pool market. The pool will serve
- all the participants who woul‘d ndt seek’ for the bilateral contract. | |
The advantage of this structure over pool model is that it provides participants more flexibility to _
purchase or sell power to the maximum saﬁsﬁed by their own willingness. The other advantége
 is to simplify the balancing process of power supply. The loads not served bilaterally will be
supplied by an economic generation dispatch through GenCos’ bids in the pool. On the other
hand, it is expensive to set up this model due to the separate entities required for operating the‘

power exchange and transmission system. Early California market was based on this model.

2.2 Unit commitment in restructured pool market

In regulated power industry, unit commitment (UC) aims at minimizing the total generation cost
with the satisfaction of system demand. In restructured market, in priﬁciple, the only objective of
GenCos is to produce electricity and sell it to achieve the maximum profits. The UC mode}s used

for GenCos to achieve their goals are named price-based unit commitment (PBUC) [30] to
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emphasize the importance of price signal for GenCos. Since the main task of ISO in restructured
market is .to maintain the system security and reliability, security-constrained unit commitment
(SCUC) [30] is indispensable for ISO to operate the whole system, and also necessary for
GenCos to achieve the maximum profits by optimizing generation dispatch. In this section,.these
two typical unit commitment models are presented with all the necessary constraints included.
2.2.1 Introduction

2.2.1.1 The ISO in pool market

In a traditional vertically integrated market, the centrally dispatched powef pool coordinate the

~ operation and planning of generation and transmission among their members to improve the
operating efficiency by minimizing the total generators’ costs. Thus, the primary objective of
ISO is not dispatching or re-dispatching generation, but matching the electricity supply with
demand as necessary to ensure reliability [31]. With the increased generation due to the growth
‘of demand, the access to transmission system became more limited. The integrated utilities
favored their own generation facilities

whenever transmission congestion happened. This unfair industry practices i'rr;pacted the growth
of competitive generation and forced Federal Energy Regulatory Commission (FERC) to create
an independent entity, so called the independent system operator (ISO), which provides all the
competitive generation suppliers and electricity retailers an non-discriminatory open access to
transmission grids. In the restructured pool market, the responsibility of ISO is extenéively
developed to comply with the FERC’s non-discriminatory transmission tariff requirements. The
main functions of ISO in a pool market are listed as follows [31].

‘e Stands as the control area operator.

* Maintains the security and reliability of power system.
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e Performs security-constraiﬁed unit commitment.

e Manages transmission congestion.

e (Calculates the LMP.

e Coordinates transmission planning, spot market and regulating market.

e Coordinates maintenance scheduling of transmission system and generating units.

e Coordinates regional transmission planning.

e Coordinates with neighboring control areas.

e Administers transmission tariffs, including determination of available transmission capacity
(ATC), and manages firm transfnission right (FTR) auction.

e - Administers ancillary service market.

e Schedules transmission service.

* To implement these services, ISO has to interact with other entities in the pbol market, including

GenCos, DisCos, TransCos, power marketers and the end-user customers.

Figure 3 below shows the interaction of ISO with all of these entities [31].
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Optimal energy and
ancillary services bids

payments

Optimal load bids Payments Optimal energy bids

Load bids

payments

Figure 3: Interaction of ISO with other market entities

2.2.1.2 The GenCos in pool market

In a pool market, GenCos interact with the ISO on behalf of power plant owners. The GenCos
are required to bid for energy supply and associated electricity price to ISO based on their
estimation of market clearing price (MCP). In most cases, GenCos also need to provide ISO the
units’ characteristics such as start up cost, ramping rates, unit output limit and minimum up and
down time, etc. to assist market operator to obtain the optimal dispatch and to settle the market
price. The usual activities of Gencos in pool market can be outlined in time domain as follows

[32]:
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In day ahead spot market:

* Estimate the hourly market price for the next 24 hours.

* Based on units’ characteristics (as stated above) and units’ availability, determines bidding
strategy for both of electricity quantity and corresponding price for next day hourly bidding.

In real time regulating market:

" Meet generation schedules required by ISO and sell the energy at market clearing price.

In a restructured pool market, the objective of GenCos is to maximize the profits from selling the
energy. Hence, GenCos may choose to anticipate whatever rﬁarket (forward market, spot market,
ancillary services market, etc.) which can make profits for themselves with whatever bidding
strategy (arbitraging, gaming). As more competition come into the restructured market, more

risks exist. Thus, the consideration of risk management is also GenCos’ responsibility.

2.2.2 Price-based unit commitment in pool market

2.2.2.1 Overview

In the regulated power industry, the objective of uriit commitment was to minimize the total
generation costs, which is generally called cost-based unit commitment (CBUC), while
satisfying thé system demand. In thq deregulated environment, the competition of generation
supply results in the goal of UC used by each individual GenCo being profit maximization. It is
misleading to assume that maximizing the profit is essentially the same as minimizing the
cost—CBUC has the same objective as PBUC does. Nevertheless, the profit is defined as the

revenue minus cost. Whenever the revenue increment is larger than the cost increment, the
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GenCos produce more generation to obtain more profit. In reverse, if the revenue decrement is
larger than the cost decrement, GenCos lose interests to sell more energy.

The UC named price-based unit commitment (PBUC) is to emphasize the importance of
elecfricity market pfice. In the pool market, there are usually two types of transaction for
‘GenCos to bid for energy supply. One is the firm transaction, which has to be physically

- supplied, otherwise penalty must be paid. The bidding price for this kind of transaction is tightly
based on the estimated market clearing price (MCP). The other is the non-firm trarisaction in
which generation supply can be withdrawn partially or completely without pénalty, but the -
offered priée will be lower compared with the MCP. These features show that in PBUC all the
useful information for profit maximization are reflected in the market price. Although the load
balance constraint is not obligatory to GenCos, which means GenCos can bid at whatever

| quantity to gain maximum profits, load forecast (the information of load level is not available in
vr.eal time for GenCos in the pool market) is still indispensable for GenCos to estimate market
price. Another factor impacting the price is the transmission congestion. Congestion
management by ISO affects the final market price, which in turn directly increase the
discrepancies between the actual market price and GenCos’ estimated market price and influence
the profit maximization eventually.

In the competitive market, an efficient PBUC is critical to GenCos to maximize the value of
generation assets to achieve their obj ectives. The formulation of PBUC model will be described

in the next section.

2.2.2.2 Price-based unit commitment formulation

The price-based unit commitment problem can be stated as follows:
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In order to maximize the total profits, a Genco with N generating units and estimated electricity
market price profile, determines each unit status of committing or decommitting and the power
output levels of each committed unit at each time interval t over a specified scheduling period T,
subject to the unit constraints and system constraints.

Since the market-clearing price is determined by the ISO, GenCos can only estimate it in each
scheduling time interval. The better estimation will help GenCos to dispatch the generation more
economically and gain more profits. This is illustrated in Figure 4 for a fluctuating price profile

and a generator’s changeable cost due to the variable output.

Price ($/h)

Market price

//

Unit cost Profit

>
Time, t(h)

Figure 4 Profit determination with given price profile and unit cost

In Figure 4, the area above the cost curve gives the profit made during the period when
market price is higher than unit’s cost, while the area below the cost curve present the loss
incurred during the time when the price is lower than the unit’s cost. A GenCo would try to
maximize the gains and minimize the losses to achieve the target of making as large profit as

possible.
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The fluctuation of cost during the whole time period results from the change of unit’s output in
each time segment. The unit’s fuel cost, F,(P'), of unit i in any given time interval 7, is a
function of the power output, P, of the unit / during the time interval ¢. There are usually two

approaches to represent the unit cost function: the piece-wise linear cost function and second-

order (quadratic) polynomial cost function.

e Piece-wise linear cost function is shown in Figure 5 as follows [33]:

Generation cost [$/h]

NC’}t- Output power, P'[MW]

Figure 5: Piece-wise linear cost function

where:

inc," : incremental cost of segment & of unit i [$/MWh], £=1,2, and 3;

NC!: no-load cost of segment k of unit i [$/h], &=1,2, and 3;

P™" , P™ : the lower and upper limit of unit ;, respectively, in [MW]; and
g, g : the first and second elbow point of the piece-wise linear cost function of unit i,

repectively in [MW].
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In practical applications, this piece-wise linear model with two or three section might be used

widely.

® Second-order polynomial cost function is given by equation (2.1) [33]:
C(B)=a(R') +bP +c,

where:

a, b, and c, are constant cost coefficients.
P' is unit’s power output.
C,(P') is production cost.

The following Figure 6 shows this type of cost function:

C.(P)[$] '

No load cost |- _

P MW]

Figure 6: Second-order polynomial cost function

In this thesis work, we choose the second-order polynomial cost function to calculate the
generator’s cost since it is more precise.
The objective of PBUC is to maximize the profit, which is equal to revenue minus cost.

For a unit i at time interval 1, the profit is presented as in the following equation:
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S0 =p"-d" -U;-ci () , | 2.2)
In the scheduling horizon, the total profit of a GenCo with N units in PBUC model is given in

the equation [2.3]:

N T
F=3%2 G0 | 2.3)
i=] =1
where:
T: extent of time horizon for scheduling
(1

p : price of electrical energy per MW at time ¢

active power demand [MW] at time ¢

U!: status of i-th generator at time ¢
U; =1: unit is on line during time interval ¢
U;=0: unit is off line during time interval ¢

P : active power output of i-th generator at time ¢
N . number of generators in the system

C . cost function of i-th generator in second-order polynomial model.

Thus, the PBUC problem is formulated as:
N T ' |

Maximize Z Z f(@,0) (2.4)
i=] t=]

subject to a set of practical constraints which are classified into system constraints and unit

constraints, as discussed below [30] [33]:

¢ System constraints:
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I') Power balance constraints:

v g'=d'-Yu, Pl=o0 | 2.5)
2) Reserve limits constraints:
- N ’
R™ ()<Y R@E,0)-U! < R™ (1) (2.6)
i=]

where:
R™(t), R™ (1) : the lower and upper limits of total generation reserve frqm all the on
line units at time interval ¢.
R(i,1): the reserve of unit i at time interval ¢.
¢ Unit constraints:
1) Unit output limits constraints—unit can only generate between given lower and upper limtis:
P™ < P < pm fori=1,2,.....Nand t=1,2,......,T } 2.7

2) Unit minimum up time constraint [34]:

du f > T*P fori=1,2,....Nand =1,2,.....,T (2.8)

t,: time period when i-th generator comes online
t4: time period when i-th generator drops offline.
7} : minimum up time constraint [hours] of unit i.

3) Unit minimum down time constraint [34]:

R .
EDINTIE Y fadd fori=1,2,....Nand r=1,2,.....T . (2.9)

l'—_tdv

where:
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d .. . . o .
T : minimum down time constraint [hours] of unit i

Usually, for thermal generators, there are more constraints being considered, such as unit ramp-
up constraint, ramp-down constraint, and start-up cost and shut-down cost constraints. Since the
hydro generators are chosen in this thesis work, these constraints are not considered.

Another common constraint, which is widely used in practical industry, is unit status

restriction—“must run” constraint, or unavailability due to planned maintenance or forced

outage, which is named “must not run” cénstraints at certain time intervals. But this typé of
constraint is not considered here either, since reliability problem is simplified in this work, which

will be discussed in detail in Chapter 5.

- When PBUC model is used to.achieve the maximum profits by GenCos, the load satisfaction is
not an obligation. Furthermore, GenCos schedule and dispatch the generation without
consideration of security of transmission network either, since the transmission ope(ration is
separated from GenCos. The Gencos may take some risks of bidding energy quantity and price
in the competitive market, because the security constraints are unbandled from the profit
maximization in PBUC model, Which may lead the estimated market price quite far away from
the real market price, especially whenever the market price increases dramatically due to
transmission congestion. Since an acéurate and flexible estimation of market price is critical to

' gain the target of maximizing the profit, a suitable model to simulate the fluctuated market price

is necessary for GenCos. In our work, a fuzzy regression model is used to predict the real time

market price range based on uncertain load in each time period.
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2.2.3 Security constrained unit commitment in pool market

2.2.3.1 Overview

Security—constrained unit commitment (SCUC) is stated as:

For an electricity utility with N generating units, it is required to determine the schedule of all
the units and dispatch output of al_l the committed units to minimize the total costs, subject to all
the system constrains and unit constraints, while maintaining the system security and relzabzlzly
In restructured pool markets it is mandatory for GenCos to bid energy. The ISO plans the day-
ahead schedule using the SCUC to finally determine which GenCo should be committed and
how much it has to supply and reserve to keep the whole system load balance in regular hours
and to meet the peak hour demand, while minimizing the violation of network flow. However, in
some circumstances where most of the committed units are located in the regions which are
close to each other, it becomes more difficult to satisfy network constraints throughout the whole
system. Hence, the ISO has to reschedule all the units and re-dispatch their generation to relieve
all the possible transmission congesﬁon and violation in both of steady state and N-1
contingencies scenarios. This may lead to the whole system cost increased compared with it in
the PBUC model. The increased cost is the trade-off of network limit violation minimization in
SCUC model.

2.2.3.2 Security constrained unit commitment formulation

The objective function of SCUC is given as:

N T
Minimize Y > C,(P")-U! fori=1,2,...Nand =12,....T (2.10)

i=]l =1
Similarly to PBUC, the constraints in SCUC have to be satisfied to achieve the objective. Since
the unit constraints are the exactly the same as what they are in PBUC, only the system

constraints are presented as follows:
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e System real power balance:
y .
Y P U =P fori=1,2,....Nand =12,...T (2.11)

i=1

i

where:
P}, : the whole system demand at time interval

e System spinning reserve requirement:

N A .
D R(i,H)-U >R fori=1,2,..Nand=12,.....T (2.12)

i=1
where:
R, (i,t): reserve of unit i at time interval ¢
R!: total system reserve requirement at time interval
e Real power flow limit from bus & to bus m:
—P <P < Po for /~=1,2,...Nb, m=1,2,...Nband r=1,2,.....T (2.13)
where:
P, : real power flow on transmission branch from bus k to bus m at time interval ¢

(—])k’m =P, n’1k )

P the transmission limit from bus £ to bus m

Nb: the total number of buses in the system network

The reactive power flow constraint on each network branch and voltage constraint on each bus
are not considered in this work since they are considered in the ancillary services in the pool

market.
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As mentioned before, the GenCos can bid for energy by either firm and /or non-firm transaction

in restructured pool market. For the ISO, security concern of transmission network is the same

for firm and non-firm transactions, but transmission cost will be different, especially when a
congestion happens. Therefore, the market pfice will be eventually affectéd. If GenCos can know
how much cost difference will result between firm and non-firm transaction, they can efficiently
bid for firm and non—firm pbwer supply quantity and price, and achieve their objective
eventually. From this point of view, it is necessary for GenCos to use this SCUC model to obtain

the maximum profit.
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Chapter 3

SOLUTION TECHNIQUES

3.1 Introduction
Unit commitment (UC) is a large, non-linear, mixed-integer combinatorial optimization problem
with many constraints. The exact solution to this problem can only be achieved by complete

- enumeration, and at the expense of tremendous computation time for large- scale realistic power

systems. Therefore, during the past decades, the researchers endeavored in finding an efficient,
near-optimal unit commitment (UC) approach which can be applied to the large scale power
systems meeting the reasonable storége and computation time requirements. The literature

. review in Chapter | reveals that there are various techniques being used to solve the UC

problem. In general, thése methods can be classified into three fnain categories:

1. Classical methods—numerical optimization techniques, which include pﬁon’ty list [1] [2],
dynamic programming [3] [4], branch and bound [6], integer programming [7], and
Lagrangian relaxation [8] [9] [10];

2. Non-classical methods—arﬁﬁcial intelligence methods, which include expert systems [11]
[12], fuzzy logic [13], artificial neural networks [14], simulated annealing [15] [16], and
genetic algorithxhs [171[18].

3. Hybrid methods—a combinatién of two or more than two types of techniques from samé or
different categories. -

This chapter briefly reviews some techniques listéd above, which are widely used in recent years

to solve UC problem. They are dynamic programming and Lagrangian relaxation methods in fhe

category of classical methods, genetic algorithms and simulated annealing in the category of
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non-classical methods, and the hybrid method is also introduced briefly. The comparison of

- these approaches and conclusion are presented in the end.
3.2 Classical methods

3.2.1 Dynamic Programming

The dynamic programming (DP) method was developed in the 1950s through the work of

" Richard Bellman [35]. The main feature of DP i$ that a multi-variable Optimization problems is
decbmposed into a series of stages with the sub-optimization being done at each stage by solving
for only one variable. In other words, the optimal solution of original N-variable problem can be
obtained from the optimal solutions of the N single-variable problems. The optimization
technique used for optimization of each single-variable problem can be irrelevant. Thus, DP is
suitable for the solution of complex problems with discrete variables, and non-convex, non-
continuous, and non-differentiable functions in the wide range of decision making. The search
for the optimal solution in DP is set up in either forward or backward recursive procedure.

