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SUMMARY 

In the future, renewable energy share, especially wind power share, in electricity generation 

is expected to increase. Due to nature of the wind, wind power generation pattern includes 

uncertainties which affects the energy prices in the electricity markets.  

New simulations are needed for efficient planning process for the resources in the power 

systems to address the uncertainties in demand, generation, legal, economical and technical 

limitations. 

In this study, the aspects of planning process for wind power generation is described and 

some example scenarios are implemented with the help of MATLAB software. 

Keywords: Wind power, power systems, electricity markets, frequency control, voltage 

control, operation planning. 
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ABBREVIATIONS 
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MCP: Market clearing price 
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MO: Market operator 
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EUAS: Electricity Generation Corporation 
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DUY: Turkey Balancing Compromise Legislation 

PMUM: Turkey Electricity Market Financial Comprising Authority 

MYTM: Turkey National Load Distribution Centre 

BYTM: Regional Load Distribution Centre 

SIB: System imbalance price 

ALB: Accepted loading/load shedding bids 

GUP: Daily generation programme 

UCTE: Union for the Co-ordination of Transmission of Electricity 

ACE: Area control error 

EENS: Expected not served energy or power deficit 

LOLP: Risk of power deficit or loss of load probability 

EG: Expected generation 

ETOC: Expected total operation cost  
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1. INTRODUCTION 

In next coming years, the share of electricity generation from renewable energy resources 

tends to increase. Already, the European Union has an official target of 20% electricity 

generation from renewable energy sources [EU, 2010] by 2020 as well as US has 20% from 

wind power by 2030. [US DOE, 2008] Therefore, in order to meet these targets, additional 

renewable power plants especially wind power plants will be established by the countries. 

The wind power distribution may not be close to demand area, and this can create regional 

imbalances between generation and demand. Therefore this may challenges for instance 

frequency variations, loading constraints for the electricity network infrastructure and 

therefore electricity curtailments or congestions. Furthermore, wind power has a high level 

of uncertainty due to the volatile nature of the wind and thus it affects the electricity prices 

and makes it erratic. In addition to this, also demand varies hourly, daily and seasonally 

which is not under control and the curtailments are very costly. Generation must have 

capability to meet peak demand and therefore a sufficient capacity will be available to 

handle uncertainty in generation as well as demand. [Strbac] Therefore, a very solid planning 

process is required in order to use the available resources as possible as efficient under 

these constraints and uncertainties.  

In this study, there are some basic approaches existing which are developed for making a 

contribution for this planning problem based on the literature review that was conducted.  

For the simulation implementations, MATLAB software, which is an engineering and 

mathematics simulation tool, was used. 

This study consists of three main chapters and in addition to these chapters, an abstract, an 

acknowledgement, a contents, a list of figures and tables, an abbreviations, an introduction, 

a conclusions and a references parts are part of the thesis. In the first chapter which 

addresses Competitive Electricity Market and Electricity Market Structure of Turkey, there are brief 

descriptions about electricity market terms and some example electricity markets in the 

world. In the second chapter which addresses Frequency and Voltage Control, there is a brief 

description about frequency and voltage control and their principles, and then some 

simulations are implemented in MATLAB associated with these issues and the results of the 

simulations are illustrated. In the third and final main chapter which is called Planning of the 

Power Systems, there are brief descriptions about planning of the power plants and its 

mathematical definitions, some power plant types and probabilistic generation cost 

calculations and then some simulations are implemented for the example scenarios 

regarding to these issues with applying to some assumptions and the results are depicted. 
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2. COMPETITIVE ELECTRICITY MARKET AND ELECTRICITY MARKET STRUCTURE OF TURKEY 
 
Competitive electricity market may be based on centralised markets or bilateral contracts or 

mixture of both patterns. The market is a like pool system which consists of price offers of 

market players for selling or buying a certain amount of electricity. These prices are taken 

and ranked by increasing pattern until reaching to equilibrium of offer-demand. And the final 

taken price is accepted as Market Clearing Price (MCP). Consumers are buying and producers 

are selling the electricity based on this price. Bilateral contracts can include delivery 

conditions and terms or can be financial agreements for protecting players against price 

oscillations in the spot market. In different countries, electricity markets are being applied to 

different solutions for similar problems and issues. [Mendes] 

 

2.1. Key Features of Competitive Electricity Market 
 
The base structure of a competitive electricity market can be identified with the utilities 

financial conditions, power systems’ investment necessities, the previous power system 

structure before the establishment of the new market structure and besides political 

structure of the government. 

 

2.1.1. Market and System Operation 
 
In electricity trading arrangement applications, two units should have clear and certain 

definitions of their roles. One of these units is system operator (SO) which is responsible for 

supplying the technical security of the grid by organizing the market players’ actions. The 

second one is market operator (MO) which is primarily responsible for the determination of 

the market clearing price for each trading period and supplying an environment for the 

market players which they can send their bids and offers. In some electricity markets, these 

units can be together under the same organization but with the independent ventures. 

While in some of the electricity markets, systems operator owns the transmission networks, 

in some electricity markets, control and ownership of the networks are independent 

[Amelin]. 

 

  

 

 
Figure 2.1: Typical electricity system structure [Amelin] 
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2.1.2. Trading Operation 
 
There are several organizations for trading existing in the markets. In one of them, vertically 

integrated, consumers should purchase electricity from the local power company. On the 

other hand power companies can trade with each other freely. Another one is centralised 

which has trading via the power pool. While the producers have to sell to power pool, the 

consumers also have to purchase from the power pool. There is also another organization 

which is called bilateral. In this method, all the market players can trade with each other 

freely. [Amelin] 

 

                              a                                                                           b 
 

 

 

 

 

                                                                                c 

 

Figure 2.2: Trading organizations   a) vertically integrated   b) centralised   c) bilateral 

[Amelin] 

 

In some electricity markets (like United Kingdom), it is obligatory to arrange the market 

clearing price (MCP), price offers and bids independently. Market players have right to make 

bilateral contracts to protect themselves against oscillations in the spot prices. In other 

markets, market players have permission to make bilateral contracts for all delivery or part 

of their selling and buying requirements. The key points when the trade outside of the pool, 

not to make bilateral contracts that can create problems for supplying system security and 

that system costs can be shared suitably between the market players. 

Contracts are trading agreements which include agreements between seller and buyer for 

delivering a product with certain conditions and payments. Typically they have the time and 

conditions of delivery and the method of statement. Electricity trading can be made in 

various ways with utilizing standard contract shapes. Contracts can benefit to market players 

to make agreement with each other and to avoid some problems like handling transaction 

cost in a decentralised system or uncertainties with establishing structures for conveying 

financial risks between the players [Mendes].  
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Spot operations in electricity trading, are for instant delivery which generally do not have 

formal contracts. The key characteristic of the spot operations is to have delivery and 

payment at the same time or in a very short time unconditionally. Financial conditions do 

not just have price per unit, also they have method of statement. Forward and future 

contracts are agreements which are for a certain electricity delivery for a certain place at a 

certain price which defined from now for the certain time in the future. The statement can 

be made, when the electricity delivery is materialized, that profit or loss of the contract 

holder can be observed after the comparison of contract price and spot price at the time of 

delivery. Forward and future contracts are tools for protecting market players against 

oscillations in the spot price which has unsystematic financial risks [Mendes]. 

 

2.1.3. Timing in the Market 
 
The wholesale electricity prices can be arranged ahead, post and real time with the delivery. 

Ahead prices are determined based on a day-ahead. This case is giving permission to market 

players. For the deviations between real time and planned schedules, there should be a 

balancing mechanism in the market with ahead pricing. These deviations can be caused by 

the generation or transmission network failure probabilities or market players’ price 

oriented moves. In post markets, market players can make changes on their bids and offers 

compared to their planned profile in quick manner which can be accepted by market or 

system operator. Prices can be settled according to demand and generation possibilities on 

the serving day. Therefore, actual operational situation of the power system in each trading 

period can be observed respect to prices in the post market. Coactions might be supplied by 

the real time prices, however their practical application in electricity markets is still very 

difficult [Mendes]. 

 

 
Figure 2.3: Timing in the market [Amelin] 

 

2.1.4. Bidding Structure 
 
In various electricity markets, various bidding structures have been embraced which include 

various power plant combinations in their power systems. Synchronisation with the system 

of the large thermal power plants and their output increasing to full load may take many 

hours, however hydropower plants are easily and quickly committed and are working 

flexible. Due to reaching to operational temperature of the thermal power plants, start up 

costs of them is very expensive and large amounts of fuel are needed. Nuclear power plants 

are working rigidly, usually just can be closed for maintenance or replenishing of the fuel.  