DP was the earliest optimization-based technique to solve the UC problem and has been proved
to be one of the successful approaches. Usually, the backward regursion is not suitable for UC
solution due to the minimum up and down time and time-dependent start-up costs. Hence, the
forward search first runs from the initial time interval to the final one with consideration of
minimum up/down time constraints and accumulating the start-up costs, operating costs or
profits, then traces backward from the last time interval to the first to search for the optimal

schedule.

For N-unit power system, there will be 2"~ possible unit combinations at each stage. Although
this number will be significantly reduced due to the system and unit constraints, storing all of

those feasible unit combinations at each time interval is still impossible, especially for a large-
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scale system. Therefore, many heuristic methods that search Tor a sub-set of all combinations
are used to decrease the states at each stage so that to decrease the computation time and reduce
the storage.

As widely known, the major drawback of DP is the curse of dimensionality. The cdmplexities
will increase tremendously with the number of constraint increase. Thus, using DP to solve the
ucC problém will expend much time and occupy a large memory space, and heuristic methods
are also used to support the DP solution. The advantage of this method is its flexibility—DP can
be easily modified to Build up mathematical models for particular problems and the optimal

results will be highly guaranteed.

3.2.2 Lagrangian relaxation

Lagrangian relaxation (LR) was developed in the early 1970s by Held and Karp [36] and became
the indispensable technique to solve combinatorial optimization problems during the past
decades.

LR is widely used to solve the mixed-integer problem involving a large number of vaﬁables
and/or constraints. The constraints are added to the objective function by attaching the
Lagrangian multipliers. The formal LR formulation is demonstrated on a simple numerical
example as follows:

Minimize: Cx-+A(b-Ax) ' G.1)

Subject to: Bx>d
{1
X=< or
0

Ax>b and Bx >d are constraint sets.

where:
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There are two key issues highlighted by the Lagrangian relaxation algorithm [37]:

. A strategic issue

A certair_l_ rule is applied to choose which constraints to be relaxed so that the relaxation can
make the problem much easier.

e A tactical issue:

| A good computation of multipliers yields results closer to the optimal solution.

Lagrangian relaxation is mainly based on the procedure of finding values for multipliers to
produce the maximum lower bound, which is as close as possible to the value of the optimal
solution of the primary problem (objective function). The problem §vith this procedure is called

Lagrangian dual problem, which is expressed as [37]:

min Cx+A(b- Ax)
max < subjectto Bx>d } - (3.2)

A0
. {0
X~ or
1 7

In the ideal situation, the value of the dual problem is equal to the value of the original mixed

integer problem. In reality, there is a difference between these values; such problem is named the
duality gap. A good approach to find the Lagrangian multipliers is helpful and necessary to |
feduce the duality gap. |

A mainly used approach to decide the values for Lagrangian multipliers is subgradient
optimization method.

Subgradient method is briefly described as follows:

1. Initialize the multiplier at A’ and upper bound Z,; on the optimal solution to original

problem.
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2. Solve the Lagrangian dual problem with the current A to get the solution of X of Z ;.

3. Calculate duality gap, which is equal to Z,-Z, .

4. Update multipliers (vector A**") using:

M = max {0, 0% -a¥(b- Ax*)} | - (33)
where:

x* : an optimal solution of lower bound from dual program.

o : step size, which should not converge to zero too quickly, with the formula is given by:

8k (ZLB - ZUB)

kK~ m

Z(bi - Zm:aisz( )2

i=1

, o | | Er)

where:

Z,; : lower bound of optimal solution of the primary problem.

Z 5 - upper bound of optimal solution of the primary problem.

8, : ascalar chosen between 0 and 2, and will be reduced by 0.5 whenever Z,, fails to

decrease in a specified number of iterations.

5. Continue the procedure in above steps until the duality gap is less than the error limit

or iteration times is more than pre-specified number of iterations.

Finally, Z,; is the optimal solution of objective function. The process of obtaining the optimal

results by subgradient optimization method is illustrated in Figure 7 [37]:
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Value
Upper bound T
(feasible solution)
zUB
Optimal solution to the problem
Zy

Lower bound

R A

Figure 7 Subgradient optimization

Lagrangian relaxation approach has shown strong promise to solve the UC problem. In this
approach, the Lagrangian dual problem of primary UC is formulated by attaching a set of chosen
constraints to the original objective function via a set of Lagrangian multipliers. The procedure

to solve the dual problem and primary problem is shown in the following Figure 8:
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Initialization of multiplier A°, upper bound
of primary solution ZJ,, iteration number

k=1,

Solve the dual problem for the lower bound Z;,

with the fixed A* to achieve the solution of each
unit state value U and output value X .

: | | .

Calculate the objective function (primary

=kt 1> problem) with the current solution of U, ,."
and X/ to get Z;,

'

Duality gap
calculation

v

Sufficently
small?

Yes

Adjust the -

e el Run the economic
multiplier A" by dispatch
subgradient method.

Figure 8 Flow chart of Lagrangian relaxation

Lagrangian relaxation is quite robust to solve the mixed-integer problem with a large number of

variables and constaints by generating lower bound, which is sufficiently close to the optimal
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solution. For a large-scale mixed-integer problem, the linear programming branch and bound can
not relax the large set of complicated constraints to produce lower bound .for the primary
problem. Using dynamic programming to solve it will consume a huge computation time, which
fnaybe impossible in practice sometimes. LR has the advantage of reasonable computation time,
effectiveness for solving large-scale combinatorial problem and robust flexibility. Hence, this
method is widely used to solve the UC problem for many years. However, the optimal result is
not guaranteed by LR in some particular cases, the sub-optimal solution is produced instead.

This is the disadvantage of LR.

3.3 Non-classical methods

A 3.3.1 Overview
Since unit commitment (UC) problem has a typical feature of large-scale pombinatorial
optimization problems, the classical mathematical programming techniques may fail to solve the
large-scale discrete variable problem mathematically. Therefore, non-classical methods like
evolutionary computation (EC) or artificial intelligence (AI) methods are useful to set up an
alternative approach, which usually can not provide mathematically optimal solutions, but near
opﬁmal ones [38]. The other advantage of using non-classical methods for solving this highly
constrained combinatorial UC problem is that the objective function does not have to be
differentiable. However, the EC and Al methods require expensive computation time with the
large resources of computation. With the improvement of processor speed and sophistication,
this limitation of compufation time will diminish gradually.

3.3.2 Genetic algorithms
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Genetic al goritﬁms (GAs) are derived from the biological process of evolution based on
Darwinian principle of natural selection [39]. GA was developed initially by Holland in 1960s,
and first full theoretical treatment was cbntair;ed in Holland’ book Adaptation z;n Natural and
Artificial Systems [40] published in 1975. In the last few years, the combinatorial_ aspect of UC
problems started to be the ﬁafural target for the applicatioﬁ of GAs due to the robustness, |
flexibility and efficiency of GAs.

GAs represent a complex structure by a set of vectors called chromosomes. Each chromosome |
sifnply consists of a string of 1s and Os, which encodes a candidate solution of a particular
problem. The variables are often called genes. In order to find the optimal solution to a large
combinatorial problem, GA works by maintaining the a population of M

chromosomes—ypotential parents, which are in equal size of strings. The fitness of each

"chromosome is a function similar or related to objective function of the original problem. The

better the fitness vélue is, the higher chance of it being chosen to be parents is. The other parenté
are chosen randomly [37]. The parents must be in pair for the reproduction of next generation.
The number of pairs of parents.is specifically chosen based on individual problem. After the
parents are selected for reproductiqn, they produce the children via the evolutionary procésses by
a set of genetic operators such as crossover and mutation. Thus, the new
generation—"‘offspring” are produced on the existing chromosomes. They are the new problem
solutions. The children generation created during the reproduction explores the different areas of
solution space from what the parents generation did, and improves the fit feature of existing

population. The typical procedure of GAs is in the following cycle:

1. Randomly initialize a population of chromosomes and set the generation counter to zero.

2. Calculate the fitness of each chromosome in the population.

3. Select those chromosomes with better fitness to be pairs of parents for reproduction.
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4. Create the offspring based on chosen parents by operator of crossover and mutation.
5. Replace the chromosomes with worse fitness by the offspring to create new population.

6. Increment the generation counter and go to step2.

For solving the UC problem, the genes are units’ status of on or off, which are represented by
binary of 1s or 0s in each chromosome of a particular population. Each chromosome shows a
particular unit’s schedule over the specified time horizon. The population represents the schedule
of all the units over the time horizon and yields the possible solution of UC problem with all the
constraints satisfied. The fitness of each chromosome is evaluated by the value of objective

function. The GA-based UC problem solution procedure is shown in Figure 9:

Initialization of GAs populatmm mndomly,
set the counter of generati Gen=0:
Call economic dispatch calcnlatwn (EDC)

=

Calculate profit of i che
population

ules from the

Gen+1

Solution ?

-Select parents . ;
-Perform crossover and mutanon m
create the oﬁ'spnng

-Set up new | uiatmn

-Call EDC

Figure 9 GAs based UC solution diagram
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From the basic knowledge of GAs described above, it is easy to see that population size is
determined by the number of units and the length of time horizon. The execution time varies
approximately linearly with the size of population [40]. There are two main factors, which affect
the convergence rate dramatically. One is the number of generations—indicates how many times
.GAs will go through the reproduction phases. The other one is the number of children per |
‘generation—how much of population will be replaced in each generation [40]. Although
convergence rate determines the computgtion time, faster convergence rate is not highly
recommended in case the GA procesé is trapped into a local sub-optifnal soluﬁon. Since the
initial population is randomly selected, it will also affect the iteration times to obtain the final
optimal solution. Due to the stochastic nature of GAs, thié algorithm will take long computation
time to obtain the target for a large size system.

3.3.3 Simulated annealing

The ideas to form the basis of simulated annealing (SA) were first published by M’etropolis in .
1953 [41]. The use of SA as a technique to solve discrete optimization problem started from the
early 1980s independently by Kirkparick, Gella and Vecchi [42]. As a comparatively new
discrete optimization technique, SA has been proved to be very effective in solving large-scale
combinatorial optimization problems, which is simulated as an annealing process. The basic
scheme of SA is to randomly find an initial feasible solution, then search a neighbor of this
solution by the pre-designed neighborhood search rule. The move to this neighbor is performed

if either the neighbor has a better (lower) objective value or, in the case when the neighbor has a
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worse (higher) objective value but a condition 1s satistied by the Boltzman distribution Tunction'.

- Otherwise, the new neighbor will be rejected. The cooling temperature C,, which is the control

parameter of neighbor search, will be decreased based on particular schedule after some finite-

time. Decreasing the C, reduces the probability of accepting an increase in the objective value.

The most important part of SA is to have a particular rule of each individual problem for

searching the diversified neighborhood to enlarge the solution space as large as possible. The

other indispensable part is to set up an appropriate rule to decrease the control parameter C, to

achieve the optimal solution.
The general SA algorithm is processed as follows [16]:

Step 1: Set the initial iteration count number to 0; initialize the C, to a high value such that the

probability of accepting any solution is close to 1.

Step 2: If the equilibrium condition is satisfied, go to step 5, otherwise go to next step.

‘Step 3: Generate the neighbor solution following the neighborhood search rule and calcﬁlzité the
objective value.

Step 4: Test the acceptance of the neighbor solution. Accept those neighbors which satisfies the
Boltzman distribution function and move the current solution to the accepted neighbor solution.
Then, go to step 2.

Step 5: Stop the process when the criteria is satisfied, else decrease C, and go to step 2.

The SA algorithm to solve the optimum scheduling for UC is described below:

! Calculate the probability of acceptance by exp[(E, —E,)/C ], and generate a random number between 0 and
1. If the probability of acceptance is larger than the random number, this neighbor is accepted, else reject it.

AE=E -E

. » is the increase of objective value of neighbor. E_ is the current objective value; £ is neighbor

objective value. C » 18 the cooling temperature.
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1. Randomly select the initial UC schedule, control parameter C ,» and the number of iteration

time M; calculate the objective value E, for the current UC.

2. Randomiy disturb current UC or follow the particular generating trial rule to create new UC

and calculate the new objective value E

new *

3. Compute the difference AE=E -E .

4. Test the acceptance of the new pattern of UC according to Boltzman distribution function. If
the UC is acceptable, update the UC and value of E.

5. Repeat from step 2 to step 4 up to M times.

6. Decrease C, based on the pre-determined rule.
7. Go back to step 2 and repeat the process up to step 6, until C, is sufficiently small and stop

criteria is met.

Two methods are widely used for calculating C, . They are the polynomial-time cooling

schedule and Kirk’s cooling schedule. About the neighborhood search, most of trial solutions
are formulated involving minimum up and down time constraints.
The SA has very strong features. The advantages are:
~e The initial solution is not tightly dépendant on finding the optimal result. In other words, it
 can start from any given solution and improve the solution.
. Simple mathematical model for various complicated combinatorial problem.
¢ No large computational memory is needed.
. The bossibility of convergence is high.
However, SA takes huge computation time, especially for the problem with large number of

variables.
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3.4 Hybrid methods

The existing UC algorithms are efther simple to implement but sub-optimal, or complex but
accurate. Thus, some techniques merging more than one algorithm together to form the hybrid
models can be proposed in order to i‘mprO\;e the performance of using these algorithms
individually.

As already mentioned in Chapter 1, there are many approaches combining algorithms from

~ classical category or non-classical category, such as simulated annealing-dynamic programming,
neural network-dynamic programming, integrated simulated annealing, Tabu search and genetic
algoﬁthm,- integrated expertl systems, fuzzy systems, and neural networks, etc. In this thesis, the
technique of Lagrangian relaxation based on heuristics is implemented to solve the UC problem,

which will be discussed in detail in the following chapters.

' 3.5 Comparison and conclusion
Here, we compare the methods of dynamic programming (DP), lagrangian relaxation (LR),
simulated annealing (SA) and genetic algorithms (GAs) with each other to draw the conclusion _
for the reason we choose our algorithm. The comparison is presented in the Table 1. From this
table, we can see LR is a robust method with superior implementation performance. Thus, we -
choose LR to be the technique to solve the main UC problem. The heuristic methods are merged
to the technique to improve the performance of the whole algorith}n. From this table, wé can see
LR is a robust method with superior implementation performance. Thus, we choose LR to be the
‘ 'teéhnique to solve the main problem. The heuristic methods are merged inside the technique to

improve the performance of the whole algorithm.
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~ Table 1 Comparison of DP, LR, SA, and GAs.

Method | Computation Storage Initial Convergence Flexibility
speed solution performance | &Adaptability
DP low large dependent guaranteed high
LR high small independent adjacent high
SA low medium independent | guaranteed good
GAs high large dependent adjacent high
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Chapter 4

PRICE-BASED OPTIMAL GENERATION DISPATCH SOLUTION
PROCEDURE

4.1 Unit commitment solution

Unit commitment (UC) is one of the most important functibns of generatipn companies
4(GenCOS) and independent systém operator' (ISO). Most iSOs use UC functions to commit
resources or schedule generation dispatch in order to balance load forecast and real load
requirements of market participants,. supply the ancillary services, and maintain the system
security and reliability. GenCos also need UC functions to schedule the generation consistent
with their bids in the competitive energy market based on the forecasted electricity price to
maximize its own profits, while éatisfying unit operation constraints and network security
constraints. In this chapter, the objective of UC problem-focuses on the profit maximization
without the consideration of network security constraints. This UC problem, which is called the
price-based unit commitment (PBUC), is widely used by GenCos to achieve their goals.

With the development of competitive markets, more and more ehergy suppliers compete to
provide generations. Thus, the requirements of more accurate UC solutions are increased in most
deregulated power markets. As mentjoned in Chapter 3, Lagrangian relaxation (LR) is one of the
most successful methods to solve UC problems. One of the most obvious advantages of LR is its
quantitative measure of the solution quality based on the lower bound of dual problem and the
upper bound of the primary problem. Although heuristics are usually involved in obtaining the
feasible solution in LR procedure, LR is still a highly efﬁcient and scalable approach for a large-

scale UC problem with the cost of a small deviation from the optimal solution.
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4.1.1 The unit commitment problem formulation
A. Objective function:

The objective function is:

Maximize profits

T - N ‘
SPLUL P PIY=2, (0" -Pg=D, U[-Ci(F)) (4.1)
t=1 i=1
forifrom1toN;tfrom1toT
where:

!

p': price [$/MWh]of electrical energy per MW at time ¢
P;: active power demand [MW] at time # in local area
P':  the ith unit’s output at time ¢ |

U;: the ith unit’s state at time ¢

C,: the ith unit’s cost function

N:  the number of total units in the system
T: the overall period
B. Generator cost function

The cost function of each generator is expressed in the equation as follows: |

C(PY=a,(P'Y +bP +c (4.2)
where:
P’ : the ith unit’s output at time fori fromItoN, tfrom1toT

C, : the total cost of each generator at the output of P’ fori from1ltoN

‘a, b, and ¢, are constant cost coefficients.
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There is also one iméginary unit (the (N+1)™ unit) to be used for calculation of interchange of
power from external area. The strategy is:
- Import power from the neighboring power markets whenever their electricity price is lower
than the local system marginal price.
- Export power to neighboring power market whenever their electricity price is higher than
the local syétem marginal price.
C. Unit capacity constraints: .
The generator output limits:
P™ <P < p™ ﬁxFLL”NmMFLL“I Vv 4.3)
_where:
P™" : unit minimum output (lower limit) when it is committed
P™ : unit maximum output (upper limit) when it is committed
The output of each committed unit must be inside between its lower limit and upper limit.
The import and export limits will be described in section 4.4.

D. System power balance:

N
Pj+P, =) UjP 4.4)
. i=1 .
- where:
P, : amount of export power at time interval ¢ fortfrom1to T

There are T-hour forecasted load patterns in the next day. The local system load in each hour ¢ is
represented by 7, . The transmission losses are not considered in equation (4.4).

E. Minimum up-time and down-time constraints:

Up-time constraint:
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> U1 fori=1,2,....Nand =1,2,...,T 4.5)

Y Uz fori=1,2,....Nand =12,..., T (4.6)

F. System reserve requirements:
) N
R™ ()<Y R(i,1)-Ul <R™ (1) : 4.7)
i=1 ’ : ’

where:

R™ (t),R™ (t) : the lower and upper limits of total generation reserve on all the committed
units at time .

R(@,¢): the reserve of unit i at time ¢.

The detailed rule for calculation of system reserve requirements at each time interval ¢ will be

given in the section 4.3.

- 4.1.2 The procedure of unit commitment solution by Lagrangian relaxation

Step-1: Rearrange the original Lagrangian equation.

The original Lagrangian equation is:

T N T N
L= (P Pi-D ULCi(B)-Y APy =D UL (4.8)
=1 i=1

t=1 i=1

| Rearrange the equation above as:

N ) T T
L==3 3 U;(C; (B )-Pla" )= A"Pj+> p'eP} | (4.9)

t=li=1" t=1 1=1
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The original objective is to maximize the function (4.1). Since p' and d' are constant at each time

interval ¢, the maximum of profit can be obtained by minimizing the total generation cost. Thus,

the primary problem can be changed to:
t | T Al | ! t | |
Minimize f(P,Uj) =3 3 Ui -Ci(F") (4.10)
1=1i=1

Further rearrangement of (4.9) as function of U, P’ and A’ yields the Lagrangian function as

follows:

T N T
L= UIA(C; (P Y-PLea' N+ A'eP) (4.11)
t=1i=1

t=1

I

In equation (4.11), P’ must follow constraint (4.3), and U, must be either 1 or 0.
Step-2: Set up the dual problem
Define q(A) as:

g(A)=min ¢ (4.12)

UL
Here, P’ must obey the unit capacity constraint; U, must be either 0 or 1.

The dual problem is set up as follows:

g'(4) =maxg(1) 4.13)
where:

g’ (A): the lower bound of primary problem.

Step-3: Initialize the Lagrangian multiplier A’; assume all the generators are on line.

Step-4: Solve the dual problem with the known value of A’
(1) Simplify the equation of (4.11)

’ Since P, is fixed at each time interval #, equation of (4.11) can be simplified as:
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T
Minimize D, 2. U} -(C/(P!)- PLea") (419

t=1i=1
- (2) Decompose the equation (4.14) into T sub-equations corresponding T time intervals and

rearrange it as:

N
Minimize D, U/} -(C{(P')- PLea") for =1,2...,T 4.15)

i=1
(3) Search for the optimal P' by first-order gradient method

With U and 2' fixed, the optimal value of P’ will be found by solving the equation as follows:

i d(C (B~ Pied)
i d])lt

=0 fori=1,2,...N ' (4.16)

(4) Decide the state of U/

Calculate each term in equation (4.15) with the value of P obtained from (4.16).
If C; (P')-PLea’ 20, setthe corresponding U, =0 to minimize the Légrangian function of
(4.i 1); otherwise set the corresponding U/ =1.
(3) Calculate the lower bound of the primary problem which is the dual value g* by (4.11).
Step-5: Calculate the upper bound of the primary problem J*, following the equétion of (4.10)
with the known U; and P/

Step-6: Calculate the duality gap.

(1) The duality gap is defined as:

Duality gap= J -*q‘
q

(2) Check the criterion for the termination:
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* *

J —4 < ¢, the final optimal value is found

If — <
q

where;:

& : positive small number, for example 107

* *

If J 4 > ¢, update the value of ‘A by sub-gradient method expressed in following equation

* =

(4.17) to maximize the lower bound ¢(A) in equation (4.13).

t t
Al = Hg + 8 *w =12,... (4.17)

where;

_y*aA05xJ -4")

2
w

S, (4.18)

w:Pd’—ﬁ:U,.’-P,’ (4.19)
i=l
y starts at value 2 based on experiences. If g has not increased after several iterations, then
y becomes y /3 to calculate 1" agéin by (4.17).
Step-7: Go Back to step-4, iterate from step-4 to step-6 until the criterion is reached in step 6 to
achieve the value of U for each unit in each hour.
Step-8: Adjust each unit status U, in each time stage ¢ to satisfy minimum up/doWn time

constraints.
The procedure of this program will be described in detail after Step-9.

Step-9: Save the value of U, of each unit i in each hour ¢ for the economic dispatch program in

section 4.2.
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The procedure to solve minimum up/down time constraints is described by the example below:
1. Status description:

There is one unit ; with commitment pattern in 12 hours, which is given as below:
U=[001110010100], from hour 1 to hour 12

The minimum up and down time are:

T =, Tidown "
Analyze the changes and duration of U states in the 12 hours:

'. State changed from down state to up state at the hour [3,8,10]

e State changed from up state to down state at the hour [6,9,11]

e Duration for the unit being on line [3,1,1]

e Duration for the unit being off line [2,2,1,2]

2. Adjustment of U state based on the minimum up /down time constraints:

When the unit 7 is first committed, it has to keep being on line up to the duration of minimum up
time to satisfy the minimum up time constraint. After the duration of being on line is cqual to
minimum up time, it is then possible for the unit off line or keeping on line state. On the other
hand, if the unit starts to be off line, it has to keep the off line state up to the time when minimum
 down time constraint is satisfied. After passing fhe duration of minimum down time, it can then
shift to the state of on line.

In this example, the unit is off at the first hour. Thus, it has to keep being off for another 2 hours
to satisfy the minimum down time constraint of 3 hours. Hence, the U matrix is changed to U
=[00011001 010 0]. The unit starts to be on line at the hour 4 and has to keep the on line

state for another 4 hours to satisfy the minimum up time duration of 5 hours. Thus, the U matrix

“will be shifted to U =[000111110100]. At hour 9, the unit is turned off again. But it has to
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stay off line for a’nother two hours, which means the state of the unit must be off at the hour 10.
Consequently, the final U matrixis U=[000111110000].

In this thesis, the’ overall time periéd is 24 hours. The unit state in each_ time stage is checked by
this program of minimum up/down time constraints during the 24 hours after the vaiue of Uis
found in Step-7.

The implemented software procedure is illustrated in the following Figure 10.

Yanling Cong 48 University of British Columbia




Chapter 4 PRICE-BASED OPTIMAL GENERATION DISPATCH SOLUTION PROCEDURE

Initialize 1’&!#’1,‘2,.....’1‘; Set k=0

Page 2

Figure 10 Unit commitment solution by Lagrangian relaxation (1/2)
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Page 1

| -

v

/ Write ED solution to a text file /
L

v
End

Call economic dispatch program
with the new states of U '

Figure 10 Unit commitment solution by Lagrangian relaxation (2/2)

The economic dispatch program in the above figure will be described in the next section 4.2

4.2 Economic dispatch

4.2.1 Overview of economic dispatch

Economic dispatch (ED) is an important operational problem for the competitive power market.
Generation companies (GenCos) are interested in obtaining the maximum profits by using ED to
optimize the generation scheduling. The independent system operator (ISO) maintains the whole
power system security and reliability under optimal power flow operation condition. The
available transmission capacity will also be involved in ED to solve the problem of power

interchange, which will be discussed in section 4.4.
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In regular power system operation environment, there is a coupling between active power flows
and voltage phase angles, while the reactive power is coupled with voltage magnitudes. In
classical quadratic generation cost function, the costs are critically dependent on the active
power, only marginally depéndent on the reactive power and voltage magnitude. Thus, the ED

~ problem formulation is simplified by entirely depending on the active power and setting all the

' voltage magnitudés at énominal value. Furthermore, the ED fdnnulation is simpliﬁed by

“ignoring the transmission losses in the whole system network.

4.2.2 Economic dispatch problem formulation

Assume the power system operates with N units. At specific hour ¢, the total system load is Bj ,

-and number of committed units V' is derived from unit commitment solution.
~ In this section, the ED is to optimally dispatch total generation, which balances the system load
at the minimum costs. The ED with the consideration of transmission network security, which is
usually called security constrained economic dispatch, will be described in Chapter S.
- The Economic dispatch problem formulation:

A. At hour ¢, the optimization problem is:

Min g :if;(g') i=12, ..., N' (4.20)

i=1

B. The cost function is set up in the quadratic function as follows:
F(P)=a,-(P') +b,-P' +c i=12,.., N’ (4.21)
a;, b,, and c, are coefficients of cost function

C. Subject to:

e Joad balance constraint;
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N ) .
z P =P i=12,...,N' (4.22)
i=1 . . -
e Unit capacity limits:

P™ <P < P™ i=12,..,N' (4.23)

e System spinning reserve requirement:
Due to the system spinning reserve requirement, each on-line unit’s maximum output will
deviate from original maximum capacity. The limit of minimum output will be constant. This

will be illustrated in the next section 4.3.

4.2.3 Economic dispatch solution

From equation (4.20) to (4.23), this optimization problem can be solved by Lagrangian function,
which is formed as:

(=F'"+1-g =1,2,....T (4.24)

where:

F': the objective function

g the equality constraint
g=> P -P=0 =1.2,...,T (4.25)

A: the Lagrangian multiplier for the equality constraint

Thus, the Lagrangian function is formed as:

. . . o |
e Py =Y F (P + A (P =Y P)) i=1,2,..,N',=12,....T (4.26)
i=1

i=1
The first order gradient of cost equation is defined as incremental cost function in the follbwing

equation:
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ic, = 4D i=12, .. N', =12,...T
dP’

(4.27)

Since the cost function is simplified as quadratic function of (4.21), the incremental cost curves

are formed by linear functions as:
IC,=2a,-P' +b, i=12,..,N' (4.28)

Equation (4.28) is the slope of cost function (4.21), which is illustrated in following Figure 11.

I
|
|
I
]
I
1

: >
R min P max PI (MW)

1

Figure 11  Generator cost function and incremental cost function

Since ED is an optimization problem, usually it is solved by traditional optimization methods
such as the lambda—iteration method, gradient search method and Newton’s method. The

following Table 2 lists the main drawback of each method.
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Table 2. The drawback of three optimization techniques

Method | Main drawback

Lambda-iteration Converge slowly and convergence is not guaranteed
Gradient search Convergence speed dependents on direction and step width
Newton’s method Expensive computation time to solve Hessian matrix of high

order non-linear function

In this thesis, the first order gradient method of Lagrangian function mixed with heuristic rule to
satisfy the inequality constraints is used to solve .the ED problem. The detailed' propedur¢ is
described as follows:

Step-1: Use the first order derivative of Lagrangian function (4.26) with respect to each
independent variable and set the derivatives to be zero—necessary conditions for an optimal

value of the objective function:

dt _dr(P) .

== A =0 =12, N E12,T (4.29)

d€ t L t . t

b -> P'=0 i=12,..,N',=12,..,T . (4.30)
i=1

Applying equation (4.27) to equation (4.29), the equation is rewritten as:

‘ ICI'—/11=O fori=1,2,---,Nta t=1,23"‘)T ‘ (431)

Equation (4.31) shows optimal values are obtained when the incremental cost of each on line
unit is equal to each other (without consideration of unit’s output inequality constraints), which
isA'. In equation (4.26), the A’ represents the increase of the whole system operating cost versus

the increase of total system demand in per unit, which is named the system marginal cost.

‘Step-2: Heuristic rule for consideration of unit output inequality constraints:
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P’ and A'can be obtained by solving equation (4.29) and (4.30).

Since each unit has capacity limits, which is given in equation (4.23), P' may violate the
corresponding capacity limit. If the number of constraint of limit violated units is more than one,
the unit / with the worst constraint violated is first fixed at the corresponding violated limit P™*

and will be kept constant in remaining procedure. Then, recalculate the new system load by the

equation:
Pinewy = £s — B (4.32)
Step-3: End the iteration if no other unit violates the limit, the final unbounded incremental

cost A’ gives the system marginal cost. Otherwise, if any unit violates the limit, g0 to step-1.

The following Figure 12 illustrates the solution of ED with inequality capacity constraints by an

example of a simple system with three units.

ICi

upper limit

|
|

}
I
|
|
|
|
I
|
|
I
I

max vio max vio
B~ B°F P P

Figure 12 Economic dispatch with unit capacity constraints

In Figure 12 above,
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When A’ =4, no unit violates limits. Thus, the system marginal cost is A,
When A’ =1, both of unit #1 and unit # 2 violate their upper limits. Since
B — B™ 2 P — P™ , unit # 1 is first bound up with its upper limit ™. Then, the load

is reduced from L' to L' — B™ . Repeat the ED process with this new load and unit #2 and unit

#3 on line status, and find out unit #2 violates the upper limit. Thus, the output of unit #2 is fixed
at its upper limit. The output of unit # 3, P =L, ~ B™ — P,™™ , gives the incremental cost ,,

which is also the system marginal cost.

In the day-ahead eleétricity market, the Gencovs rﬁaximize their profits through their market price
estimation model, load forecast model, and an appropriate model to run unit commitment uo
and economic dispatch (ED) program. Using the UC and ED program, the Gencos offer a certain
amount of power to the system that it makes its incremental costs as close as possible to the
system marginal cost that will be determined when the market is cleared . The Gencos obtain the
profits whenever the market clearing price (MCP) is larger than its average cost, A

Nl
> E®@)
i=1

A = 2 —— and losses profits in the opposite case.

Nl

>

i=1

4.3 Operating spinning reserve

4.3.1 Requirement of operating reserve

Under restructured electrical power system, the system not only operates economically, but
maintains the security and reliability over the whole system at the same time. To ensure reliable

operation of the interconnected bulk power system, the minimum operating reserve criteria is
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established by WECC' in its “ WECC Operating Reserve White Paper”. The WECC minimum
operating reliability criteria requirement states as follows [44]: |
“The reliable operation of the interconnected polwer system requires that adequate generating
capacity be available at all times to maintain scheduled frequency and avoid loss of firm load
» Jollowing transmission or generation contingencies. This generating capacity, which is above
firm system demand requirement, is necessary to:
. Supply Jor load variations due to the load forecast error and provide regulation.
® Replace scheduled outages and compensate energy lost due to forced equipment outages.
e Meet on-demand load.
o Replace the energy lost due to the curtailment of interruptible imports.”
Operating reserve consists of spinning reserve and non-spinning reserve. Here, only spinning
reserve is considered.
Spinning reserve is defined as [45]:

“Unloaded generation which is synchronized and ready to serve additional demand. It consists
of Regulating Reserve and Contingency Reserve.”

“Regulating reserve—An amount of spinning reserve responsive to Automatic Generation
Control, which is sufficient to provide normal regulating margin.