In some electricity markets, bidding prices are consisted of several parameters such as 

different components of cost of a generation unit operation which also includes variable and 

constant costs, for instance start-up and no-load costs. This kind of complicated bidding 
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structure reduces the risk of producers, however it does not mean that the electricity prices 

decrease. This increases the complication of the planning algorithm and the price 

determining mechanism, therefore the diaphaneity of the market system decreases. In 

addition to this, in planning of the complex bidding systems the purpose is to minimise the 

generation costs, instead of electricity prices. And also this complexity gives more chance to 

market players to falsify on the prices. 

In other electricity markets, bidding structures include simple quantity-price pairs which is 

consented by the market players for the transaction. Therefore, the producers need to 

incorporate their complicated cost structure within themselves to provide bids which shows 

their production cost and operational limitations properly. Therefore, the market players 

observe the market carefully and predict which part of the market is promising to win for 

them. In this kind of bidding structure, producers need to shoulder the risks of appropriate 

distribution of their start-up and no-load costs. Simple bid structure undoubtedly raises the 

simplicity and diaphaneity of the electricity market and in this kind of markets and bidding 

structures, minimisation of the costs can result to the minimisation of the electricity prices  

[Mendes]. 

In some wholesale electricity markets, load forecasting algorithm is used for the 

determination of the demand. In this case, demand plays a passive role in the determination 

of the market clearing price. In such kind of electricity markets, the generation of the units is 

planned according to balance the demand requirements. In other electricity markets, the 

demand curve is determined by summation of purchased part of the bids. Then, with the 

help of intersection of the demand and supply curves the dispatch and price are estimated 

[Mendes]. 

In some electricity markets, when market players give their bids and offers, these are 

counted as undertaking in trading electricity. And if the deviations occur on these 

undertakings, they are charged according to imbalance tariffs. In this kind of markets, 

market players should give more consideration on providing of their bids and offers. In other 

markets, market players has chance to arrange their bids towards the trading period    

[Mendes]. 

In some markets, payments are made over the market clearing price in the units which have 

scheduled generation independent from their bids. Market clearing price is determined from 

the most expensive chosen unit. It is look like an auction in which payments of the winners 

are made with the first losing bid price [Mendes]. 

When the transmission network capacity does not meet transmission requirements, 

transmission constraints come up. Transmission losses can occur differently in the different 

parts of the network respect to the power flows on that part. This transmission losses and 

constraints may cause to choose more expensive generation unit for the scheduled 

generation instead of cheaper one related to their locations in the network. In a wholesale 
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electricity market, the calculation of the prices can be made on a nodal basis with including 

these constraints and losses or can be made with not taking into account these 

considerations. In this kind of electricity markets, market players shoulder these losses and 

constraints’ costs, which are averaged, with a common uplift charge [Mendes].  

In electric systems which are centrally planned, security of supply can be provided by 

determining minimum generation capacity limit over the peak demand and establishment of 

the generation units to guarantee this limit. Also there are other methods to guarantee the 

security of supply which are applied to electricity markets. In some markets, capacity 

payments are projected to stimulate producers in order to maintain the availability of the 

marginally profitable generators. Other markets, in which producers should determine their 

bids to recuperate the total operation costs of scheduled hours, are based on the energy 

prices which are perceived as an economic signal by the market players and the new 

entrants [Mendes]. 

 

2.1.5. Load Forecasting 
 
The load forecasting is provided on day-ahead basis by the system operator which depends 

on the previous load data and weather forecasts. Total load does not consider load from 

large consumers, outside pool participants and load of pumped storage units which are 

independently calculated and insert to total load. The price response of the consumers is 

limited to an organization in which demand-side bids can be counted as negative production. 

[Mendes] 

 

2.2. Nord Pool and Turkey Electricity Markets 
 
In recent years, the restructurings have been materializing in many countries’ electricity 

industries to increase the competition between producers and construct market 

circumstances in their power sector. And correspondingly, the applications have been 

researched which have possibility to encourage the competition in the electricity markets in 

the generation and supply. Each country has been using different models and it is beneficial 

to examine their characteristics. [Mendes] In this study, Scandinavian countries’ electricity 

market (Nord Pool) and Turkey electricity market will be explained. 

 

2.2.1. Scandinavian Electricity Market (Nord Pool, Sweden-Norway-Finland-Denmark) 
 
Nord Pool is a net pool or a kind of willing participation pool which gives possibility to 

physical bilateral contracts. Electricity can be traded on the scope of bilateral contracts 

between market players within the pool or outside of the pool. Producers, distributors, 

suppliers, industry consumers, traders or retailers can participate to the pool. In this pool, 

five system operators (Norway, Sweden, Finland and two in Denmark) are cooperating with 

each other. Except Denmark, Scandinavian electricity market is hundred percent open. 

Generally, large end-users in the retail market make contracts with suppliers. There are 

common contract types in the market which are mentioned below: 
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- Price can be changed at a short notice typed contracts 

- Constant price typed contracts (for one year or two years) 

- Without spot price and price cap, including a certain increment rate typed spot 

contracts 

- Based on spot price, including a certain increment rate and price cap typed contracts 

 

Nowadays, 30% of the electricity consumption of the Scandinavian electricity market is 

traded over the spot market. And also according to predictions, trading of financial contracts 

is yearly around 3500 TWhs. (Nine times of yearly generation/consumption of the market) 

[Nordpool, 2002] [EPDK] 

 

 

 

 

 

 

Bilateral Wholesale Market 

- Financial contracts 

- Physical contracts (specific or standard) 

 

 
 
 

 

 

 
 

 

 

 

 

 

 

Figure 2.4: Scandinavian Electricity Market (Nord Pool) [Nordpool, 2002] [EPDK] 

Nord Pool is operating these markets and market services which are mentioned below: 

- A spot market for physical contracts (Nord Pool Spot AS) 

- A market for financial derivations (Forward contracts and option contracts) 

- Clearing services for financial contracts which are performed in Scandinavian 

Electricity Exchange Chamber [EPDK]. 
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2.2.1.1. Physical and Financial Markets 

2.2.1.1.1 Elspot 

Elspot is the name of the spot market of Scandinavian electricity market. Market players in 

the pool take place in Elspot and the market is for the next day. Physical contracts for the 

next day’s electricity delivery are traded in this market. Market players give offer for the 

contracts trading for the next day’s hourly electricity delivery. 

Next day, all the trading orders for every electricity delivery hour are gathered and total 

demand and total supply curves are constituted based on these offers. Intersection point of 

these curves determines the spot prices for every hour. Spot price is also called ‘System 

Price’. System price of the spot market becomes the reference price for forward and future 

contracts, over-counter market and bilateral wholesale market [EPDK]. 

 

 

 

 

 

 

 

 

Figure 2.5: Nord Pool Trading Market [Nordpool, 2002] [EPDK] 

2.2.1.1.2. Elbas 

Due to time difference (sometimes up to 36 hours) between determination of the price and 

the delivery in Elspot, market players may want to improve their physical contracts’ 

conditions. In Elbas market, contracts can be traded until one hour before from the delivery 

and during 24 hours. At the moment, this market is limited with Sweden and Finland [EPDK]. 

2.2.1.1.3. Eltermin 

Eltermin is a financial market which is constructed for giving hedging and risk management 

possibility to market players against unexpected price oscillations in the future. Participants 

may secure their trade with buying electricity derivatives up to 4 years later. Nord Pool’s 

financial market is competing with the bilateral contracts market and is providing 

information towards future prices. In Eltermin, forward and future contracts are traded like 

in another commodity markets [EPDK]. 

                    Price 

                                          

                                 Demand(buying)   Supply(Selling) 

  

          System price 

 

                                                      Balance               MW 

                             

constant priced demand 

constant priced supply 
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2.2.1.1.4. Price difference contracts 

Although market players hedge themselves against spot market price oscillations in the 

future with using financial market derivative contracts, they still have a risk such as the price 

difference risk between system price and regional price for spot buying. Spot system price is 

only equal to regional spot price when no transmission constraint exists between the spot 

bided regions. Even in the case of having different regional prices, price difference contracts 

give possibility to the market players to hedge [EPDK]. 

 

2.2.1.2. Load Distribution 

Market participants submit their bids and offers to the pool for every hour of the day. These 

offers are not necessarily related to a certain generation unit, but in the case of having 

transmission constraints, the location of the generation unit come into question. Producers 

step in automatically according to their notice to system operator, their commitments in the 

bilateral contracts and their trading in the pool. Compromising for the differences between 

noticed and measured quantity of the delivery is made over the prices of each country’s own 

balancing markets.  

Spot market can also be used for probable system bottlenecks such as having not enough 

transmission capacity in a part of the grid. The market can be divided to several bidding 

regions and these regions can be used as various price regions when the case of having 

transmission system bottlenecks. If these constraints do not exist, spot system price 

becomes equal to regional spot prices. If the contracted delivery exceeds the transmission 

network capacity, for each impacted region spot market delivery hour zone, two or more 

regional prices are calculated. The spot price in the pool determines the balancing price. For 

whole market, rarely single price comprises. When the spot prices and deliveries are 

determined for each region, the market is balanced according to forecasted supply and 

demand, but this balance may change in time. Therefore, a mechanism is also required for 

real time balancing  [EPDK]. 