Contingency Reserve—An additional amount of operating reserve sufficient to reduce Area
Control Error to zero in ten minutes following loss of generating capacity, which would result
Jrom the most severe single contingency. At least 50% of this operating reserve shall be Spinning

Reserve, which will automatically respond to correct frequency deviation.”

' WECC: Western Electrical Coordinating Council, formerly Western Systems Coordinating Council (WSCC)
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4.3.2 Scheduling of spinning reserve

A. Amount of spinning reserve definition

According to the WECC reserve white paper, the minimum requirement of operating reserve is
defined in the following equation:

Total operating reserve requirement=R_+ R,

R,,= 10 minutes forecasted regulating reserve requirement, which is usually equal to 1%~2% of
control area load.

R, = capacity of outage element in most severe single contingency case.

The control area load is defined as:

The firm load inside the control area plus firm exports minus firm imports.

Since only spinning reserve is considered in this work, the total operating reserve is the total
spinning reserve , which is given in the following equation:

SR*=2%*F} + Max(B"™,i=1,2,...N, at hour ty+ P.- P!, (4.33)
B. Even distribution of the total spinning reserve in the whole system

To maintain the whole system network reliable, the total spinning reserve is dispatched to each

online unit following its own rate, which is given in the following equation:

Ut . Pmax
rtj= ——— i=12,...N' =12,...,T (4.34)
Z Ult . Pimax
i=1

C. Adjustment of on-line unit’s upper limit

Due to the distribution of spinning reserve in each on line unit, the available maximum output is
adjusted by the equation:

P = pmas oyl % QR S i=12,. N, =12,0.,T (4.35)

1
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D. Revised economic dispatch

(1). Use equation (4.35) to replace the P"** in equation (4.24) to run the economic dispatch
program once more.

(2). Compare each unit’s output P/ with its upper limit 2™ if P! > pr>{"" fix Pt at

1

max (new)
Pf .

(3). Add up all the committed units output by equation:
N : :
P=) P (4.36)
i=l1
4. If P<P,
i. Adjust the unit combinations by heuristics, which is described as follows:
= List all the shut down units at hour # in an ascending average incremental cost order and
denotes this list by Uplist.
. Delefe those units which can not be committed at hour ¢ due to the minimum down time
constraints.
=  Commit units in the Uplist from top to bottom until the supply deficiency is solved
*  Set up the new unit commitment combination.

ii. Use the new unit commitment combination to repeat the procedure from step (1).
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4.4 Power interchange
4.4.1 The calculation of TTC and ATC of tie line

This work considers two areas interconnected with each other by a tie line, which is described in

the following Figure 13.

Local area A
(BC)

Figure 13 Configuration of interconnection

4.4.1.1. Definition of TTC and ATC

Total transfer capability (TTC) is defined as [45]:

“ The amount of electric power that can be transferred over the interconnected transmission
network in a reliable manner while meeting all of a specific set of defined pre- and post-
contingency system conditions”’

Available transfer capacity (ATC) is defined as [45]:

“ A measure of the transfer capability remaining in the physical transmission network for further
commercial activity over and above already committed uses.”

4.4.1.2 TTC and ATC calculation:

Usually, the capacity of a transmission network is limited by transient stability, voltage stability,

and thermal limit constraints. TTC is the minimum of these three constraints.
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Since the operation condition changes by time, the minimum limit of TTC may change from one
system éonétraint to another system constraint. Thus, the TTC calculation becomes complicated
on real time system. Here, the TTC is assumed to be the following in the two-area example:
= BCtoUS: 3150 MW
= US to BC: 2000MW
ATC is equal to TTC minus transmission reliability margin (TRM), capacity benefit margin
(CBM) and existing transmission commitments (ETC), which is given in the following equation:
ATC=TTC-TRM-CBM-ETC

"In the above example, the ETC is assumed to be zero. CBM is fixed at 400 MW and TRM is 100
MW along with the rule of BC hydro calculation for ATC [46]. Hence, the ATC on the tié line
are:
= BCto US: 2650 MW
«  UStoBC: 1500 MW

The TTC and ATC mentioned in this work are all firm for simplifying the whole problem.

4.4.2 Power interchange

4.4.2.1 Power interchange strategy

In this work, the local area system is dominated by hydro generation poWer system, which is
interconnected with an external electrical power network. The local hydro system will export
electricity during the time when the electricity price in the external market is higher than the
local system marginal price. Usually, this time period is the peak-load hours. In the valley-load
hours, the electricity price in the external market decreases, thus, the hydro system imports
power from the external market in order to store water. The stored water will be used later to

achieve profits if the market price is higher than the system marginal cost. The system marginal
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cost is the extra cost of producing an extra unit of generation in the system. The system marginal
pﬁce is the offer price of the most expensive on-line generating unit in per unit time horizon
(usually half an hour).

The amount of power interchange is related to the difference between local system marginal

price and electricity market price in the external market and the ATC of tie line. Without tie line
transmission constraints, the maximum amount of import power will be achieved when the local -
system marginal price is equal to the system marginal price of extémal area. Same appliés the
power exports in the opposite case.

In reality, with the constraint of ATC of tie-line, the amount of interchange will not be equal to
the amount of ideal case without tie-line constraints, which leads the local system marginal price

not equal to the system marginal price of external area. The electricity price in the external

market is represented by 4, , and local system marginal price is represented by Aeys -

4.4.2.2 Import power calculation

- When 4, < A, the local system imports power from interconnected external area. To make
power import easily be calculated, the external power network with the system marginal price of
A, 1s imagined as a fictitious generator with incremental cost of A_, . The cost function of this
fictitious unit is also quadratic funqtion as in the fqllowing equation:

FAR) =107 - () 4 4, - P, | o @31)
The capacity of this fictitious unit is:

0< P, <P o @3
4. =€lectricity price in external poWer market

where:

P, : import power amount

im
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A.,: system marginal price of interconnected external area

P2 ATC of tie line from external area to local area

There are no minimum up/down time constraints and spinning reserve requests for this fictitious
unit.

The procedure for import power calculation in each hour is summarized as follows:
Step-1: Compare system marginal price A, with electricity price in the external area to decide

either import power or export power.

Step-2: If the import power is needed, set up the fictitious unit’s cost function based on the
external market price.

Step-3: Add this fictitious unit to those units committed in economic dispatch program to set up
new unit commitment combination. |

Step-4: Run economic dispatch to calculate the output of the fictitious unit, which is the amount
of import 7, .

Step-5: It £, > Pi™, fix P, at £, and will be kept constant in the remaining procedure;

i im

t t

reduce the load by equation 7., = £ ., — P2, else go to Step-8.

Step-6: Adjust spinning reserve distribution to each on-line unit and unit’s upper limit:

= Recalculate the equation of (4.33) to obtain

5/?"; =2%* Pf +Max(P™, U; =1,i=1,2,...N, athourt) -7, (4.39)
* Recalculate the equation of (4.35) to obtain the new upper limit for each on line unit.

Rmax(new) — Pmax _ rtit * SRI

!
Step-7: Run economic dispatch once more to calculate the optimal generation dispatch and

system marginal cost.
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Step-8: When 7, < P7*, amount of import power is #, . End the program for calculation of

import power.
4.4.2.3 Export power calculation

When 4, > A4, the local system exports power to external external power market. Based on

sys >
the economic dispatch theory, the optimal operation point is reached when the local system

marginal price is equal to eléctricity price in external market. In practice, due to the tie-line ATC
constraint, unit capacity constraints and reserve constraints, the practical export amount deviates

from the optimal amount. The detailed calculation procedure is explained as follows:

Step-1:1f 4, < 4

ex

decide to export power to the external market.

Step-2: Set system marginal price equal to electricity market price to calculate each on-line

unit’s output by the equation as:

Pl o= ﬂT (4.40)
where:

a; b, and c,are each on line unit’s cost function coefficients.

Step-3: Calculate total spinning reserve by the equation as follows:

Total spinning reserve:
SR* =2%*( P!+ P. Y+ Max(P™, U' =1,i=12,....N, at hour t) (4.41)
where:

P., : the export power amount at hour ¢
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In equation (4.41), the P, is replaced by 2™ —ATC on tie line for export power from local area
to external external area— to make the whole calculation of export po'wer easier since export
amount will not affect S/° much based on the 2% coefficient. Sk *is calculated as follows:

SR =2%*( P +P™ )y Max(P™, U' =1,i=12,...N, at hour t) (4.42)

Step-4: Calculate each on line unit’s upper limit:

Pmax(new) — ])imax _ rtit % SR!

4

Step-5: Compare £ with 27" if P! > prxirem) fix ptat prxteen)

1

Step-6: Add up all the committed units’ output by equation:
Nl

pl = Z P x U (4.43)
i=1 '

Step-7:If P' > P,,

7.1 If £, = P' ~ P < Py, export amount is equal to 2% = P* — P!, Then, go to Step-8

ex

72 If P

P[ _ IDd£>PmaX

ex ?

A. Fix the export £, at 2™ ; increase 7, by the equation below:

Sonory =4+ A | | (4.44)
B. Run economic dispatch program once more with the same unit commitment combination to
achieve the optimal generation dispatch.
Step-8: End the program for export amount calculation.

The flowchart for the power interchange at hour ¢ is given in the following Figure 14:
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t=1

+ | { Hours ]

Original U state
combination -Local Load

v v

Economic dispatch

program ¢
] ) Interconnected external
System marginal cost A, ¢ market price A,
Yes No

Add the fictitious unit with incremental

Spinning reserve

cost of A., to original unit state . . dllspatc'h ’and on
: each on line P line unit’s upper
+ ' limit calculation

Set A.,, = A, tocalculate

New unit commitment combination l I

| Call economic dispatch Set £f = P™ " when P violates limit;
program

€&—\ add up all the on line P which is equal to P*

v

No Import >ATC for
— import ?

Export= No | Goto step

‘ ¢ Yes Pt - P> 7.1 -
ATC for export ?
‘ Fix P, =ATC; update local load by: t=t+1
L 4
| ID(/(neW) = dlold) — Pl‘m ; set ¢
fictitious unit state to be 0 No
+ Go to step 7.2 to adjust t2T?
. export —»
Adjust spinning reserve dispatch L Yes
on each on line unit and unit’s
upper output limit End N

Figure 14 Flowchart for power interchange program algorithm
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4.4.2.4 Calculation of profits including power interchange
In this thesis work, we assume the electricity-selling price is calculated by the following

equation:

y |
p'=12*(Q_IC))/N =12,..N, =12,...T (4.45)

i=]
where:

A =2a,-P' +b,, is the incremental cost of unit i at hour ¢

(4

N: the number of generators

P': output of unit i at hour ¢
a;,b,: coefficients of cost function of unit i

The multiplier of 1.2 is arbitrarily chosen to set up the electricity-selling price higher than the
system marginal cost to compensate the loss and earn the profits.

The original objective in 4.1.2 is updated by the following equation:

t 11 t t
f(PI rUit’.pt»Pd’pmarket’PimaPetx):

T . N .
Z (pt'Pé—Z Uit'Ci(Pit)_Piin'pﬁnarket'*'Petx'pt)
r=1 i=1

(4.46)

where:

Dhonier - €xternal market electricity price at hour t.
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Chapter 5

SECURITY-CONSTRAINED OPTIMAL GENEATION DISPATCH

5‘.1 ~ Overview of power system security

* The two fnaj or roles of powér system operation are reliable power delivery and economical
system operation. The reliability of power system is further interpreted in two main functions:
adequacy and security [33]. The former guarantees an adequate amount of generation will be
available to balance the load defnand in the peék hour. The latter s‘uppovrt's the system to be able |
to withstand any changes or contingéncies to maintain system secure status during daily base or
hourly base system operation. |
In practical electric power systems, the systems are built with sufficient redundant generation

~ and transmission capacity to reduce the possibility of shedding load and transmission overlogd
whenever the system is undergoing ﬁﬁanticipated failﬁres and operation states. However, from
the perspective of economy and practicality, the system can not be built with so much

_redundancy that no load will be shed or no transmission lines will be overloaded during the -
operation in whole time horizon, especially under the contingency situétion_. Therefore, the
security of system operation is strongly influenced by the limitations of transmission network.
In traditional regulated power systems, since the generation and transmission are integrated

"together, the system operators follow thé opefating rules and procedures 4corresponding to the
system configuration to dispatch the generation so that the systems operate reliably. As the
power industry evolved to deregulated environment, the participants in the open markets
compete for gaining their maximum profits with minimum costs by bidding genération and load

demand without considering the transmission security. Thus, it is highly required to develop
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non-discriminatory and economical schedules that also guarantee the security of system
operation.
Usually, the independent system operator (ISO) takes charge of issuing the schedules to
maintain the whole system’s secure operation status under both of pre-contingency and post-
contingency situations by means of ordering re-dispatched generation to generation companies
(GenCos) , shedding load to distribution companies (DisCos), and using various control devices
such as phase shifters, tap-changing transformers, and Flexible AC Transmission systems
(FACTYS) devices to relieve the transmission sequrity violation. For GenCos, the objective is to
“achieve the maximum profits. In general, since GenCos bid for generation in energy market
without consideration of transmission security, the provided generation usually is adjusted by the
ISO re-dispatch to maintain the system security. Thus, if GenCos take the network security
constraints into account, they will minimize the difference between their actual energy bids and
IS0 final orders, which lead them to achieve as much profits as possible, while fnaintaining the
system security requirement. Consequently, the security analysis is necessary for Gencos to plan
their generatioﬁ schedule before they compete their bids in the open market.
Since DC power flow is wildly used by ISOs to get the fast and approximate solution, in this
thesis work, the system is modeled in DC power flow to calculate the active power flow in each
transmission link for both of pre-contingency and post-contingency cases. The selected N-1
contingency cases are used for detailed network contingency analysis. The following flow chart

describes the outline of structure of Chapter 5:
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Unit commitment and economic dispatch results
from Chapter 4

Generation re-
scheduling

Pre-contingency security
management

Network violation
relief

Post-contingency security
management >

Figure 15 Generation scheduling with network security constraints

5.2 Security-constrained scheduling in pre-contingency network

5.2.1 Transmission security assessment

In the restructured power market, whenever the suppliers and customers desire to deliver the -
power and consume the power in amount that leads the system operation violating its transfer
limits, the system is insecure. In general, power system security is referred to enéure each link
operates within its available limit on the amount of power it can transfer at a given time. In this
thesis, only available cépacity limits, which are defined in section 4.4, are considered to Be thé
transfer limits based on the DC power flow model without consideration of voltage security
violation. The power system operation must be within its transfer limits in both of normal

operation and contingency cases, so that this system operation is secure in the whole time
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horizon. In section 5.2, only base case security, which is also called the pre-contingency security,
 is discussed. The post-contingency security will be discussed in detail in the section 5.3.
Maintaining system security is critical for preventing the system from cascaded failures which
finally leads the whole network to blackout. The objective of maintaining the network security is
to sustain the power flow in each link within its transfer limit which is the available capacity |
limit as mentioned above. There are two widely used methods to achieve this objective. F irst,
power flow in each iﬁdividual link is-.co;l‘trolled to be within its traﬁsfer limit by apparatus like
phase shifters and FACTS. Second, generation scheduling in the whole network is adjusted to
re-dispatch the power flow in each link. Since the electronic equipment is expensive and its
connection to network causes complicated dynamic problems, in this work, the second method is
used based on the assumption of either the apparatus for power flow control are installed in the

system already or they are not applied in the network.

5.2.2 Pre-contingency security management
5.2.2.1 Network constraints
In DC power flow, assuming bus #1 being the slack bus, the relation between net bus active

power and bus voltage angles are shown in the following equation [33]:

P [ B, B,...B,, 5,
53

!
A By By ... By,

R NE » (5_‘1)

R _BMZ BM3"'BMMJ S
where:

M: the number of buses ( bus 1 is slack bus with voltage phase angle 6, =0)
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P, : the bus i net injected active power  i=2,3,.... M

0, : the bus i voltage phase angle i=23,...M
‘B, : susceptance of bus i i=2,3,....,. M
M 1 .
B, = Z—— , assuming branch from bus i to bus &
k=t Xy

B, : susceptance from bus i to bus j

1 . ‘
B, = ——, assuming branch from bus i to bus j

i

x, : reactance of transmission line from bus i to bus &.

P=P,-P, (5.2)
where:

P, : the injected generation at bus i

P, : the load demand at bus .

Therefore, voltage phase angles of the system are:

(52 ] —XZZ X23"'X2M | _f)z._

o, Xy Xy oo Xy P,

| O _XM2 XM3"'XMM_ | Py ]
where:
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- a-1
[ X)) Xy oo Xy, B, B, ...B,,
X32 X33"'X3M BS2 B33"'BSM
H EEEE | (5.4)
ROTP I Xt | | Buz Bus By |
At bus i, the voltage phase angle is in the equation as below:
M .
5= X,P k23,..M; i=23,..M (3.5)
i=2
The power flow in each transmission line using DC power flow model is:
where:
\ijm, : active power flow on the transmission line from bus & to bus m (k # m)
Substituting equation (5.5) to equation (5.6), the equation (5.6) will be:
1 M M M X . _X . M )
Pfin=—Q Xy B=2 X, B) =) (F—).P =5, P . (5.7)
Xim  i=2 i=2 i=2 Xiem i=2
s, =2e =X (5.8)
'ka

wheré:

S, . sensitivity factor of net active power at bus i verus power flow change on line from
bus & to bus m

X, : the k" element on " row in matrix [X] in equation (5.4)

X, : the m"” element on " row in matrix [X] in equation (5.4)

X,, - reactance of transmission line k-m
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For secure operation, the transmission flow constraint in hour ¢ is given by:

!

y |
—Pfr < Pfl =Y'S! P < P 1.2, M; m=12,..M; =12,.., T (5.9)
i=2

where;:

Pfim " -upper limit for available transmission capacity of line k-m

P':  netactive power injection at bus i in hour ¢

Since voltage magnitude of each bus in DC model is assumed to be constant value 1.0, the

voltage constraints are neglected.

5.2.2.2 Network security violation relief

5.2.2.2.1 Problem formulation
For the overloaded transmission lines, the target is to relieve the transmission security violation
with the lowest cost of generation scheduling adjustment, while satisfying all the system
constraints and unit constraints mentioned in Chapter 4 and transmission flow constraints.

I.  Objective function

N
Minimize g()=> IC,-A'P-U! t=12,...,T (5.10)

i=]
where:

IC;: incremental cost of unit i
AP output adjustment of unit / from its output obtained in Chapter 4
U/ : unit i status (with U/ =1, the unit is on line)

subject to:

(1) Load balance:
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AP U =0 - (5.11)

1

M-

(2) Transmission violation adjustment :

If the limit of transmission line k-m is violated, the amount of violation is:
W, =Pf. — Pfo™ . =12,..M; m=12,.. . M;=12,..., T (5.12)
The generation adjustment must relieve this transmission security violation, which is given in

the following:

. |
NS, -AP U +WL <0 =1.2,...M; m=12,...M; =1.2,....T (5.13)

i=l
II.  Lagrangian function:
Based on the objective function and constraints above, the Lagrangian function to relieve the

transmission line k-m security violation with the lowest cost is formulated as:

n N N
=3 UC, AP -UN+ A QAP UN+ 243X S0 AR U AW k12,.M;
i=1 i=1

i=1

m=12,. . M; kzm; =12,....T (5.14)

5.2.2.2.2 Security-constrained unit commitment and economic dispatch
The procedure of security constrained unit commitment and economic dispatch is described in
the following process.

Step-1:

Calculate the DC power flow on all the transmission lines starting from hour 1.

Step-2:

Check the power flow of each line, calculate the amount of violation on the violated line and

choose the worst violated line.
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Step-3:
Relieve the worst violation by minimizing the Lagrangian function in equation (5.14) with first
order gradient method to obtain the output adjustment A, P’ of all the online units.
Step-4:
1. Calculate all the online unit’s output by the equation below:
onewy Ui = (B + A PY-US i=1,2,...,N; ~=1,2,...T (5.15)

2. Calculate the violation of output limit:

‘ A If P,.Z,W) > praien)
‘AP,.’ =Py — B"™)- U] i=1,2,...,N; =12,...,T (5.16)
where:
P> s the upper limit of output of unit i with spinning reserve, which is given in equation

(4.35)
\ B. If P, <P™,
‘ AP' = (P, —B™)-U! i=1,2,...N; =12,...,T (5.17) |
Otherwise, AP =0 (no violation)
Step-5:
Rank the absolute value of AP’ in equation (5.16) and (5.17). Choose the maximum value and

corresponding unit which is represented by unit ;.

Step-6:
Casel: If f)jl(new) > I)Imax(new) , set ])j’(new) — [)jmax(new)
Asz’ =PJ’ —ijax =12,..T (518)
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where:

Pi: the 7" unit’s output from unit commitment and economic dispatch program in Chapter 4.

Case2: If P/ <P™ get P\  =pmn

Jlnew) =< Jlnew) =% j
AP =P/ —P™, =12,...,T (5.19)
where:

Pj’ : the j” unit’s output from unit commitment and economic dispatch program in Chapter 4.

-3.  In either case 1 or case 2, the amount of transmission violation is reduced in the following
equation:
W minewy = Woen -A,P S, - =1,2,...,T | . (5.20)
Step-7:
Distribute A, P/ in Step-6 to all the other online units except unitj with thé consideration of both

violation relief and economics. The Lagrangian function in equation (5.14) is further rewritten

_by the following equation:

n N N
L= (C-AR-UN+A (Y AR U +APY+25-( D S AP Ul + W)

i=l,i=j i=lizj i=hizj
=1,2,...M; m=12,..M; k#m; =12,....,T (5.21)
Solve equation (5.21) with first order gradient method.
Step-8:
Repeat the process from Step-3 to Step-7. If no unit violates its output limits and the
transmission violation is totally relieved, end the process; we have the final solutions. If there is.
no unit within the output limits left which can be adjusted its output to compensate other units’
output violation, the program goes to next step.

Step-9:

Yanling Cong 77 University of British Columbia




Chapter 5 SECURITY-CONSTRAINED OPTIMAL GENERATION DISPA ICH

Check the sensitivity factors at the buses with the off-line units. Commit the off line units with
negative sensitivity factors to the violated transmission line k-m (S <0, unit is off line) and

with minimum up/down time constraints satisfied (function (4.5) and (4.6)), since they will
reduce the transmission line violation. Go back to step-3 to repeat the process up to step-8 and
save the solutions.

Step-10:

Go back to step-1 to re-calculate the power flow on each transmission line with the solution
obtained for the worst violation relief before and check a new violation. Repeat the process from
step-3 to step-9 for the worst transmission violation and save the solutions.

Step-11:

When there is no new security violated lines, the solution is the final secure optimal solution.
Repeat the whole procedure starting from Step-1 for 24 hours.

In this thesis work, it is assumed that violation can Be relieved by unit recommitment, generation
re-dispatch and power interchange adjustment, without shedding the load. In real power system,
the load may need to be shed in some critical cases to maintain the system security. Since load
curtailment is a large reliability issue, which can be discussed in a larger context, this option is
ignored in this research work.

The whole process above is illustrated in the following Figure 17:
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’ Unit commitment and economic dispatch solution from Chapter 4;
On line unit i, i=1,2,...,N; N1= N ; Offline unit £, £=1,2,..., M; Unit output P’

C Current hour ¢, ¢ starts from 1 >
No
< W,:m on violated line k-m ? >—> Go to page 2 <
t=t+1

Yes

Minimize Lagrangian function (5.14) to obtain unit output adjustment
AP, =12,...N

i

v v

No :
(P,.’ +AP >P™9 =12,..N P'+AP <P™2 i=1,2,...1\>

, Yesl . Yes
Y
AP/ =P+ AP -P™ AP =P™ (P +AP')
i=1,2,....N i=1,2,...N

v Page 2

Rank {AP,' } , =1,2,...,N in descending order and fix the top index
corresponding unit j output to its boundary limit )

*
Minimize Lagrangian function (5.21) to obtain unit output '
adjustment AIE' LIEL2, Ny i #E

Page 2

Figure 16 Security constrained unit commitment and economic dispatch (Page 1)

Yanling Cong 79 University of British Columbia




Chapter 5 - SECURITY-CONSTRAINED OPTIMAL GENERATION DISPATCH

¥

t=t+1
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End
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t,—1
7 t down
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1
v
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Yes l
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unit recommitment

Figure 16 Security constrained unit commitment and economic dispatch (Page 2)
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3.3 Post-contingency generation rescheduling

5.3.1 N-1 contingency analysis

Contingency analysis is the procedure of modeling the single failure events such as one
transmission line or one unit outage or multiple failure events including multiple lines or units
failure or outage of lines plus units. In this work, only single transmission line outage is‘
considered, which is usually called N-1 contingency analysis.

The largest difficulty to cope with in N-1 contingency analysis is the speed of solution of the
simulated model and logical selection of possible outages. In this §vork, the DC power flow
model is used with sufficient accuracy and without voltage magnitude concern. Around 70% of
transmission lines in the whole system model are selected to be the N-1 contingency cases. All
the N-1 contingency cases are sorted by their performance index in a list so that the worst N-1
contingency case, which is on the top of the list, is executed first for the security analysis, and
so on down the list until there is no alarm to show that the system is insecure. The performance
index calculation to sort the selected N-1 contingency cases is given in the following.

In traditional methods, the performance index (PI) is defined as [33]:

NI Pﬁ -
PI= ) (—— 5.22
; (7 = ) | (5.22)

where:

NI . the total number of transmission lines in the system

Pf, : the power flow on transmission line /

Pf;™ : the maximum available capacity of transmission line /.

However, when n=1, the lines with power flow that just below their limits contribute to PI is

almost equal to those lines with power flow just over their limits. Hence, the weakness of PI

Yanling Cong 81 University of British Columbia




Chapter 5 SECURITY-CONSTRAINED OPTIMAL GENERATION DISPATCH

calculation by the equation (5.22) is that the PI ability to detect bad cases is limited when n=1.

To overcome this shortcoming, the new PI is formulated by the following equation:

NI r max ’
PI! =Y Max{ (%),o} i=12,..NC; =12,....T (5.23)
=1 !

whére:

PI! : the i" N-1 contingency case performance index at hour ¢

NC: the total number of selected N-1 contingency cases.

Sort all the PI; in the descending list. The top one represents the worst N-1 contingency case,’

then the second and so on down the list.

5.3.2  Post-contingency violation management
- 5.3.2.1 Problem formulation

| (1) Parameter update

For each N-1 contingency case, for example in the * N-1 contingency case, first, the original
matrix [B] in equation (5.1) is updated since the single line outage changes the corresponding
susceptances in the original matrix [B]. The new matrix is represented by [ B.]. The same is
applied to matrix [X] in equation (5.4). Thus, the new matrix is represented by [ X, ]. Second, the

sensitivity factor in equation (5.8) is also updated due to the new matrix [ X, ] and represented in

matrix [ S, ]. The variable r ranges from 1 to NC.

(2) Rank the severity of all the selected N-1 contingency cases

Calculate the DC power flow on all the transmission lines in each N-1 contingency case. Sort the
value of PI in each N-1 contingency case in descending order. The one on the top of the list is the

worst N-1 case.
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(3) Objective:

* Modify the preferred schedule obtained from security violation management to relieve the
violation of post N-1 édntingency.

e Minimize the total cost of generation re-dispatch for the system security.

(4) Constraints:

e System balance constraint
N
Pj+P. =3 U -F
=1
e System reserve requirement

R™ () < ﬁ R@,0)-Ul < R™ (1)

i=]
e Power interchange limits
See section 4.4.1.2
e Unit capacity constraints

Bmin SP/I SEma" for i=1,2,-.-,N and t=1,2>-"9T

e Minimum up/down time constraints
DUl =T for i=1,2,....Nand r=1,2,...,T
> Ul 2T for i=1,2,... Nand =12,..., T

¢ Transmission flow constraint

M
—Pf™ < Pf} =Zs,jm -P' < Pfm =23,..M; m=2,3,.. M;=12,..., T
i=2 ’
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The Lagrangian function to relieve the transmission line k-m violation with the lowest cost in the

r" N-1 post contingency case is formulated as:
n N N .

=2 UC AR -UN+ A QAR -UN+ 4 (Y S,k AP UL +W) k=12, M;
i=l i=l i=l . : '

m=12,.. M;=1,2,...T; k#m; r=12,...NC . (5.29)

where;

NC: the total number of selected N-1 contingency cases

I;: Lagrangian function for the economical violation relief in the »* N-1 contirigency case

S,,;m : the sensitivity factor of bus i net injected active power versus transmission power flow on

line &-m in the r” N-1 contingency case.

5.3.2.2 Post-contingency security violation relieving procedure
Step-1:
Start at hour 1. Run the DC power flow for each selected N-1 contingency case with the solution

obtained from 5.2.2.2.2. Save the corresponding case numbers of all the insecure post

. contingency cases.

Step-2:

- Calculate the PI by equation (5.23) for each selected insecure N-1 contingency case and sort their

value of PI in decremental order to set up the PI list, and number them starting from case #1.
Step-3:
Choose an N-1 contingency case on the PI list from top to bottom one at a time. Thus, the worst

N-1 case # i is chosen first. (initialize i=1).
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Step-4:

Relieve the violation on each security-violated transmission line in the selected N-1 contingency
case i above by the approach of security constrained unit commitment and economic dispatch in |
section 5.2.2.2.2. Save the corresponding solution and counter it by number starting from 1.

Step-5:

Update i by equation i=i+1 and repeat the process from Step-3 to Step-4.

Step-6:

If i >NC, go to step-7; otherwise, repeat the process from Step-3 to Step-5.

Step-7:

Try éach of the saved solutions in particular N-1 conﬁngency case one at é time for all the other
selected N-1 contingency cases on the PI list. The solution, which guaréntees all the N-1 post

' conﬁngency cases secure, is the final optimal solution. If there are more than one feasible
vsolutions, the one with the minimum adjustment of generation re-dispatch will be the final
optimal solution.

It may not obtain the solution in Step-4 and Step-5 that can guarantee all the other N-1 post
contingency cases to be secure and no any transmission line violated in the particular case, then
reduce some export power to relieve the violation during the hours of export. If the system is in
the import hours, some load must be shed. However, the topic related to load shedding will not be
discussed in this work.

: ‘Step-8:

Repeat all the procedure from Step-1 to Step-7 for T hours.

The whole scheme of optimal generation scheduling with consideration of network security

“constraints is illustrated by the following Figure 18:
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Define look-ahead time: T hours
(T=24 hours: 1 day)

Read data from unit commitment and
economic dispatch program in chapter 4

v

[Pre-contingency status ]

¥

[ Compute DC power flow T :

+ Yes | Pre-contingency
Branch overloads? violation relief
procedure
P
No
Page 2 -
(=)

Figure 18 Generation scheduling with network security constraints (page 1)
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' ,
. -
Trigger N-1 contingency case »

[ Compute DC power flow ] Calculate the PI and save the

value
Branch overloads ?

Set up the PI list by ranking
all the saved PI value in the
decremental order and
number the corresponding
—® cases I (froml toJ)

No ¢ )
Relieve the violation of each case -
I on the PI list following the
(  Startfrom /=1 - )4— decremental order by security
: constrained unit commitment and

b economic dispatch procedure;
save the solution of each case /
and number it by /

Choose the saved
solution /

v

Calculate post-éontingency DC
power flow for all the other N-1
cases except case / (total number is

NC-1)
v

) Yes
Branch overloads?

No

Reduce
export
power

v

@nal solution )

Final optimal solution for current hour t\
(see step 7 in section 5.3.2.2)

Figure 18 Generation scheduling with network security constraints (page 2)
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Chapter 6

. CASE STUDIES

In this chapter the models developed in Chapter 4 and Chapter 5 are tested in five cases with
différent load patterns and electricity price patterns. In the first case, the system has medium load
level and higher electricity price. The second case is about the medium system load level and
medium electricity price. The third case consists of medium level of system load and lower
electricity price. The higher load level pattern and medium electricity price pattern are
considered in the fourth case. In the fifth case, the system is in the pattern of lower load level and
fnedium electricity price. The numerical simulation is tested on the simplified BC Hydro 500kV
14 Bus network.

6.1 Illustration of test system

The proposed approach is tested by the network shown in Figure 19:

G
o PCN
(0] | )
(V)
l B) WSN
MCA
T REV
KLY (03)
)
CKY l I (19)
l (5) —CBN NIC ACK SEL
8
T ® I
MDN ©) > 05
ING ' (KCL
. @l A ™ +SEV)
" (BUR) M Cus BC Hydro 500kV System
© (BPA)

Figure 18 Test system of 14 bus transmission network
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The test system above is a 14-bus system compﬁsing of 24 transmission lines, 6 generating
stations and 9 load centers (substations). The key parameters and database are summarized
through Table 3 to Table 6. Table 1 lists the key generator parameters, including cost function
parameters, output limits, and minimum up/down time. Table 4 lists all the transmission line
capacity and per unit reactance. The selected N-1 contingency cases are listed in Table 5. To
simplify the load distribution at each load bus in each hour, we assume the individual load bus
keeps a constant contraction of the total system load in each hour and in each of three load level
patterns. Table 6 lists the contribution of each load to the total load in the system. Table 7 lists
the system load at each corresponding load bus by hour in each of three load level patterns.
Three electricity market price patterns from the analysis of Pennsylvania-New Jersey-Maryland
(PJM) power market in the year 2000, which are highér levél price, medium level price and
lower level price, are listed in Table 8.