In each country, real time market provides to system operator to balance supply with 

demand in every moment and to construct a price for the market players’ imbalances. The 

increase/decrease offers for the real time market are submitted to each country’s own 

transmission system operator. Real time increase/decrease offers is for decreasing or 

increasing the supply or the demand according to case. Offers for both supply and demand, 

are submitted with indicating the prices and quantities. Real time markets are comprised by 

the transmission system operators. Market participants have to have capability to commit 

the contracted delivery in a short time after the notice. The transmission system operators 

perform the system balancing respect to the offers’ priority order [Nordpool, 2002] [EPDK]. 
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The costs of ancillary services are shouldered by the whole end-users and are added as 

separate tariff for the whole electricity consumption. Every country’s transmission system 

operators make contracts for these ancillary services with generation plants [EPDK]. 

 

2.2.2. Turkey Electricity Market 

Turkey electricity market constitutes nearly 2.5% of the Turkey’s Gross Domestic Product 

and the size of the market is about 20 billion dollars. In order to meet the growing demand 

(yearly between 6-9%), decrease the electricity prices and to encourage the private sector 

investments, a transition period to competitive electricity market structure has been going 

on.  

Turkey electricity market reform, which is also important for the compliance with European 

Union Energy Regulations, was started with enforcement of 4628 no.-Electricity Market Law, 

which is the judicial foundation of new market structure, on 3rd March 2001. The main 

purpose of the reform is to construct a competitive market structure, encourage the private 

sector investments and as a result to supply sufficient, high quality, stable, low cost and 

environmentally friendly electricity to the consumers. In this context, opening of electricity 

markets to the competition, realization of the required investments by the private sector 

without additional loading on the public financing, ensuring of the supply security with 

surveillance and inspection actions by the public and privatization of the public properties 

processes has been continuing. The privatization of the public properties is adopted as a tool 

for the transition to the competitive electricity market structure. The development of Turkey 

electricity market is inevitable for the integration to European Union Electricity Market 

within the context of the membership of European Union towards the regional market 

conditions. Against these conditions, the market participants should observe the market 

risks very well, implement the new operational strategies and utilize the tools for hedging 

against the risks [Deloitte, 2007, 2010]. 

2.2.2.1. Turkey Electricity Market Reform 

In parallel with liberalization and privatization processes in the world after 1980, Turkey 

realized some regulations to give possibility to private sector to take place in the electricity 

sector. In 1984, with 3096 no.-legislation build-operate-transfer model, Turkey Electricity 

Institution (TEK)’s monopoly was ended in the sector with the condition of belonging existing 

power plants’ ownerships to TEK and private sector could build new power plants or take 

operation rights of existing power plants. But private sector’s projects could not start due to 

some judicial problems in the law even though private sector took the building permit for 

several plants. Then these problems were solved with 3996 no-legislation and the first 

private sector’s project started in 1996. The vertical separation of generation, transmission 

and distribution operations happened in 1994 with halving TEK as Turkey Electricity 

Generation and Transmission Corporation (TEAS) and Turkey Electricity Distribution 
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Corporation (TEDAS). Then in 2001, transmission, distribution and trading operations of 

electricity existing within TEAS were separated as Electricity Generation Corporation (EUAS), 

Turkey Electricity Transmission Corporation (TEIAS) and Turkey Electricity Trading and 

Commitment Corporation (TETAS) [Deloitte, 2007].  

 

Figure 2.6: Turkey electricity reform’s milestones [Deloitte, 2007, 2010] 

Turkey Electricity market reform, which is important for the compliance with European 

Union regulations, formally started with enforcement of 4628 no. Turkey Electricity Market 

Law in 2001. The law includes the principles for construction and operation of a liberal 

electricity market in Turkey and aims the compliance with European Union Electricity 

Regulations. The law adopts a market model structure which settles bilateral contracts, free 

consumer pattern and balancing and comprising mechanism on its centre. With the law, 

Energy Market Regulatory Authority (EPDK) was established independently, licensing 

application brought to the market players for their activities in the market and some 

regulations were made for the privatization of the electricity generation and distribution 

properties. This authority is to establish and operate the new market structure which 

provides new licensing framework for all the participants depends on the bilateral contracts 

between the participants and gives possibility to consumers to choose their suppliers freely. 

In 2003, Financial Comprising Notification in the Electricity Market was declared and with 

this, Turkey electricity market was converted from monopoly structure to partly open 

market structure which gives possibility to comprise imbalances. After enforcement of 

Electricity Market Balancing and Comprising Legislation in 2004 and beginning to cash 

operations in 2006, the balancing market was established and regulations was constituted 

about participation of the license holders to the market, as a result of their operations in the 

market, comprising their financial accounting related to their electricity selling or buying 

from the system externally comparison to their commitments in the bilateral contracts 

[Deloitte, 2007]. 
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2.2.2.2. DUY System 

Bilateral contracts and balancing markets’ applications are key structures for the 

construction and operation of the electricity market. Applied structures also have features 

which are influencing the market participants’ behaviours. Electricity consumption can be 

profiled as hourly, daily, weekly, monthly and seasonal. Even though having a sensitive 

forecasting in the process of planning the supply and demand, unexpected conditions may 

occur in the real time and balance of supply and demand may be spoiled. In these cases, 

balancing operation is materialized by the system operator with minimum cost which is 

provided with evaluating the bids from the technically sufficient balancing units for the 

loading or load shedding [Gunes].  

Balancing contains: 

- Evaluation and acceptance of loading bids, increasing balancing units’ generation 

- Evaluation and acceptance of load shedding bids, decreasing balancing units’ 

generation 

- In the scope of related legislations and ancillary services’ contracts, assuring 

frequency and demand control services 

activities and technical and management operations which are applied by the system 

operator for the purpose of keeping equilibrium between the supply and demand [PMUM, 

2007]. 

 

Figure 2.7: DUY transition period market structure [PMUM, 2005] 

System operator which is called ‘National Load Distribution Centre’ (MYTM) in Turkey 

detects the conditions of loading and load shedding requirements, evaluates the bids for 

these conditions and determines the accepted bids. In this context, balancing system 

participants are obliged to: 



13 

 

- submit the Daily Generation Programme(GUP) of their balancing units for the next 

day 

- submit the technical parameters of each balancing units(available capacity, minimum 

stable generation level, loading/load shedding speeds etc.) 

- submit the loading/ load shedding bids  

- obey the load/load shedding regulations of MYTM 

Comprising of financial issues of balancing is realized over hourly prices monthly. MCP is paid 

for all accepted loading/load shedding bids for the balancing. But in the case of meeting the 

system requirements except the balancing, prices of balancing units’ bids is taken into 

account for loading/load shedding. In the case of not serving the commitment, a penalty fee 

is applied. In comprising of imbalances, active power deficits or extras of market participants 

are determined with considering the given active power to the system and/or taken active 

power from the system and existing trading quantities in the bilateral contracts and 

accepted loading/load shedding bids. These quantities are comprised over a unique System 

Imbalance Price (SIP) which reflects the average system cost during the comprising period 

which is determined by taking weighted average of hourly MCPs [PMUM, 2007]. 

 

                                                                                                           (2.1) 

 

ALB : Accepted loading/load shedding bids 

U : Number of hours during the comprising period 

Z : Number of balancing units 

Implementation of daily generation scheduling by the generators or retailers, in terms of 

planning and utilization of these plans as a base for balancing, is a basic change which is 

brought by DUY system [Gunes]. 
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Fig 2.8: Overview to balancing mechanism [PMUM, 2005] 

Generators should also consider equilibrium between the supply and demand as well as 

their cost and budget target in the scope of their bids for loading under or over the planned 

case. Other needs are to adjust the loading level of power plants by the generators towards 

their accepted bids and to record these accepted bids by the generators and MYTM. 

Accounting as a result of comprising should be verified by the participants. In this context, 

the recording activities (record of participants, measurement systems, balancing units, 

comprising units) and notification of the contracts, which take place in the base processes, 

have to be implemented. In the balancing market, technically capable generators submit 

their loading/load shedding bids which determine the hourly MCPs [Gunes]. 

 

Fig 2.9: Constitution of MCP (Loading case) (TL:Turkish Lira) [TEIAS, EUAS, 2005] 
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Figure 2.10: Constitution of MCP (Load shedding case) [TEIAS, EUAS, 2005] 

Balancing market consists of day-ahead scheduling and real-time balancing stages. In the day 

ahead scheduling stage, due to considering the probable system constraints, balancing 

market includes like a kind of constraint management market. Every day, day-ahead 

scheduling is operated like below: 

- Until 11:30 am, day-ahead load forecasting is declared to all the balancing market 

participants by the MYTM. 