Table 3. Generator parameters

Unlt Bus ai bi Ci I)imin Bmax ];up ]-;down

name Number

G(1) 1 0.00262 7.62 0 400 2750 4 3
G(2) 13 0.00308 8.18 0 \ 320 ‘2000 4 3
G(3) 6 0.00798 18.57 0 200 900 4 3
G®4) 2 0.00418] 1034 | O 120 700 4 3
G(5) 11 0.00329| 8.56 0 300 1800 4 3
G(6) 14 0.00314| 9.28 0 200 1200 4 3
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Table 4. Transmission line parameters

Line Capacity Reactance
MW) (v
Bus 1-2 1500 0.00178
Bus 1-3 2250 0.01854
Circuit #1
Bus 1-3 2250 0.01854
Circuit #2
Bus 2-3 1300 0.01863
Bus 3-4 1500 0.02151
Circuit #1
Bus 3-4 1500 0.02151
Circuit #2
Bus 3-4 1500 0.02151
Circuit #3
Bus 4-5 2000 0.01198
Bus 4-8 2000 0.01548
Bus 4-10 2000 0.01895
Bus 5-6 2000 0.00880
Bus 6-7 2000 0.00259
Bus 6-10 2000 0.01650
Bus 7-8 2000 0.00659
Bus 7-9 1500 0.00484
Circuit #1 »
Bus 7-9 1500 0.00484
Circuit #2
Bus 7-10 2500 0.01837
Bus 10-11 1800 0.03666
Circuit #1
Bus 10-11 1800 0.03666
Circuit #2
Bus 10-12 1500 0.01536
Circuit #1
Bus 10-12 1500 0.01536
Circuit #2
Bus 10-14 2000 0.03896
Bus 12-13 1800 0.01100
Circuit #1
Bus 12-13 1800 0.01100
Circuit #2
Bus 12-14 2000 0.02893
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Table 5. Selected N-1 Contingency cases

Case Number Line opened
1 One circuit from Bus #1 to Bus #3
2 Bus #2 to Bus #3
3 One circuit from Bus #3 to Bus #4
4 Bus #4 to Bus #5
5 Bus #4 to Bus #8
, 6 Bus #6 to Bus #10
7 Bus #7 to Bus #8
8 Bus #7 to Bus #10
9 One circuit from Bus #10 to Bus #11
10 One circuit from Bus #10 to Bus #12
11 One circuit from Bus #12 to Bus #13

Table 6. Percentage of system load at each load bus

Bus Number Percentage(%)

3 8.89
4 1.31

5 9.62
6 12.36
7 22.47
8 4.6

9 28.05
10 5.35
12 7.36
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Table 7. System load by hour in three patterns
Hour | Lower Medium High Hour | Lower Medium High
level load | level load | level load level load | level load | level load
: (MW) (MW) (MW) (MW) (MW) (MW)
1 |4830.99 |5632.68 6241.71 13 | 6607.09 |7757.20 | 8380.72
2 | 4610.63 |5338.85 5994.31 . 14 [6739.81 | 795827 |8504.43
3 | 4411.55 | 5145.57 5775.57 15 | 6865.96 |8071.06 | 8632.23
4 | 4345.01 |5041.06 5721.50 16 | 6824.18 | 8167.46 8574.88
5 |4277.20 | 5060.60 5691.19 17 -1 6987.21 | 8192.30 - | 8734.63
6 |4525.43 |5257.70 6030.35 18 | 7001.14 |8149.24 |8721.52
7 | 488343 | 5653.72 6462.91 19 |6512.06 |7893.34 |8189.84
8 |5249.63 | 6072.92 6889.72 20 |6538.28 |7619.23 | 8259.48
9 |5479.01 |6431.84 7200.21 21 |6652.15 |7559.93 |8384.01
10 |5776.39 | 6803.34 7569.69 22 | 622533 |7307.18 | 7862.15
11 |6172.08 |7227.35 | 7981.76 23 |5778.85 |6737.92 | 7307.53
12 | 634821 | 755248 8134.14 24 |5171.79 |6139.67 | 6584.97
Table 8. Three patterns of electricity price in external market
Houq Lower | Medium | Higher | Hour | Lower | Medium | Higher
t) price price price ®) price price price
$/MW) | ($/MW) | (/MW) ($/MW) | ($/MW) | (§/MW)
1 1.00 6.741 138.93 13 7.63 41.35 214.48
2 1.00 6.095 133.99 14 6.83 39.49 211.36
3 1.00 6.091 133.93 15 5.49 36.36 205.97
4 1.00 6.211 135.25 16 5.39 36.12 205.56
5 1.00 7.072 140.66 17 8.56 43.47 218.03
6 1.00 12.89 159.25 18 21.72 71.19 261.49
7 3.29 30.94 196.41 19 31.58 90.54 289.89
8 12.06 51.17 230.57 20 28.12 83.84 280.19
9 14.05 55.42 23730 | 21 22.44 72.63 263.66
10 11.96 50.96 230.23 22 17.62 62.87 248.87
11 10.81 48.47 226.21 23 7.84 41.83 215.29
12 9.53 45.64 221.61 24 1.05 24.89 185.14
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6.2 Results of case studies
This section discusses the results of case studies for the BC Hydro’s simplified bulk system
with 14 buses and one external power market—Bonneville Power Administration (BPA).
The simulation results are calculated based on the assumption that all generators bid
according to their variable generation cost due to lacking of actual bidding data from real
power market. All the data of generation cost are based on the approximation of five hydro
generators’ cost functions and one thermal unit’s fuel cost function. The database of
electricity market price of BPA is obtained by analyzing the data of the PIM market in the
year 2000. The data of forecasting load patterns are from the earlier results based on a fuzzy

logic model in our group research work.

6.2.1 Case #1--——- with medium load and higher market price pattern

In this case, the electricity price in the external power market is of the highest price pattern as
it is listed in Table 8, which is substantially higher than the system marginal price during the
24 hours in a day-ahead time schedule. The local load is at the med{um level. There are two
categories of exports discussed in each case study, which are firm export and non-firm
export. Firm export potential appears most promising. The calculation of firm export is based
on the security constrained unit commitment and economic dispatch. The non-firm export is
the result without consideration of N-1 contingency cases. Thus, the amount of non-firm
e)-(port is not guaranteed to be provided whenever the system undergoes contingency

situation, but the price of non-firm export is lower than that of firm export. Similarly, we also

have the firm/non-firm import, spinning reserve and profits corresponding to the pre-
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contingency and post-contingency cases. Since there are no sufficient market information, in
our work, we assumed that the price of firm export is 85% of external market price and non-

firm export price is 50% of external market price.

The results of generation scheduling, firm/non-firm export and electricity selling price,
corresponding profits, firm spinning reserve achieved by GenCos in this case are listed in the

following Table 9 and illustrated in the Figures 18, 19, 20, 21, and 22.
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Table 9 (a). Post-contingency generation dispatch and spinning reserve in case #1

Hour Unit status Generator output Reserve
(MW) (firm)

ullu2[uslu4fusfus] G(1) | G) | GB) | G4 G() | G(6) MW)

1 111 ]1]1]|1]2039.20(1582.44([335.70| 631.31 |1423.68 1117.42 2220.25
2 11t 1111 ]/[1979.50{1515.02(309.68|652.18 |1360.56{1118.03| 2415.03
3 1111111 /[1926.73]1470.66](292.56(652.42|1319.04|1118.43| 2570.17
2 L1111 01]1]1]1898.20][1446.68{283.31|652.54|1296.59|1118.64| 2654.05
5 Tr1 11111 [190353[1451.17]285.04| 652.52 |1300.79|1118.60| 2638.36
6 11111111111 ]1957.34[1496.39]302.49| 652.28 |1343.13|1118.20| 2480.17
7 1111111 ]1]204222]1587.26]337.57| 628.56 |1428.20|1117.38} 2208.82
8 | 111111 ]1/|1][210233]1683.46/374.69(573.72|1518.25|1116.52| 1981.05
9 |1l 11 1[1]|1]2153.79]1765.82{406.48| 526.76 |1595.35|1115.78| 1786.03
10 1111111 11]1]220844][1800.00[439.38|476.90 [1672.52|{1115.01| 1637.76
1T 1111111 ]229826[1800.00{476.94| 394.94 |1671.21|1114.14} 1594.52
12 111111 1]1][1]2297.66[1800.00{835.10{ 395.49 {1670.20|1113.47| 1238.08
31 pryrplgl 2297.29 [1800.00]834.78] 395.83 |1669.57|1113.05| 1239.48
14 [t 11111 1[1/[2296.92][1800.00{834.47]396.17 |1668.95{1112.63 1240.86
5 111111 ]1[1]1]229.71[1800.00[834.30]| 396.36 |1668.60{1112.40| 1241.64
16 111 ]1]1][1]1]2296.53[1800.00/834.15| 396.52 |1668.30|1112.20 1242.30
17 11111 1]1]|1]2296.49(1800.00[834.11{396.56 [1668.22|1112.15| 1242.47
18 | 1| 1|1 [1}1]1]2296.56 1800.00]834.18] 396.49 [1668.36|1112.24| 1242.17
19 T1 11 11]1]1]1]2297.04]1800.00[834.57|396.06 {1669.15|1112.77} 1240.42
20 111111 ]111]|1/[2297.54]1800.00[835.00|395.60 [1670.00{1113.33| 1238.54
} 21 1 L1111 ]1]|1][2297.65]1800.00(835.09|395.50(1670.18/{1113.45| 1238.13
22 11111 ]1]1]1][2298.11][1800.00{484.01]395.08|1670.96/1113.97| 1587.87
23 1111 11]1]1/1/2197.68[1800.00[433.59] 486.72 [1661.10{1115.15} 1655.77
24 |11t ]1]1/|1][2111.90][1698.77|380.60( 564.98 |1532.59|1116.38| 1944.78
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Table 9 (b). Pre- and post-contingency export, selling price, and profits in case #1

Hour| Export Export Selling price Selling price Profit Profit
t) (firm) ( non-firm) (firm) (non-firm) (firm) (non-firm)
MW) MW) MW) MW) ® ®
1 2608.96 2650.00 20.84 19.16 375465.53 | 262000.00
2 2650.00 2650.00 20.56 18.85 364170.83 | 250000.00
3 2650.00 2650.00 20.34 18.65 360891.44 | 247000.00
4 2650.00 2650.00 20.23 18.54 362216.10 | 248000.00
5 2650.00 2650.00 20.25- 18.56 374705.81 | 256000.00
6 2650.00 2650.00 20.47 18.76 419746.39 | 286000.00
7 2603.51 2650.00 20.85 19.17 502365.01 | 346000.00
8 2494.83 2650.00 21.18 19.61 564161.84 | 402000.00
9 2401.78 2650.00 21.46 19.98 566235.18 | 418000.00
10 2251.88 2650.00 21.68 20.37 529015.73 | 413000.00
11 1954.81 2521.65 21.75 20.64 470204.86 | 396000.00
12 2050.30 2614.15 22.90 21.69 493217.96 | 413000.00
13 1884.59 2446.56 22.90 21.68 454333.28 | 387000.00
14 1721.83 2281.95 22.90 21.68 423790.44 | 367000.00
15 1630.53 2189.61 22.89 21.68 401997.64 | 352000.00
16 1552.50 2110.70 22.89 21.67 389550.18 | 344000.00
17 1532.39 2090.36 22.89 21.67 402733.80 | 344000.00
18 1567.25 2125.61 22.89 21.67 466300.89 | 411000.00
19 1774.39 2335.10 22.90 21.68 550479.38 | 473000.00
20 1996.27 2559.51 22.90 21.69 583663.87 | 490000.00
21 2044.27 2608.05 22.90 21.69 565284.63 | 473000.00
22 1897.38 2463.49 21.78 20.66 497296.09 | 421000.00
23 2286.38 2650.00 21.66 20.30 505667.26 | 390000.00
24 2477.52 2650.00 21.23 19.68 466321.70 | 337000.00
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Table 9 (c). Pre-contingency generation dispatch and spinning reserve in case #1

Hour Generator output Reserve
: MW) (non)
G(1) G(2) G(3) G(4) G(5) G(6) MW)
1 | 2059.72 1582.44 335.70 651.83 1423.68 1117.42 2179.21
2 | 1979.50 | 1515.02 309.68 652.18 1360.56 1118.03 2415.03
3 | 1926.73 | 1470.66 292.56 652.42 1319.04 1118.43 2570.17
4 | 1898.20 | 1446.68 283.31 652.54 1296.59 1118.64 | 2654.05
5 | 1903.53 | 1451.17 285.04 652.52 1300.79 1118.60 2638.36
6 | 1957.34 | 1496.39 302.49 652.28 1343.13 1118.20 2480.17
7 | 2065.46 | 1587.26 337.57 651.81 1428.20 1117.38 2162.33
8 | 217991 1683.46 374.69 651.30 1518.25 1116.52 1825.87
9 | 2277.90 | 1765.82 406.48 650.87 1595.35 1115.78 1537.81
10 | 2381.97 | 1851.06 439.38 650.42 1672.52 1115.01 1239.64
11 | 2553.23 | 1856.90 476.94 649.91 1671.21 1114.14 1027.68
12 | 2551.70 | 1855.78 835.10 649.52 1670.20 1113.47 674.23
13 | 2550.73 | 1855.08 834.78 649.28 1669.57 1113.05 677.52
14 | 2549.78 | 1854.39 834.47 649.04 1668.95 1112.63 | 680.75
15 | 2549.25 | 1854.00 834.30 648.90 1668.60 1112.40 682.56
16 | 2548.79 | 1853.67 834.15 648.78 1668.30 1112.20 684.10
17 | 2548.68 | 1853.58 834.11 648.75 1668.22 1112.15 684.50
18 | 2548.88 | 1853.73 834.18 648.81 1668.36 1112.24 | 683.81
19 | 2550.09 | 1854.61 834.57 649.11 1669.15 1112.77 679,.70
20 | 2551.38 | 1855.55 835.00 649.44 1670.00 1113.33 675.31
21 | 2551.66 | 1855.75 835.09 649.51 1670.18 1113.45 674.35
22 | 2552.85 | 1856.62 484.01 649.82 1670.96 1113.97 1021.77
23 | 2361.47 | 1836.05 433.59 650.50 1661.10 1115.15 1292.15
24 | 2198.13 | 1698.77 380.60 651.22 1532.59 1116.38 1772.30
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Figure 19 Pre-contingency spinning reserve and generation scheduling of case #1
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Figure 20 Post-contingency spinning reserve and generation scheduling of case #1
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Figure 21 Export of pre-contingency and post-contingency cases
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Figure 22 Profits with firm and non-firm export
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Figure 23 Firm and non-firm spinning reserve

From Figure 19 and 20, we can see that the genefation dispatch changes with the
consideration of transmission security constraints. In Figure 20, the generation dispatch of
unit “G(1)”,”G(2)” and “G(4)” decrease compared with the dispatch pattern in Figure 22
from hour 7 to hour 24. This results in the spinning reserve increasing from pre-contingency
to post-contingency, which is shown in Figure 23. Thus, the system achieves more security
and reliability. With the decreased output of corresponding units from hour 7 to hour 24, the

| export in post contingency is less than that in pre-contingency, which can be found in F igure
21. The generation dispatch is not adjusted from hour 1 to hour 6 since the load pattern is not
as high as it is in the later hours which cause the transmission constraints violated.
The results in Figure 21 show that the system exports power in each hour during the whole
time horizon, either in the pre-contingency or post contingency situation. The electricity price

in the external power market, which is higher than the local system marginal price, drives the
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The results in Figure 21 show that the system exports power in each hour during the whole
time horizon, either in the pre-contingency or post contingency situation. The electricity price

in the external power market, which is higher than the local system marginal price, drives the

system to generate exfra power to export. From above Figures 21 and 22, we can see that the
locgl GenCo earn more profits with the non-firm amount of export power compared with it |
with firm export, although the price of firm export is higher than that of non-firm eXport.
However, it involves risks for customers to buy the non-firm export with lower price since

the feliability of non-firm export is lower than that of firm export.

6.2.2 Case #2-——- with medium load and medium market price pattern

In this case, both of system load and market price are of medium level. The assumption of
firm and non-firm export price and system.ma.rginal price are as same és those assufﬁed in
case #1. The calculation results are in the following Table 8 and presente’d in Figures 24, 25,

and 26.
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Table 10 (a). The results of post-contingency generation dispatch in case #2

Hour Generator output
MW)
G(1) G(2) G(3) G4 G(5) G(6)
1 906.93 713.12 0.00 268.89 | 609.72 524.24
2 849.51 664.20 0.00 231.00 | 563.95 476.32
3 811.73 631.97 0.00 207.26 | 533.94 | 444.81
4 791.32 614.68 | 0.00: 194.52 517.73 427.75
5 79596 | 617.92 0.00 196.93 520.74 | 430.87
6 833.61 650.67 0.00 221.10 551.43 | 463.08
7 | 2042.22 | 1587.26 | 337.57 628.56 | 142820 | 1117.38
8 | 210233 | 1683.46 | 374.69 | 573.72 | 151825 | 1116.52
9 | 2153.79 | 1765.82. | 406.48 526.76 | 159535 | 1115.78
10 | 2208.44 | 1800.00 | 439.38 | 476.90 | 1672.52 | 1115.01.
11 | 229826 | 1800.00 | 476.94 | 39494 | 167121 | 1114.14
12 | 2297.66 1800.00 | 835.10 | 395.49 | 1670.20 | 1113.47
13 | 2297.29 | 1800.00 | 834.78 | 395.83 | 1669.57 | 1113.05
14 1 2296.92 | 1800.00 | 834.47 | 396.17 | 1668.95 | 1112.63
15 | 2296.71 | 1800.00 | 83430 | 396.36 1668.60 1112.40
16 | 2296.53 | 1800.00 | 834.15 396.52 | 1668.30 | 1112.20
17 | 2296.49 | 1800.00 | 834.11 396.56 | 1668.22 | 1112.15
18 | 2296.56 | 1800.00 | 834.18 | 396.49 | 1668.36 | 1112.24
19 | 2297.04 | 1800.00 | 834.57 | 396.06 | 1669.15 | 1112.77
20 | 2297.54 1800.00 | 835.00 | 395.60 | 1670.00 | 1113.33
21 | 2297.65 | 1800.00 | 835.09 | 395.50 | 1670.18 | 1113.45
22 | 2298.11 | 1800.00 | 484.01 395.08 | 1670.96 | 1113.97
23 | 2197.68 | 1800.00 | 433.59 | 486.72 | 1661.10 | 1115.15
24 | 2111.90 | 1698.77 | 380.60 | 564.98 | 1532.59 | 111638
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Table 10 (b). Pre- and pdst-contingency power interchange and profits in case #2

Hour | Interchange | Interchange | Spinning Spinning Profit Profit
(firm) (non-firm) | reserve reserve (firm) (non-firm)
(firm) (non-firm)

1 -1500.00 | -1500.00 5427.10 5427.10 .26206.67 26206.67

2 -1500.00 | -1500.00 5665.02 5665.02 25275.34 25275.34

3 -1500.00 -1500.00 5820.29 5820.29 24053.68 24053.69

4 -1500.00 | -1500.00 5904.00 5904.00 23224.37 23224.37

5 -1500.00 | -1500.00 5887.58 5887.58 22049.18 22049.18

6 -948.00 -948.00 5730.11 5730.11 21670.08 33770.91
7 2603.50 2650.00 2208.82 2162.33 68942.44 69151.97

8 2494.80 2650.00 1981.05 1825.87 - | 113244.85 | 115567.50

9 2401.80 2650.00 | 1786.03 1537.81 121559.18 | 125873.60
10 | 2251.90 2650.00 1637.76 1239.64 110474.70 | 116491.20
11 1954.80 2521.65 1594.52 1027.68 99937.07 108010.30
12 | 2050.30 2614.15 1238.08 674.23 103335.30 | 110772.50
13 1884.60 2446.56 1239.48 677.52 93813.94 100147.30

- 14 1721.80 2281.95 1240.86 680.75 89095.40 95014.68
15 1630.50 2189.61 1241.64 682.56 83759.62 88859.58
16 1552.50 2110.70 1242.30 684.10 82797.68 87878.54
17 1532.40 2090.36 1242.47 684.50 92225.84 99372.98
18 1567.30 2125.61 1242.17 683.81 129649.56 | 144512.60
19 1774.40 2335.10 1240.42 679.70 166658.89 | 186855.40
20 1996.30 2559.51 1238.54 675.31 167292.54 185519.50
21 2044.30 2608.05 1238.13 674.35 150139.46 | 165187.40
22 1897.40 2463.49 1587.87 1021.77 122202.26 | 134392.70
23 2286.40 2650.00 1655.77 1292.15 93335.57 97181.67
24 | 2477.50 2650.00 1944.78 1772.30 57853.57 58178.76
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Figure 24 Post-contingency generation dispatch in case # 2
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Figure 26 Profits with /without security constraints

In Figure 24, we present transmission security-constrained generation dispatch and spinning
reserve. The pre-contingency generation dispatch and reserve will be omitted in this case and
in all the other following cases as well, since they are not the main data need to be discussed.
Since the external market price from hour 1 to hour 6 in this case is lower than system
marginal price, the system imports power from external power market, which is shown in
Figure 25. The market price from hour 7 to hour 24 is much higher than the corresponding
system marginal price, therefore, the GenCo exports power to external market to gain much
more profits than those in the import hours, which is illustrated in Figure 26. With the
consideration of transmission security constraints, the export power in post-contingency
situation is lower than that in the situation without consideration of security constraints.
Therefore, the non-firm export is more than firm export, which is shown in Figure 25. The

system imports the generation at the maximum limit level during the first 6 hours in both of
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pre-contingency and post-contingency cases, since the market price is much lower than

system marginal price in both cases. This can be seen in Figure 25.

6.2.3 Case #3----- with medium load and lower market price pattern

In this case, system léad is of medium level pattern, and market price is of lower level
 pattern. |

The price is quite low during hour 1 to hour 7 and rise extensively a lot during hour 18 to
hour 21. This drives the system power interchange from import to export, wﬁich is shown in
Figure 28. The corresponding spinning resérve fluctuates dramatically'when system changes.
- its power interchange pattern from import to export, which is presented in the same Figure

~ 28. The corﬁparison of GenCos’ préﬁts bétween pre-contingency and post-contingency with
the non-firm power interchange and ﬁrm power interchange is illustrated in Figure 29. All

the related data to these three figures (Figures.27-29) are listed in Table 11.
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Table 11 (a). The post-contingency generation dispatch in case # 3

Hour| . Unit status - Generator output
(MW) -
Ul [U2|U3|U4|US[U6| G(1) G2) | G3) | G | GG5) | G(6)
1 L (1701 ]1[1] 90693 713.12] 0.00(268.89| 609.72 524.24
2 01101 {1 ]1| 849.51] 66420 0.00[231.00| 563.95 476.32
3011 [0o}1]1]1| 811.73] 631.97| 0.00|207.26| 533.94 444.81
4 |1 1[0 {1]1] 791.32] 614.68] 0.00|194.52| 517.73| 427.75
511 (10T 1)1 | 79596 617.92 0.00{ 196.93| 520.74| 430.87
6 (1 [1]0|1]1]1| 83361 65067 0.00/221.10[ 551.43| 463.08
70110101 91112 716.38] 0.00]269.62| 612.98] 527.61
8 [ 1 |10 |1 11| 992.88 786.15 0.00{320.90] 678.22| 595.97
9 [ T [1{0}1]1]1} 1188.73] 952.75| 0.00]443.66| 834.19| 759.39
10 (1 [1]0]1]1]|1] 113558 907.54] 0.00[410.34| 791.86] 715.04
11 1 [T{0]1]1]1] 1218.42] 978.00] 0.00(462.34| 857.76| 784.18
12101111 [1]1] 1209.10[ 970.10{200.00(355.71| 850.38| 776.39
B 1 [ 1111 ]1] 1201.01] 963.16]200.00] 348.95] 844.03| 769.57
14 1 [T {1 ]1}1}1] 1192.30] 955.83|200.00(339.67| 836.98| 762.42
IS 1 (11 [1]1[1] 1167.63] 934.77/200.00(316.22 817.38] 741.80
16 | 1T | 1|1 {1]1/[1] 1185.10{ 949.60( 200.00( 332.80| 831.30[ 756.30
1701 11T [1]1¢} 1189.63| 953.47200.00| 337.13| 834.90 760.07
181 1 |1 1|1 [1]1]2296.561800.00{573.18(396.49|1668.36{1112.24
19 T |11 [{1]1f1] 2297.04/1800.00|834.57|396.06|1669.15(1112.77
200 1T (1|1 f[1]1]1] 2297.54/1800.00|835.00{395.60(1670.00{1113.33
20 1 [ 1111 1] 2297.651800.00] 618.42(395.50{1670.18[1113.45
22 0 1111 1] 1870.23/1532.47|316.42| 649.82/1376.90| 1113.97
23 11 (1[0 1] 1[1] 1122.78] 896.72| 0.00{ 402.34 781.70( 704.36
24 011011 ]1] 100588 797.23] 0.00[329.14| 688.55| 606.90
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Table 11 (b). The power 1nterchange spinning reserve, and profits in both of pre- and post-
contingency situation in case # 3.

Hour [ Import | Export | Import Export |Reserve| Reserve | Profit Profit
(firm) | (firm) |(non-firm)| (non-firm) | (firm) |(non-firm)| (firm) |(non-firm)
1 11500.00 0.00 1500.00 0.00 [5427.10| 5427.00 |40226.62| 40226.00
2 [1500.00( 0.00 1500.00 0.00 5665.02| 5665.00 [38037.30| 38037.00
3 [1500.00f 0.00 1500.00 0.00 [5820.29( 5820.00 |36629.48| 36629.00
4 [1500.00{ 0.00 1500.00 0.00  [5904.00| 5904.00 (35879.51| 35879.00
5 |1500.00| 0.00 1500.00 0.00 |5887.58| 5887.00 [36013.15( 36013.00
6 |1500.001 0.00 1500.00 0.00 |5730.11 5730.00‘ 37441.90| 37441.00
7 11500.00| 0.00 1500.00 0.00 |5412.29] 5412.00 {36977.63( 36977.00
8 [1500.00] 0.00 1500.00 0.00 {5075.87 5075.00 |27092.01| 27092.00
9 |1983.00f 0.00 983.00 0.00 ]4271.28( 4271.00 [30608.85{ 30608.00
10 ]1500.00| 0.00 1500.00 0.00 14489.64| 4489.00 |33283.07( 33283.00
11 11500.00{ 0.00 1500.00 0.00 |4149.30; 4149.00 |38715.94| 38715.00
12 11500.00| 0.00 1500.00 0.00 (4988.32( 4988.00 |45757.67( 45757.00
13 |1500.00{ 0.00 1500.00 0.00 [5023.28] 5023.00 |51827.65] 51827.00
14 11500.00| 0.00 1500.00 0.00 |5062.80( 5062.00 |56212.06( 56212.00
15 {1500.00{ 0.00 1500.00 0.00 |5172.20] 5172.00 [60444.45] 60444.00
16 [1500.00| 0.00 1500.00 0.00 |5094.90 5094.00 {61590.22( 61590.00
17 (1500.00{ 0.00 1500.00 0.00 |5074.80| 5074.00 |57092.26{ 57092.00
18 | 0.00 |1306.26 0.00 1860.00 [1503.17| 944.00 (64098.53| 65180.00
19 | 0.00 177439 0.00 2340.00 11240.42] 679.00 |80312.45| 83928.00
20 | 0.00 |1996.27 0.00 2560.00 |1238.54] 675.00 [75071.36| 77644.00
21 0.00 |1827.60 0.00 2390.00 |1454.80] 891.00 [63404.09| 64323.00
22 ] 0.00 | 995.06 0.00 995.00 {2490.20( 2490.00 [51226.11} 51225.00
23 [1500.00{ 0.00 1500.00 0.00 |4542.10| 4542.00 |38903.83( 38903.00
24 11500.00| 0.00 1500.00 0.00 |5022.30] 5022.00 {44141.03| 44141.00
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Figure 27 Post-contingency generation dispatch in case # 3
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Figure 28 Firm/non-firm power interchange and spinning reserve
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Firm/Non-firm profits
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Figure 29 Profits in pre-contingency and post contingency cases

From above figures, we can see that the system imports power in most of hours, and only
exports power from hour 18 to hour 22 when the market prices are higher than the system
marginal price. The system has more spinning reserve during the hours of import than that
during the hours of export. The total spinning reserve is much more than that in previous two
cases. In post-contingency situation, the transmission limits are violated in the hours of
export (from hour 18 to hour 22). Thus, the relief of transmission violation results in some
decrease of export compared with the export in pre-contingency case, so does the profits. The
slight changes of profits and spinning reserve, which can be seen in Figure 29 and 28, tell us
that the system with medium load pattern and lower market price pattern is more secure and

profitable compared with two previous cases.
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6.2.4 Case #d-—m with higher load and médium market price péttern

Ih case # 4, the syétem load is 1n higher level and market price is in medium level. The
system interchanges power with external market following the same pattern as it happened in
case # 2 (the market price is in medium level), importing power from hour 1 to hour 6, and
exporting power during the left hours in 24 hours day-ahead time schedule. But the amount
of interchange power varies from hour to hour, since the load patterns are different between
thése two cases. The results of generation dispatch with the security constraint consideration
are listed in Table 12(a) and the results of power interchange, spinning reserve and profits

| are presented in Table 12(b).
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Table 12(a). Generation dispatch in pbst-contingency situation in case # 4

Hour Unit status Generator output
. (MW) '
ul (u2fu3fudfusS|u6| G(1) G(2) G(3) G(4) G(5) G(6) -
1 (1101 }1]1]1025.70( 814.10 0.00 341.50 704.40 | 623.40
2 |1 (101 |1|1]977.50 | 773.10 0.00 311.30 666.00 | 583.20
3 |11 ]jo0o]1}1]1]934.80 | 736.70 0.00 284.50 632.00 | 547.50
4 11110} ]1[1]92420 | 727.80 0.00 277.90 623.50 | 538.70
5011 jo0]1.01]1]91830 | 722.70 0.00 274.20 618.80 | 533.70
6 [1]1|0[1]1|1]98457 | 779.08 0.00 315.69 671.60 | 589.03
T 1T 1]1]215824| 177294 | 409.23 522.69 | 1602.03 | 1115.71
8 | 1] 1|1 {1[1]1]2237.38 1800.00 | 447.03 450.49 | 1672.25 | 1114.83
9 |1 f1 [T f1]|1]1]229831| 1800.00 | 474.53 394;90 1671.29 | 1114.19
10 ) 11111 }1([2297.63| 1800.00 | 835.07 395.52 | 1670.15 | 1113.43 .
I |11 {1]1]1/([2296.87| 1800.00 | 834.44 396.21 1668.88 | 1112.58
1271|111 ]1]1/[2296.59] 1800.00 | 834.20 39647 | 166840 | 1112.27
13 )1 111 ]1]1}2296.14| 1800.00 | 833.82 396.88 | 1667.64 | 1111.76
14 111111 1[1[229591| 1800.00 | 833.63 397.09 | 1667.26 | 1111.51
IS | 11T {1Tf1]|1]1]2295.68| 1800.00 | 833.43 39730 | 1666.87 | 1111.24
16 | 1111111229578 1800.00 | 833.52 | 397.21 1667.04 | 1111.36
17 (111 {1}1]1/([229549| 1800.00 | 833.27 397.47 | 1666.55 | 1111.03
I8 | 1|11 |1 ]1|1{229551| 1800.00 | 833.29 39745 | 1666.59 | 1111.06
19 [T 17111 ]|1/[229.49( 1800.00 | 834.12 396.56 | 1668.23 | 1112.15
20 |1 [ 111 (1])1/[2296.36( 1800.00 | 834.01 396.68 | 1668.02 | 1112.01
20 111 [2296.13 | 1800.00 | 833.82 396.89 | 1667.63 | 1111.75
2 11111 (1|1]2297.09| 1800.00 | 834.62 396.01 1669.24 | 1112.83
23 )1 (b1 (1] 117229811 1800.00 | 484.04 395.08 | 167096 | 1113.97
24 111|111 1)1([217575| 1800.95 | 420.04 506.73 | 1628.25 | 1115.46
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Table ‘12(b). Power interchange, spinning reserve and profits in both of pre and post-
contingency situation in case #4