- Between 11:30 am - 2:30 pm, determined GUPs and technical parameters for each 

balancing unit to MYTM by the market participants 

- Between 2:30 pm – 4 pm, MYTM makes generation scheduling for all balancing units: 

With taking certain GUPs for all balancing units as a base, MYTM evaluates the 

loading/load shedding bids for meeting the day-ahead load forecasting. And after 

evaluation, MYTM accepts the feasible bids for the scheduling of meeting the 

demand. Then, MYTM declares the certain GUPs for each balancing unit and 

accepted bids to the market players.  

- Between 4 pm – 4:30 pm, balancing market players check the declared orders by 

MYTM that is matching with their technical parameters or not. If any discrepancy is 

found, they can appeal against related orders. 

- Between 4:30 pm – 5 pm, MYTM declares the final orders to the market participants 

after the evaluations of the appeals. 
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Figure 2.11: Balancing Units’ load forecasting for day-ahead [Gunes] 

Provided equilibrium between supply and demand during day-ahead generation scheduling 

may be spoiled in the real-time due to these reasons at below: 

- Deviations from schedule or forecasting 

- Unexpected weather conditions 

- Unexpected shutdown of generation units 

- Unexpected grid failures which causes changes on power flow 

In these cases, system operator performs the real-time balancing process continually for the 

simultaneous balancing of supply and demand. During real-time, against the occurrence of 

probable system imbalance, system operator utilize the capacities which are called primary, 

secondary and tertiary reserves which can take under operation in different time periods 

and can unload in order. Besides these reserves, there are another reserves such as peak 

reserves and reserves for extraordinary conditions, for the system security, responsibility of 

supplying of these reserves belongs to the system operator.  

In existing application, MYTM centrally prepares a load guide which contains how to meet 

the forecasted demand by the generators hourly for day-ahead and informs the Regional 

Load Distribution Centres (BYTM) about scheduled generation in their regions and then 

BYTMs send the schedules to generators in their regions [Gunes]. 
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Figure 2.12: Existing daily balancing application is realized by MYTM [TEIAS, 2004] 

In Figure 2.12, being in economically order of dispatching of base load power plants can be 

observed. Also here, being much of operation of long-term contracted BOT/BO/OT power 

plants and due to coal and natural gas contracts also thermal power plants primarily can be 

seen. While small part of load curve following is done by natural gas power plants, large part 

is done by hydropower plants and this application is the feasible solution for the existing 

conditions. Therefore, technical changes are not expected in DUY and balancing application 

which is done by MYTM. But in financial aspects, some changes can be expected such as 

generators can submit their own bids for dispatching and according to price order, system 

balancing can be done by MYTM.  

As a result, balancing market is based on three basics at below: 

- Application of a unique system imbalance price for market participants which have 

power deficit and market participants which have power extra. 

- Determination of MCP in the balancing market with the largest loading bid or the 

lowest load shedding bid in an hour 

- These prices should a financial signal related to capacity deficit and equilibrium of 

supply-demand to encourage private sector investments. 

Along with establishment of balancing market, new trading possibilities are constituted for 

the market participants. Market participants, 

- can make electricity trading with bilateral contracts 

- can submit loading/load shedding bids which can probably be accepted and can trade 

over MCP. 

- Without making bilateral contracts and loading/load shedding bids, can trade over 

system imbalance price [Gunes]. 
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3. FREQUENCY AND VOLTAGE CONTROL 

Electricity form is opted for energy utilization of energy due to its easier, more efficient and 

more reliable transportability and controllability. As far as known, the electricity energy 

cannot be stored economically, but it can be stored in different forms of energy (e.g. 

batteries, potential energy of hydro). Due to this feature, in order to use electricity energy in 

confidence, consumption and generation of electricity have to have balance, which refers to 

frequency and voltage stability of the electricity power systems, between each other. The 

system should be operated at minimum cost, minimum ecological impact and high quality 

(refers to constancy of voltage and frequency). System operators or generators have several 

control operation facilities to keep this balance for frequency and voltage stability. While 

frequency stability refers to active power control, voltage stability refers to reactive power 

control. There are several methods for active power control such as primary, secondary and 

tertiary control. For reactive power control, system operators or generators utilize facilities 

such as capacitor banks, external (STATCOM) or internal power electronic circuits, over-

excited synchronous motors (synchronous condensers) etc. [Amelin, Kundur]. Two 

instantaneous frequency performance diagrams are showed in Figure 3.1 and Figure 3.2, 

first one is from Germany, and another one is from EU. 

 

Figure 3.1: Frequency performance diagram from Germany [50 Hertz Transmission] 

[16.09.2011] 

 

 

Figure 3.2: Frequency performance diagram from EU [ENTSO-E] [16.09.2011] 
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3.1. Frequency Control 

As it is mentioned above, the purpose of the frequency control is to keep the balance 

between demand and supply of electricity. The balance is evaluated with frequency of the 

system [Vuorinen]. 

Differential equation of the power system is shown as below: 

dWk / dt = Pg - Pc                                                                                                                                 (3.1.) 

Where, 

Wk = kinetic energy of all rotating machines = ½ J w2 

Pg = Power generation 

Pc = Power consumption 

J = Torque of the machines 

w = Angular speed (rad/s) 

Without any regulation frequency drop is shown as below: 

df =  dPg / Kn (1 – e –f
N

 K
n

 / 2 W
k
 t )                                                                                                      (3.2.) 

where, 

2 Wk / fNKn = Time constant (T) (5-10 s)      

Kn = Natural control gain of the network (Hz/MW) 

1 / Kn = Self regulation power (Generally 1-2 % of total capacity) 

While power deficits may cause frequency drops, also generation surpluses may cause 

frequency increases. In Figure 3.3, power deficit effect can be seen on the frequency both 

with and without regulation. With regulation, the frequency can be brought to permitted 

interval again as we can see from Figure 3.3.   
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Figure 3.3: Line 1-without regulation   Line-2-with regulation    [Vuorinen] 

 

Without any change in the demand, if 10% decrease occurs in the generation, frequency 

may drop 3-5 Hz within a minute. Generally, the maximum permitted frequency deviation is 

determined as 0.1-0.2 Hz (df s) [Vuorinen]. 

Table 3.1: Frequency control in Swedish power system   [Amelin] 

Frequency interval (Hz) Actions 

49.9-50.1 Primary control 

49.0-49.8 Control changes on HVDC-links 

49.0-49.4 Automatic disconnection of electric boilers and heat pumps 

48.0-48.8 Automatic load shedding 

< 48.0 Manual load shedding (rotating load curtailment) 

 

 

Figure 3.4: UCTE classifications of frequency control [Vuorinen] 
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From Table 3.1 and Figure 3.4, frequency control deviation and time intervals’ classifications 

of frequency control operations can be seen for Swedish power system and UCTE. 

 

Figure 3.5: Action sequences of frequency control operations [Vuorinen] 

In Figure 3.5, it can be seen firstly primary control takes in action, then if it is not enough, 

secondary and tertiary control come into operation. When across from one operation to 

another, previous operation reserves are released.  

3.1.1. Primary Control 

Primary control is called as contribution of a power plant reserve capacity during frequency 

change time period automatically without any central interference at the adjusted speed-

droop of the turbine, in the case of not existing balance between generation and demand, in 

order to stop frequency change and to keep frequency at constant value and/or in permitted 

intervals. While primary control, proportional control (P) approach is applied [Yalcin, UCTE]. 

A power plant speed-droop can be calculated by the simpler formula at below: 

R  =  sg (%) = (df/fN) / (dPg/PgN) x 100                                                                                              (3.3) 

where, 

R : Control gain 

sg : Speed-droop (%) 

fN : Nominal frequency 

df : Frequency deviation 

PgN : Nominal generation 

dPTg : Generation deviation 
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In Turkey, primary control has these principles which are mentioned at below: 

- Power plants’ speed droop and dead-band values are determined by TEIAS. 

- Speed droop and dead band values of the power plants should have structures which 

can be adjusted. Dead band is the frequency deviation limit not to primary control 

come into action. 

- Power plants’ speed droop values should be adjusted to primary control reserve 

capacity values. But if TEIAS wants to have different speed droop values, it should be 

supplied by the generators. 

- The insensitivity interval of primary frequency control system should be as small as 

possible and should not exceed ± 10 mHz. 

- Primary frequency control reserve should be ready for operation at any time without 

any interruption. 

- When frequency deviation exceed ± 200 mHz, primary frequency control is activated. 

- In the case of frequency deviation, within maximum 15 seconds 50% of the reserve 

for primary frequency control can be activated, within 30 seconds whole capacity can 

be activated and also the reserve should have capability to sustain this capacity at 

least 15 minutes. 

- Primary frequency control is maintained by turbine speed regulators. But in the case 

of instant imbalances (generally at milliseconds level), it doesn’t have capability to 

maintain them immediately. 

- All generators connected to interconnected system react to frequency change and 

try to maintain with spending their kinetic energies to keep balance. And this causes 

to a permanent frequency fault. Power plants should attend to primary frequency 

control with determined rates and respected to their capability. These rates are 10% 

for hydropower plants and %5 for coal and natural gas thermal plants [TEIAS]. 

- According UCTE criteria, minimum and maximum instant frequency should not 

exceed 49.2-50.8 Hz interval.  

- In the case of frequency drop below 49 Hz, load curtailment relays act automatically. 

                                                                                                                                              [Yalcin, UCTE] 

In the multi-area systems, a frequency change in one area may influence the other areas. 

Due to instant load changes materialize within a couple of milliseconds, with primary 

control, frequency cannot always keep at nominal value and cannot maintain permanent 

frequency fault. Therefore, in multi-area systems, only primary control is not enough for 

frequency maintaining [Yalcin, UCTE]. 

3.1.2. Secondary Control 

In the case of power imbalances in the system, the frequency changes and primary control 

comes into action to maintain the balance between generation and consumption. But this 

action ends with a steady state frequency deviation. And at this point, secondary control 
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steps in, removes this frequency deviation and fixes the power exchange faults between 

control areas. The secondary control firstly releases the primary control reserves, then starts 

operation within maximum 30 seconds, and removal of the deviation materializes within 15 

minutes. The frequency deviation is reduced to zero by the means of integral controller 

approach (PI). This control mechanism processes with calculating the Area Control Error 

(ACE) periodically and sending set points to under controlled power plants. The Area Control 

Error (ACE) is calculated by the formula at below: 

G = ACE = Pmeas – Psched + Kri (fmeas – f0)                                                                                           (3.4) 

G or ACE : Area control error 

Pmeas : sum of the instant measured  power flows on the tie-lines 

Psched : resulting power exchange between neighbouring control areas (Exports are positive, 

imports are negative) 

Kri : K-factor of the control area (MW/Hz), set-point or frequency bias for the secondary 

controller 

fmeas : measured instant frequency 

f0 : set-point frequency 

Particularly at each control areas, ACE or G must be controlled so that it equals to zero. 

There must be a sufficient reserve capacity for meeting the expected demand oscillations 

and attended power plants must have secondary control reserves as 10% of their installed 

capacity [Yalcin, UCTE]. 

3.1.3. Tertiary Control 

Any alteration automatically or manually at the operation points of generators or at the 

demand-side in order to ensure the secondary control reserve at the accurate time when it 

is required and also for best economical distribution of secondary control reserve among 

several generators, is called as tertiary control. This can be done by: 

- Start-up or switching off the generators or decreasing/increasing their outputs 

- Redistribution of outputs of the generators participated to secondary control 

- Demand-side management (load shedding, load shifting etc.) 

An example is given from Turkey for frequency illustration in two different cases (a major 

HPP out of service and then in service) in Figure 3.6 and Figure 3.7 at below.  
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Figure 3.6: Frequency recording in Turkey when a major hydropower plant was out of service 

[Cebeci] [05.01.2006] 

 

Figure 3.7: Frequency recording in Turkey when a major hydropower plant was back to 

service [Cebeci] [05.01.2006] 

The difference for the frequency between two cases and the impact of imbalance can be 

observed obviously from Figure 3.6 and Figure 3.7. 

3.1.4. Demand-Side Management 

 

In next coming years, the share of electricity generation from renewable resources tends to 

increase. Already, European Union has an official target of 20% electricity generation from 
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renewable energy resources by 2020, as well as US. Therefore, in order to meet these 

targets, additional renewable power plants will be established by the countries. The 

renewable energy distribution may not be close to demanded area, and this can create 

regional imbalances between generation and demand, and therefore it may cause to 

problems for instance frequency variation and loading constraints for the electricity network 

infrastructure. Furthermore, renewable energy resources have a high level of uncertainty 

due to their volatile nature and thus it affects the electricity prices and increases the need of 

negative and positive balancing power. In addition to this, also demand varies hourly, daily 

and seasonally which is not under control and the curtailments are very costly. Generation 

must have capability to meet peak demand and therefore a sufficient capacity will be 

available to handle uncertainty in generation as well as demand. Traditionally, around 20% 

capacity margin is enough for ensuring the supply safety. Typically, the average capacity 

utilization is below 55% and this is relatively low. Demand-Side Management (DSM) is a way 

to furnish required flexibility and stability to the power system, to decrease the necessity for 

generation capacity, to enhance the utilization of generation, to avoid the transmission 

bottlenecks and therefore to augment the efficiency of the investments for the power 

systems [Paulus, Strbac, EU].  

 

Figure 3.8: DSM methods [Attia] 

DSM can be explained as the reactions of end-use customers with altering their usual 

electricity consumption patterns against the electricity price volatility over time. These 

reactions can be in several ways such as peak demand reducing or shifting to off-peak 

periods, investments for improving energy efficiency performance of the facilities, using 

onsite distributed generation. There are several existing methods for DSM. First one is called 

as ´peak clipping´ which can be explained as reducing peak demand during the peak periods. 

Second method is ´valley filling´ and in this method, the demand is increased during off-peak 

periods. ´Load shifting´ is one of the methods in which a part of the demand during peak 

periods is shifted to off-peak periods. Another method is ´energy conservation´ which can be 

defined as decreasing the demand whenever it is needed. The last one is ´load building´ and 
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this method comprises of enhancement of the demand whenever it is required. These 

methods can be applied voluntarily or with incentives. For the incentives, some discounts or 

participation payments are being applied for direct or indirect load control. Also different 

electricity pricing tariffs are being used such as time of use (TOU), critical peak pricing (CPP), 

extreme day pricing CPP (ED-CPP), extreme day pricing (EDP) and real time pricing (RTP). The 

common type from inside of these methods is TOU in which electricity price per unit 

consumption differs in discrete time blocks. The basic TOU application has two time blocks 

which are the peak and the off peak. [Albadi, Attia] According to some studies were already 

made for DSM potential in energy-intensive industries, Germany will have 1824 MW DSM 

potential by 2020 and Finland has a 1280 MW technical DSM potential. [Paulus, Kärkkäinen] 

And also according to Germany study, from 2007 up to 2020 in Germany there will be 0.5 

billion €2007 cost saving and 0.34 billion €2007 avoided investment cost through DSM 

[Paulus]. 

MATLAB has a wind power demo simulation model which can be example to the demand-

side management and is called as Wind-Turbine Asynchronous Generator in Isolated 

Network. The model is illustrated in Figure 3.9 at below.  

 

Figure 3.9: Wind power demo simulation model-1 in MATLAB 

The details about the model, which are taken from MATLAB website, can be found in the 

appendix part. Basically, this model aims to illustrate the wind power system in an isolated 

60 Hz network. In the model, there is a 50 kW main load, a 25 kW load which will be added 
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with a 0.2 seconds delay, a variable load (can be exampled to demand-side management) in 

order to maintain balance between generation and consumption, a synchronous condenser 

to maintain the desired voltage level via controlling reactive power, a control block which 

aims to generate a signal for frequency maintenance according to feedback coming from the 

power system and a wind turbine which is the electricity generator for the power system. 

The results of the example simulation for 5 seconds are showed in Figure 3.10 at below.  

 

 

Figure 3.10: Results from the simulation model 

In Figure 3.10, while until addition of new load everything seemed okay, then new load 

added and also wind power production increased. And there was imbalance between 

generation and consumption. Then, control block got feedback from the system for the 
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frequency, gave a signal to variable load, the variable load were adjusted to system 

requirements and finally the system became stable again. This simulation is dynamic so the 

response is very quick. But in reality it is not materializing like that, the process is rather 

slower than this simulation due to communication delays between system operator and 

participants, starting-up and shutting down time delays, technical constraints of facilities etc. 

 

3.2. Voltage Control 

Voltage control is associated with reactive power control. Reactive power fluctuates 

between generators, inductive elements (motors, transformers etc.) and capacitive elements 

(capacitor banks) on the power network. It does not count in the power transmission but it is 

additional load on the grid. It causes to additional losses on the grid, less active power 

transmission capacity and voltage drops or increases on the transmission lines. [Leonardo 

Energy] Therefore, it must be controlled and as a result the voltage must be kept in certain 

interval for system security. There are several ways to control reactive power such as 

capacitor banks, STATCOM or internal power electronic circuits of power systems and 

synchronous condensers. STATCOM, which stands for static synchronous compensator, 

controls the reactive power bilaterally (absorbing or supplying the reactive power when it is 

required) by its components which consists of a transformer, a power electronics element, a 

dc capacitor and a control unit basically. Synchronous condenser is a tool which associates 

with synchronous motor whose shaft is not connected to any load, rotates freely, generates 

or absorbs reactive power controlled by its voltage regulator [Weedy]. 

Specifically for wind power systems, some of the concepts with asynchronous generators 

need to have voltage control device externally and which can be seen Figure 3.11 at below. 