Hour| Interchange interchange Reserve | Reserve Profit Profit

(firm) (non-firm) (firm) |(non-firm) (firm) (non-firm)

1 -1500.00 | -1500.00 | 4940.90 | 4940.90 | 30421.02 | 30400.00
2 -1500.00 | -1500.00 | S 138.90 - 5138.90 | 29649.3 | 29600.00
3 -1500.00 | -1500.00 | 5314.50 | 5314.50 | 28150.57 | 28200.00
4 -1500.00 | -1500.00 | 5357.90 | 5357.90 | 27606.16 | 27600.00
5 -1500.00 | -1500.00 | 5382.30 | 5382.30 | 26113.39 | 26100.00
6 -1500.00 | -1500.00 | 5110.04 | 5110.04 19700.5 19700.00
7 2393.73 2650.00 1769.15 | 1512.87 | 71690.44 | 70600.00
8 2192.29 2650.00 . | 1628.02 | 1170.31 | 109512.69 |114000.00
9 .| 197433 2541.42 1596.78 | 1029.69 | 111949.99 |{119000.00
10 | 203637 2600.06 1238.19 | 674.51 | 112321.21 [116000.00
11 1702.82 2262.72 1241.02 | 681.12 | 101860.29 |105000.00
12 1579.48 2137.97 1242.07 | 683.57 95805.4 | 98500.00
13 1379.87 1936.10 1243.76 | 687.53 87579.68 | 89200.00
14 1279.74 1834.83 1244.61 | 689.51 84329.7 | 85500.00
15 1176.29 1730.21 1245.48 | 691.56 80073.97 | 80500.00
16 1222.71 1777.16 1245.09 | 690.64 | 80191.17 | 80500.00
17 1093.40 1646.38 1246.19 | 693.21 86008.62 | 88400.00
18 1104.01 1657.11 1246.09 | 693.00 | 112171.65 |122000.00
19 1534.38 2092.37 1242.45 | 684.46 | 153656.68 |169000.00
20 1478.02 2035.36 1242.93 | 685.58 | 142173.22 | 156000.00
21 1377.22 1933.42 1243.78 | 687.58 | 124164.44 {135000.00
22 1799.64 2360.64 1240.20 | 679.20 | 125683.77 |133000.00
23 1897.13 2463.23 1587.84 | 1021.74 | 88265.71 | 91600.00
24 | 2362.08 2650.00 1702.82 | 1414.90 | 59991.85 | 58100.00
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Post-contingency generation dispatch
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Figure 30 Post-contingency generation dispatch in case # 4
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From above figures, we can see thgt~the system imports power from hour 1 to hour 6 and
exports power from hour 7 to héﬁr 24 in either pre-contingency or post contingency. With the
security constraints, the export power decreases. compared with the value in pre-contingency
in each hour during the export period. The spinning reserve in post-contingency is larger than
that in pre-contingency in each hour from hour 7 to hour 24. Thus, the system achieves more
security and reliability by saving more spinning reserve, but it loses certain profits due to the
decreased export, which is shown in Figure 33. Although this case has the same market price |
pattern as case #2 has, the GenCo gains less profit in both_of pre- and post-contingency cases
than they‘do in case # 2.This is resulted from the decreased export in this case due to the
higher load. The curves of profit shown in Figure 33 almost follow the same pattern as the

pattern of market price presented in Figure 32.

6.2.5 Case #5----- with lower lbad and medium market price pattern

In case # 5, the system has lower load pattern, and the external market has the medium
market price pattern. The interests of modeling this case is to see the difference of profits
between this case and case # 2, and the affects of security constraints to profits and power
interchange. The following Table 13 (@) listed the generation dispatch in post—contingency,

and the results of power interchange, spinning reserve and profits are presented in Table 13

(b).
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Table 13 (a). Post-contingency generation dispatéh incase# 5

Hour Unit status , . Generator output

' ) (MW)
ul {u2fu3|ud|usSfu6| G(1) G(2) G(@3) G(4) G(5) G(6)
1 |11 {0f1([1]1]75030( 579.80 0.00 168.80( 485.00 393.50
2 [1f1j0([1]1]1]707.20( 543.10 0.00 141.80] 450.70 357.60
31 [1[0j1([1|1]667.58] 509.43 0.00 120.00( 419.16 324.54
4 [T ]1]0(f(1[1]1]652.28]| 496.42 0.00 120.00f 406.98 311.77
S |11 {0f1|1]1]636.60]| 483.08 0.00 120.00{ 394.50 298.69
6 [1|[1[0(f1]1 ‘1 967.70 | 764.73 0.00 305.11) 658.17 574.96
T [1T{T|1[1]1][1]185516] 1410.51 269.35 652.73| 1262.73 | 1118.97
8 | T | P |1 |1 |1[1/[195514] 1494.54 301.78 652.29( 1341.39 | 1118.21
9 [ 1|1 [T {1}1][1([2017.77| 1547.18 322.09 652.02( 1390.67 | 1117.74
10 11|11 [2059.81] 1615.41 348.43 612.51] 1454.55 | 1117.13
I 1111|111 (2116.54| 1706.21 383.47 560.74] 1539.55 [ 1116.31
12 11| 1| 1]1][2141.80| 1746.63 399.07 537.70 157739 | 1115.95
1371011 |1]1/}2178.92| 1800.00 422.00 503.83| 1633.00 | 1115.42
14 11111111 )1 1219795 1800.00 433.76 486.47 1661.51 | 1115.14
IS 1111 |1{1][2021.70] 1554.43 324.89 647.28( 1397.46 | 1117.67
16 [1 |11 ]1]1f1]2213.80| 1800.00 441.23 472.00| 1672.45 | 1114.97
17 1T {1 )1 {1]1][1]2274.34] 1800.00 455.67 416.77) 1671.95 | 1114.63
18 |11 11 ]1(]1 2279.62| 1800.00 456.90 411.95) 167191 | 1114.60
19 111 ]1]1}1]|216529]| 1784.22 413.59 516.26] 1612.59 | 1115.61
20 111 |1 (2169.05] 1790.24 415.91 512.83| 1618.22 | 1115.56
21 1 [Py} 1]1]1(2185.38] 1800.00 425.99 497.94| 1642.68 | 1115.32
22 |11 (11 [171][2124.18} 1718.43 388.19 553.78| 1550.99 | 1116.20
23 f1 (1|11 ]1[1]2060.16] 1615.98 348.65 612.19( 1455.08 | 1117.12
24 (1|1 {1 ]11]1

1933.89| 1476.68 294.88 652.38( 1324.67 | 1118.37
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Table 13 (b). Pre- and po‘st-contingency cases power

interchange, spinning reserve and

profits
Hour| Interchange | Interchange | Reserve Reserve Profit Profit
(firm) (non-firm) (firm) (non-firm) (firm) |(non-firm)
1 -1500.00 -1500.00 6072.60 6070.00 |21153.62]21200.00
2 -1500.00 -1500.00 6249.60 6249.51 20830.10 | 20800.00
3 -1500.00 -1500.00 6409.29 6409.29 19694.19 | 19700.00
4 -1500.00 -1500.00 6462.55 6462.55 19154.24 1 19200.00
5 -1500.00 -1500.00 6517.12 6517.12 17498.07 | 17500.00
6 -361.45 -361.45 5179.35 5179.35 16238.38 | 16200.00
7 2650.00 2650.00 2780.56 2780.00 | 64222.83 | 62200.00
8 2650.00 2650.00 2486.65 2490.00 {112324.10/110000.00
9 2650.00 2650.00 2302.55 2300.00 '1123529.72(121000.00(
10 2571.71 2650.00 2142.16 2060.00 {113111.67{111000.00
11 2469.12 2650.00 1927.17 1750.00 '|107454.68]|106000.00
12 2423.46 2650.00 1831.47 1600.00 {101572.40{100000.00
13 2350.32 2650.00 1696.83 1400.00 | 92911.85]91700.00
14 2285.46 2650.00 1655.18 1290.00 | 88800.71 | 87600.00
15 2640.61 2650.00 2286.57 2280.00 | 80638.60 | 77900.00
16 2237.36 2650.00 1635.55 1220.00 | 81915.82 | 80300.00
17 212542 2650.00 1616.65 1090.00 | 94025.92 | 95100.00
18 2115.87 2650.00 1615.02 1080.00 |143716.01{152000.00
19 2380.98 2650.00 1742.44 1470.00 |192503.19{198000.00
20 2374.19 2650.00 1728.20 1450.00 |178709.69]183000.00
21 2328.30 2650.00 1682.69 1360.00 [154640.73|159000.00
22 2455.32 2650.00 1898.23 1700.00 |137505.69|138000.00
23 2571.07 2650.00 2140.83 2060.00 {93156.25 90800.00
24 2650.00 2650.00 2549.11 2550.00 | 52605.01 | 50200.00
Yanling Cong 118

University of British Columbia




Chapter 6 CASE STUDIES

Post-contingency generation dis patch

MW

2500 1~
2000
1500
1000

500 }

12 3 45 6 7 8 9 10 1 12 13 14 15 16 17 18 19 20 21 22 23 24

——G(1) —B—G(2) G(3) —— G(4) —¥— &(5) —e— G(6) ‘

Figure 34 Post-contingency generation dispatch in case # 5
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There are only several hours with the transmission violation relief during the 24 hour time
schedule, theréfore, the differences of vexport, spinning reserve and profits between pre-
contingency and post-contingency are quite small, which are shown in Figures 35 and 37.
Since the load pattern in this case is the lowest, the profits in post-contingency case is the
highest compared with the profits in case # 2 aﬁd case # 4 due to thé large export amount.
Therefore, when the system is at lower load level and mediurﬁ éxtemal price lével, the post-
contiﬂgency disbatch is the optimal solution since it makes the system more secure and gains

the most profits.
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Chapter 7

CONCLUSIONS AND RECOMMENDATION FOR FUT URE WORK

This thesis have presented a new approach to operational planning optimization of hydro-
generation with consideration of transmission security constraints in a competitive environment.
The mixed integer non-linear unit commitment problem is solved by Lagrangian relaxation
technique. The security-constrained economic dispatch is optimized by Lagrangian function with
the first gradient solution. The best feasible solutinn of objective function, which satisfies the
network constrain;[s and unit constraints,:are effectively obtained by héuristic search consisting
of unit substitution, unit decommitment and géneration dispatch adjustment. This approach is
tested on the simplified BC Hydro 500 kV system. The results show that the procedure performs

in high efficiency with total computation time less than 2 minutes for 24 hours.

~ In deregulated power industry, the demand and market-based price fluctuate by time. This makes
the operation scheduling more difficult compared with traditional short-time dispatch
scheduling. In this work, we have omitted the effects of different bidding strategies and taken the
Pennsylvania-New Jersey-Maryland (PJM) market price as our external market priée. The
forecasted load pattern is achieved from fuzzy logic model of our group research work done
earlier. The selling price of generation to local customers is set up based on average unit
marginal cost. Using these calculated data may drive the results slightly away from the reality,

but it is easy to substitute all of these assumed data by the real data whenever they are available.
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In this thesis work, the proposed approach performs effectively and efficiently to maximize the
power suppliers’ profits from the day-ahead transmission security-constrained generation
scheduling in a competitive restructured powér mafket. It also generates the by-product of
calculation of spinning reserve costs for GenCos whenever system spinning reserve has to be
used to balance the‘high level load. It will further provide the instructions to the suppliers to do
the market-based real-time dispatch at the most economical level and lowest risk level with the
~ consideration of network security. Further more, it would support the power market to operate

transparently and consistantly during the competitive generation bidding period. -

With the fast-paced development of restructured power industry, maﬁy new technologies are
being researched to solve power system problems, especially in operational generation
scheduling. Some new heuristic approaches such as partical swarm optimization [46] and ant
colony model [47] é.re beiflg studied to solve the large-scale mixed integér non-linear problems,
in order to replace the classical Lagrangian relaxation method to avoid its locally optimal results
and non-guaranteed convergence. For more complex and expanding power systerﬁ, N-2 or N-3
contingency criteria is suggested to be used instead of using N-1 contingency to enhance the
system security and reliability level. Thus, in our future work, the security constraints should be
extended from N-1 contingency scenario to either N-2 or N-3 contingency to match the new
reliability requests. Developing a new approach, which is more robust and efficient in

computation time, is also a target to further improve the work.
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APPENDIX

Software framework:
The core software developed consists of several different functions. Each function is developed

for individual targets to fulfill the whole approach for this thesis. They are listed as follows:

e Main
e [LRUCED
e EXSPRE

e SeContin

e MinUp-Down

The following section will present the detailed description of each function above.
1.1 Main

An input and output diagram of the function “main” is given below:

() (o) (tai) (o)

The optimal Maximum System marginal Power interchange Spinning reserve
generation dispatch  profits price (Import & Export) distribution

Figure 38 Input/output diagram for Main function
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This function runs the program to calculate security constrained optimal generation scheduling
for the generation suppliers in restructured bulk power market to obtain the maximum profits
during the specified look-ahead time period in accordance with the forecasted local area load
demand and electricity market price. The four functions, which are LRUCED, EXSPRE,
SeContin and MinUp-Down, consist of the algorithms and relevant database to be used to
calculate the output including optimal generation dispatch, the maximum profits, system

marginal price, spinning reserve distribution and power interchange with the external power

market.

1.2 LRUCED

An input and output diagram of the function “ LRUCED?” is illustrated below.

Forecast load Lagrangian Economic
and market Unit Function of relaxation dispatch
price parameters Minupdown model model

l

Unit commitment  unit output unit incremental cost total system cost
(On/off)

Figure 39 Input/output diagram for LRUCED function

This function, given the forecast load demand, external market price and each unit’s parameters

including minimum output, maximum output and cost function, will run the designed function of
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minimum up/down time constraint, Lagrangian relaxation model and economic dispatch model.
The status of unit commitment, each on line unit output, unit incremental cost and total
generation cost in system are directly achieved from this LRUCED function. Since only the
system equality constraint and unit inequality constraints are considered in this function, each
unit commitment and its output are the temporary results, which will be updated in the further

calculation to satisfy the other system constraints.

1.3 EXSPRE

The input/output diagram of function “ EXSPRE” is describe as follows:

System
External Unit status and Function of spinning Tie line
market price marginal price MinUp- RSN ATC
from LRUCED Down requirement

Power interchange  unit commitment  generation  Spinning reserve

Re-dispatch  distribution

Figure 40 Input/output diagram for EXSPRE function
This function, with the required input data of external market price, unit commitment, system
marginal price from LRUCED calculation, minimum up/down time constraints, system spinning

reserve requirement, and given information of tie line ATC, will calculate the power interchange
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(import and export) with neighboring area and obtain the updated unit commitment, generation
re-dispatch and system spinning reserve distribution. The results of unit status and generation
dispatch are still not the final solution at this step since the system security constraints are not
considered yet. The same happens to the power interchange amount, which may be needed to be
adjusted for the system security requirements in function “ SeContin”.

1.4 SeContin

The input/output diagram of the function “ SeContin” is shown below.

Unit Generation System

commitment dispatch Power Function of security N-1

from from exchange MinUp- constrai contingency
EXSPRE EXSPRE on tie line Down nts scenarios

Updated Updated Updated Updated Network
unit commitment  generation power exchange spinning reserve power
re-dispatch (import/export) distribution flow

Figure 41 Input/output diagram for SeContin function
In this function, the solution of commitment, generation dispatch and power interchange from
the function “EXSPRE” will be tested again with the consideration of system security constraints
for the chosen post-N-1 contingency scenarios. Minimum up/down time constraints are also

under consideration for the eventual unit commitment. With all of these input, running this
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function will obtain the outputs, which are updated unit commitments, generation re-dispatch,
final power exchange and spinning reserve distribution and power flow on each transmission

branch in the whole network.

1.5 MinUp-Down

The input/output diagram of the function “ MinUp-Down” is presented in the following Figure

23

Unit commitment calculation in
each function of LRUCED, Unit minimum up | Unit minimum down

EXSPRE and SeContin time constraint time constraint

! | |

Unit commitment
(On/off)

Figure 42 Input/output diagram for MinUp-Down function
MinUp-Down is a small function that is used to adjust the unit commitment obtained from
relevant calculation in each function of LRUCED, EXSPRE and SeContin, in order to satisfy the
unit minimum up and down time constraints. The output is the updated unit on/off status from

the original results.
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