Other concepts with asynchronous generators have their internal power electronics circuits 

and they can control reactive power via these device. For the concepts with synchronous 

generators, there is no need to have a device for reactive power control because 

synchronous generators have excitation systems structurally to create their required 

magnetic fields. But for the concepts with asynchronous generators, there is no power 

electronics circuit and asynchronous generators do not have excitation systems to create 

starting magnetic field. [Chapman, Ackermann] Therefore, this concept needs to have 

external reactive power control devices which can be one of the tools mentioned above.  
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Figure 3.11: Wind turbine concepts [Ackermann] 

 

MATLAB has another wind power demo simulation model which can be exampled to voltage 

control and is illustrated in Figure 3.12 at below. 
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Figure 3.12: Wind power demo simulation model-2 in MATLAB 

The details about the model, which are taken from MATLAB website, can be found in the 

appendix part. Basically, this model aims to illustrate the variable pitch wind turbine concept 

with an asynchronous generator. Therefore it needs to have reactive power control and in 

the model, it is maintained by a STATCOM device block. Wind farm generates the power, 

which is transmitted by 25 km and 25kV transmission line, to the 120 kV and 60 Hz grid 

which is modelled as a voltage source in the model. Also there is a transformer for stepping 

up the voltage. The simulation time 20 seconds and a fault is applied at t=15 second to one 

of the wind turbines which can be seen under the wind farm block by double clicking on it to 

cause the clear need of reactive power control and to see the maintenance of it via the 

STATCOM device. The simulation results are shown in Figure 3.13 at below. 
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Figure 3.13: Simulation results-voltage of the system and generated reactive power by 

STATCOM (pu : per-unit) 

It can be seen on Figure 3.13 that when the voltage decreased, STATCOM device supplied 

reactive power to maintain the voltage drop to ensure the system security. 
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4. PLANNING OF THE POWER SYSTEMS 

Various models and calculation models have been used to estimate operation planning of 

power plants in the power systems including wind power. In this part, some basic models are 

presented and aimed to get how much each power plant ought to produce electricity during 

each trading time period (an hour is considered in this study) of the planning period respect 

to the technical , economical and legal considerations while firstly doing the maximization of 

the profit, then secondly minimization of the cost [Amelin]. Also in the end of the part, there 

are probabilistic calculations for some parameters to get the forecasted results of a scenario 

related to availability of the power plants through the help of duration curves of the 

involvers.  

Planning is associating with finding out for as possible as efficient utilization of the resources 

within technical and legal constraints. This applies to generally maximization of the income 

or minimization of the costs. Therefore, naturally this is coming to the optimization which is 

an area of mathematics and is associated with minimization or maximization of a function, 

which has various fitted solutions. Generally it can be defined as: 

Minimise    f(x),                                                                

Subject to   x ϵ X.                                                                                                (4.1.) 

Here, f(x) is called as objective function. The variables, which are illustrated in the x vector 

and are used in the problem, called as optimization variables. And the limitations on the 

fitted solutions are illustrated with X. The limitations can be in two different forms such as: 

g(x) ≤b   form   (g(x) functions´ vector, b constants´ vector)                                                     (4.2.) 

or  

x ≤ x ≤ ��  form  (x constants´ vector for lower limits and  �� constants´ vector for upper limits). 

The difference between two forms is that while the first one can comprise more than one   

optimization variable, second one can contains only one variable.  

In this study, linear programming approach is used for the optimization purpose due to 

availability of commercial software such as MATLAB that can offer fast solutions even if for 

the case of having tens of thousands of optimization variables.  

Linear programming problem, which has the linear objective and constraints functions, is a 

particular type of optimization problem. It can be defined as in the case of having N 

constraints and M variables: 
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minimise     c1x1 + c2x2 + … + cMxM                                                                                                                        (4.3.) 

subject to    a1,1 x1 + a1,2 x2 + … + a1,M xM = b1 , 

                      a2,1 x1 + a2,2 x2 + … + a2,M xM = b2 , 

                      … 

                      aN,1 x1 + aN,2 x2 + … + aN,M xM = bN , 

                      xi ≥ 0,  i = 1, … , M 

                      c   coefficients of the objective function,  a   coefficients of the constraints 

 

It can be also formulated as in matrices form such as at below: 

Minimise      cT x                                                                                                                                (4.4.) 

Subject to    Ax = b, 

                      x ≥ 0, 

where 

� �  � ����	
 , � � � ����	
 , � �  ��,   � � �,   	� � ��,   � � �,   	
 , � �  ������
 

 

In the electricity market for a market participant, a general planning definition can be 

furnished which is at below: 

Maximize          the income within the planning period + future income – costs within the  

                           planning period – future costs                                                                            (4.5.) 

Subject to         technical, economical and legal limitations                                                     (4.6.) 

Here, the objective function (4.5.) aims to maximize the profit and it can be observed that 

consequences of the planning period decisions on the after period are also considered. It is 

needed to take into account the future incomes and costs in order to get optimal solution. 

The constraints comprise the technical, economical and legal limitations (4.6.) such as a 

power plant cannot produce electricity more than its installed capacity, when its reservoir is 

full, a hydro power plant cannot keep water no longer, limitations for the water deflections 
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from a river, carbon dioxide emission limitations for a power plant, trading regulations in the 

electricity market etc. 

There is also another planning problem for the market participants, which is called as multi-

area problem, it can be furnished like at below: 

Minimise         generation cost + penalty cost of load shedding (or cost of unscheduled         

                          power purchase to maintain the balance)                                                         (4.7.) 

Subject to       load balance in each area 

                         (i.e., generation + import = load – load shedding + export),                            (4.8.) 

                         limitations in generation  and transmission capacity                                        (4.9.) 

Here, the objective function (4.7.) targets to minimize the costs. On the constraints part, 

technical limitations on the transmission and generation (4.8.) and load balance condition 

(4.9.) are taking place [Amelin]. 

Before going to implement two example scenarios regarding to both problems, brief 

descriptions are given about hydropower plants additional to wind power in the scenario-1 

in the following part at below. 

4.1. Hydro Power 

Electricity generation in a hydro power plant relies on principle of using the potential energy 

difference between upper and lower water level (or in run of the river (no water reservoir) 

models, using the kinetic energy of water flow directly. But in this study, hydro power plants 

with water reservoir models (dispatchable) are used).  The conversion of potential energy to 

kinetic energy is materialized while discharging of water, which is stored in one or more 

reservoirs, from upper level to lower level through a turbine which is driving a generator 

where the kinetic energy is turned into electric energy [Amelin]. In Figure 4.1, important 

parts are illustrated at below. 
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Figure 4.1: Scheme of a hydro power plant [HowStuffWorks.com] 

The water is diverted to the turbine on its own by the intake, a headrace tunnel and the 

penstock respectively. Due to some factors such as bedrock, the head and the distance 

between reservoir and turbine, the scheme may be different. Head means the water level 

difference between before and after the powerhouse. Hydro power plants have two types of 

head, low head and high head. The low head one has a short very penstock and after the 

turbine the water is going to natural riverbed directly. On the other hand, the height head 

one has a longer penstock and after the powerhouse there is a tailrace tunnel to direct the 

water to the natural riverbed. Also due to water utilization regulations, some water may 

have to be spilled. There are possible adjustments such as opening gates on the dam or via 

tailrace tunnel to be implemented on the plant for this purpose [Amelin]. Hour equivalent 

(HE) is used for definition of units for discharge (Q), spillage (S) and reservoir content (M), 

which regards to 1 m3/s water flow during one hour in this study.  

Normally, the model of hydropower plant consists of nonlinear relation between head, 

power generation and discharge. Due to low impact of it, the head is neglected. The relation 

is expressed in linear or piecewise linear form approximately to implement it in a linear 

programming model. In piecewise linear form, the water discharge is divided into segments 

but in this study just a whole, no segment is assumed for the scenario. There are three 

explanations to be known. The first one, which is called generation equivalent (γ), is 

explained as a quota between energy generation (H) and the discharge (Q) by means of the 

turbines. It can be formulated as at below: 

γ�Q� �  �����    [MWh/HE]                                                                                                              (4.10.) 

Another one, which is called marginal generation equivalent, is defined as an impact on the 

power generation for a small change of the discharge and can be expressed as at below: 

dγ�Q� �  �������    [MWh/HE]                                                                                                         (4.11.) 
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The last one is relative efficiency and it is explained with the energy extraction possibility from each 

m3 water comparison to best possible production equivalent value. The formulation can be 

illustrated as at below: 

η�Q� �  ��������                                                                                                                                    (4.12.) 

[Amelin] 

In the scenario, two hydropower plants are taking place which are on the same river and to 

utilize the water resource as efficient as possible and avoid spillage, there should be 

coordination between the hydro power plants. This coordination can be maintained with the 

following balance at below: 

new reservoir contents = old reservoir contents + water inflow – water outflow             (4.13.) 

Mathematically can be illustrated as below: 

� ,   ! �  � ,   !"� #  $ ,   ! # % ,   ! &  ' $(,   ! " )* ,+( , -+
& ' %(,   ! " )* ,+( , -+

&  . ,   !  
                                                                                                                                                           (4.14.) 

Mi,  t : reservoir content of i at the end of hour t [HE] 

Qi,  t : discharge in power plant i during hour t  [HE] 

Si,  t :  spillage in power plant I during hour t [HE] 

-  : the set of indices for power plants directly upstream of power plant i 

/( ,  : the delay time for the water between power plant j and the closest downstream power 

plant I [h] ( complex function between season, water flow and reservoir level, it is neglected 

in the scenario) 

Vi, t : local inflow to reservoir i during hour t [HE] 

There are also limitations for the reservoir content and the discharge due to technical and 

legal restrictions which are expressed at below: 

Qi ≤ Qi, t ≤ Q0i                                                   (4.15.) 

Mi ≤ Mi, t ≤ M0 i                                                                                      (4.16.) 

After planning period, the stored water value relies on how much water can be generated 

from the stored water and the forecasted electricity price when the power is traded and it 

can be formulated as: 
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2 �� � � 34� ,   5 ' 6(( , 7+
 

                                                                                                                                                           (4.17.) 

2 �� � : value of water stored in reservoir i 

34 : forecasted electricity price 

� ,   5 : contents of the reservoir i after the end of the planning period 

6( : expected future production equivalent in power plant j 

7  : the set of indices for all power plants downstream of reservoir i including power plant i 

[Amelin] 

4.2. Example Scenarios 

Scenario 1:  

Two hydro power plants and a wind power plant – An Industrial demand area 

(AYDIN/TURKEY) 

 

Figure 4.2: Locations map for the examined area 

Aydın ASTİM Industrial Area – 23 MW Peak Demand [Turkey Ministry of Industry] 

Söke Wind Farm – 30 MW Installed Capacity [TUREB] 

Akçay 1 Hydropower Plant – 15 MW Installed Capacity, Mean Flow 14 m3/s, Design Flow 28 

m3/s, Reservoir 2 500 000 m3 [EİE, DSİ] 
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Akçay 2 Hydropower Plant – 10 MW Installed Capacity, Mean Flow 15 m3/s, Design Flow 25 

m3/s, Reservoir 800 000 m3   [EİE, DSİ] 

Forecasted electricity prices for next 6 hours (€/MWh): 50-52-57-59-54-53 

Forecasted demand from the industrial area for next 6 hours (MWh): 18-20-22-22-17-17 

Forecasted wind power for next 6 hours from Söke Wind Farm (MWh): 15-24-21-20-18-10 

With assuming that we are the owner of the two hydropower plants Akçay 1 and Akçay 2 

which are established on the Akçay River, they will be scheduled with complying the 

conditions and constraints. According to information at above, there is a wind farm Söke 

Wind Farm (30 MW installed capacity) in the area which supplies electricity to Aydın ASTİM 

Industrial Area (23 MW peak demand). The plant locations are illustrated in Figure 4.2 and 

the forecasted electricity prices, demand in the industrial area and wind power production 

for the next six hours are also mentioned at above. The hydropower plants electricity 

generation is traded to a power exchange also together with being responsible for balancing 

the wind power deficit for the industrial area. After sixth hour, the stored water in the 

reservoirs can be converted to electricity and will be traded at price of 55 €/MWh. The 

operation plan for the scenario is estimated as in Table 4.1 with the following processes at 

below and with the help of MATLAB software under the assumptions such as constant 

efficiency and production equivalent for the hydropower plants, the equality of the mean 

flow to the inflow during the period and design flow to the maximal discharge and the half-

filled reservoirs in the beginning. Head losses, the delay time between hydropower plants 

and operation costs for the hydropower plants are neglected. 

The problem can be formulated as at below: 

maximize            income of sold energy  +  value of stored water 

subject to           hydrological balance within the hydropower plants 

 

For the estimation, involving parameters and variables are defined at below: 

H9::: = installed capacity (MW) in power plant i = ; 15       i � 1 10       i � 2 A 
 

Q9::: = maximal discharge (HE) in power plant i = ; 25      i � 1 25      i � 2 A 
 

λ f = forecasted electricity price (€) after planning period = 55 
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λ t = forecasted electricity price (€) during hour t = 

BCD
CE   50     t � 1   52     t � 257     t � 359     t � 456     t � 553     t � 6

A 
 

Wg, t = forecasted wind power (MWh) during hour t = 

BCD
CE   26     t � 1   24     t � 221     t � 320     t � 418     t � 510     t � 6

A 
 

Dt = forecasted demand (MWh) during hour t = 

BCD
CE   18     t � 1   20     t � 222     t � 322     t � 417     t � 517     t � 6

A 
 

Maximal reservoir contents are given in m3, therefore they need to be transformed to HE: 

M9::: = maximal contents of the reservoir for power plant i = M 2500000/3600 O 694       i � 1  800000/3600 O 222         i � 2A 
 

Mi, 0 = starting reservoir content for power plant i = 0.5 M9::: = ; 347      i � 1 111      i � 2A 
Based on the assumption Akçay-1 local inflow to its reservoir was equal to mean flow and 

now Akçay-2 local inflow to its reservoir is equal to the difference between mean flows of 

Akçay-1 and Akçay-2: 

Vi = local inflow to reservoir of power plant i = ;         14                    i � 1  15 # 14 � 1        i � 2A 
 

γ I = production equivalent in power plant i = 
�P�P � ; 0.6 0.4A 

Q i, t = discharge in power plant i during hour t,   i = 1, 2      t = 1, 2, …, 6 

S i, t = spillage in power plant i during hour t,   i = 1, 2      t = 1, 2, …, 6 
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M i, t = reservoir content in power plant i during hour t,   i = 1, 2      t = 1, 2, …, 6 

Objective function of the scenario can be expressed as: 

 

Maximize            

 

Hydrologic balance constraints for Akçay-1 and Akçay-2 and the limits for the variables: 

M�,   R # M�,   R"� &  Q�,   R &  S�,   R � V�                                            t= 1,2,…,6 

MU,   R #  MU,   R"� &  QU,   R &  SU,   R # Q�,   R # S�,   R � VU                t= 1,2,…,6 

0 ≤ Qi, t ≤ Q0i              i= 1, 2      t= 1,2,…,6 

0 ≤ Si, t                       i= 1, 2      t= 1,2,…,6 

0 ≤ Mi, t ≤ M0 i             i= 1, 2      t= 1,2,…,6 

Also there is a requirement to supply wind power deficit: 

 

It can be observed, any upper limit was not put for the spillage.  The case of full reservoir, 

being not large enough of turbine capacities and spillways can be considered but in reality 

there is no risk like these cases. [Amelin] 

With the help of codes which are written in MATLAB software, the results of the operation 

plan are illustrated in Table 4.1. 

Table 4.1: Operation plan of Scenario-1 

Hour, t 0 1 2 3 4 5 6 

M1 [HE] 694 357.6466 371.6466 357.6466 343.6466 357.6466 364.1820 

M2 [HE] 222 112.9754 113.9754 117.9754 121.9754 122.9754 123.9373 

Q1 [HE]  3.5756 0 28 28 0 7.4646 

Q2 [HE]  2.7113 0 25 25 0 7.5027 

H1 [MWh]  1.9155 0 15 15 0 3.9989 

H1 [MWh]  1.0845 0 10 10 0 3.0011 

S1 [HE]  0 0 0 0 0 0 

S2 [HE]  0 0 0 0 0 0 
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As it can be seen from Table 4.1, the hydropower plants stored water instead of selling the 

power to the power exchange when the prices were lower than the price of after the period 

and there was no wind power deficit, to keep the income maximum. When there is a wind 

power deficit, if the prices are lower than after period price, they just supplied electricity to 

maintain the deficit. Due to lost income meaning of spillage, the solution algorithm for the 

problem tried to minimize the spill, the values were so small, almost like zero and therefore 

they are illustrated with zero in the table. Finally the income after the costs for the 

hydropower plants is calculated as 24369 Euros for the period. 

 

Scenario-2 : 

 

Figure 4.3: Scenario-2 scheme 

As illustrated in Figure 4.3, there are two areas in the scenario, which are connected with a 

transmission line. In Area-1 there is a thermal plant and a demand area and in Area-2, there 

is also a thermal plant, a demand area and a wind power plant. For next six hours, 

forecasted demand in Area-1 is [80 110 100 80 120 70] MW, forecasted demand in Area-2 is 

[105 160 220 340 300 200] MW and also forecasted wind power generation in Area-2 is [190 

160 180 100 90 110] MW. According to given information and assumptions at below, 

optimized cost for the system was developed with the help of MATLAB codes which are 
given in the appendix part. 

Wind power installed capacity: 400 MW 

Thermal plant-1 installed capacity: 100 MW 

Thermal plant-2 installed capacity: 200 MW 

Thermal plant-1 minimum power output: 20 MW 

Thermal plant-2 minimum power output: 70 MW 

Thermal plant-1 cost: 17 €/MWh 
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Thermal plant-1 cost: 15.5 €/MWh 

Transmission capacity between Area-1 and Area-2= 75 MW 

Transmission losses : 2% of transferred power 

 Wind power operation cost is negligible 

Penalty cost of load shedding is 100 Euro/MWh 

G1 and G2: Generation in thermal power plants 

P12: Power tranmission from Area-1 to Area-2 

P21: Power tranmission from Area-2 to Area-1 

U1 and U2: Load shedding in the areas 

W: Wind power generation 

In this scenario, the optimization is processed on the cost, therefore here we have 

minimization to keep the cost as possible as low respect to the system needs and 
constraints. 

The objective function of the scenario is according to definition (4.7.): 

Minimise         generation cost + penalty cost of load shedding 

 

Minimise         

 

The constraints are according to definitions (4.8.) and (4.9.): 

Subject to       load balance in each area 

                         G1,t + 0.98 P21,t = D1,t – U1,t + P12,t 

                         Wt + G2,t + 0.98 P12,t = D2,t – U2,t + P21,t  

                         limitations in generation and transmission capacity 

                         0 ≤ G1,t ≤ 100 

                         0 ≤ G2,t ≤ 200 

                         0 ≤ P12,t ≤ 75 

                         0 ≤ P21,t ≤ 75 
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                         0 ≤ U1,t ≤ D1,t 

                         0 ≤ U2,t ≤ D2,t - Wt 

The results were obtained with help of MATLAB codes (they are in the appendix part) like in 
Table 4.2 at below: 

Table 4.2: Operation plan for Scenario-2 

Hour, t 1 2 3 4 5 6 

G1 [MWh] 0 35 25 100 100 0 

G2 [MWh] 5.1 76.5 116.5 200 200 161.4 

U1 [MWh] 0 0 0 0 20 0 

U2 [MWh] 0 0 0 20.4 10 0 

P12 [MWh] 0 0 0 20 0 0 

P21 [MWh] 75 75 75 0 0 70 

 

As we can see in Table 4.2, thermal plants 1 and 2 produced electricity matching with given 

constraints and information at above. When the generation was required from the thermal 

plants, respected to the operation cost of the plants and transmission losses, balance power 

for wind power produced for the system within operation limitation of the plants and 

transmission limitation. In the first hour, even wind power was enough for supplying, due to 

transmission limitation, thermal plant-1 had to produce electricity. In the second and third 

hour, generation was required by thermal power plants, but even if thermal plant-2 had low 

operation cost, due to transmission limitation, thermal plant-1 had to produce electricity 

again. In the fourth hour, thermal plants operated at installed capacity, thermal plant-2 was 

not enough for supply electricity to Area-2 and there was a surplus in thermal plant-2 which 

was transferred to Area-2 and was not enough for supply Area-2 power deficit, therefore a 

load shedding occurred. In fifth hour, both thermal plants were not sufficient the wind 

power deficit and load shedding occurred in both areas. In the sixth hour, all the demand in 

Area-1 was met by thermal plant-2 in Area-2 due to its low operation cost and transmission 
line sufficiency. 

 

4.3. Probabilistic Generation Cost Calculation 

In this section, another meaning of the planning, which is relevant to probability of the 

availability of the generation and the demand sides, is processed. While working on this, 

duration curves of the parties are applied to get the key parameters’ forecasted results for 

the future planning. These key parameters are Expected Not Served Energy (EENS), Risk of 

Power Deficit (or Loss of Load Probability (LOLP)), Expected Generation (EG) and expected 

Total Operation Cost (ETOC). There are two assumptions in probabilistic generation cost 

calculation. First one is that in the calculation all random variables are assumed 
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independent. Another one is that transmission grid is not included in the calculation. 

[Amelin] 

In order to estimate the key parameters for the planning, firstly equivalent load duration 

curve must be derived from the load duration curve. Load duration curve (LDC) is a 

formation of all load levels in a descending magnitude order and after the some processes 

shows the existence availability distribution. It is useful tool in planning actions together 

with equivalent duration curve (ELDC). The ELDC is illustration of equivalent load levels and 

equivalent load is defined with, if a failure occurs in a generation unit and if no other 

generation unit is available for substituting, which takes the failure as a load increase for the 

remaining units which continue their operations as before. The equivalent load can be 

formulated as at below: 

Eg  =  D +                                                                                                                                           (4.18.) 

Eg = equivalent load for the power plant next to be dispatched after unit g 

D = actual load 

Ok = outage in unit k                                                                                                                   [Amelin] 

The estimation of a load duration curve from a load curve is explained with an example (4.1.) 

at below. 

Table 4.3: Hourly load values of example (4.1.) case  

Hour Load [MWh] Hour Load [MWh] Hour Load [MWh] 

1 400 9 700 17 700 

2 400 10 700 18 600 

3 500 11 600 19 600 

4 500 12 500 20 600 

5 500 13 500 21 500 

6 600 14 500 22 500 

7 600 15 600 23 500 

8 600 16 600 24 400 

 

The hourly load values are given in Table 4.3 for the example case above. Now, load curve is 

established according to values and they are put in order from the largest to smallest one as 

below in Figure 4.4 (a) and (b). 
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(a)                                                                            (b)            [Amelin] 

Figure 4.4: Load curve (a) Without order   (b) With order 

Then the curve is transposed as in Figure 4.4 (a) and is transformed the form of availability 

distribution which is called load duration curve in Figure 4.4 (b) with checking the values 

existence durations during the period and calculating how much percentage of whole 

period. 

 

(a)                                                                                    (b)                      [Amelin] 

Figure 4.5: (a) Load curve after the transposition process     (b) Load duration curve 

A simple example (4.2.) also is given for the estimation of equivalent load duration from a 

load duration curve according to definition (4.18.) is given at below in Figure 4.5 in the 

example case of 200 kW constant load and 200 kW power plant with 80% availability. In 

Figure 4.6 (a), load duration curve is illustrated, and then in Figure 4.6 (b), it is transformed 

to equivalent duration curve with applying the definition (4.18). 
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(a)                                                                            (b)                [Amelin] 

Figure 4.6: (a) Load duration curve   (b) Equivalent duration curve in the example (4.2.) 

Example (4.2.) above was a simple case and the estimation of the equivalent load duration 

curve was not difficult but for more complex systems, a general formula is required such as 

definition (4.19.) at below when we think that there is a power plant with availability p1 and 

therefore unavailability of it is equal to q1 = 1 - p1 and with GW� installed capacity. If the 

probability of exceeding a certain level x by the equivalent load is wanted to calculate, there 

are two parties for this, one is that when the case of actual load is bigger than x and the 

power plant is available. Another one is that when the case of the power plant is unavailable 

and the actual load is bigger than x - GW�. In the assumption of actual load and outage of the 

power plants are independent random variables, and if the load duration curve and 

equivalent load duration curve are illustrated with FYZ��� and FY���� respectively, FY���� is 

calculated with a formula at below: 

FY����= p1 FYZ��� + q1 FYZ�� # GW��                                                                                                 (4.19.) 

Now, we can go towards the probabilistic (forecasted) calculation of the key parameters for 

the future planning and there is an example scenario including a wind power plant in the 

following part. 

 

 

 

 

 



47 

 

Scenario 3: 

 

Figure 4.7: Load duration curve of the Scenario-3 

A 200 kW wind power plant whose 0, 100 and 200 kW outage probabilities are 20%, 60% and 

20% respectively, operation cost is negligible 

A 200 kW diesel generator with 95% availability, operation cost 0.05 Euro/kWh 

And the load duration curve for Scenario-3 is given in Figure 4.7. 

Before going to calculation of the planning key parameters, equivalent load curve should be 

estimated by using (4.19.) definition. 

Firstly, for the calculation the load duration curve can be expressed in a mathematical form 

as at below: 

FYZ��� � [ 1                       � \ 50 0.6          50 ] � \ 100  0.2        100 ] � \ 1500                  150 ] � A 
Wind power plant does not have operation cost, therefore firstly it is coming into action for 

electricity supply and according to definition (4.19.) the equivalent curve is expressed in a 

mathematical form like at below: 

 FY����= 0.2 FYZ��� + 0.6 FYZ�� # 100� + 0.2 FYZ�� # 200� 

= 

BCC
D
CCE

0.2 · 1 & 0.6 · 1 &  0.2 · 1 � 10.2 · 0.6 & 0.6 · 1 &  0.2 · 1 � 0.920.2 · 0.2 & 0.6 · 1 &  0.2 · 1 � 0.840.2 · 0 & 0.6 · 0.6 &  0.2 · 1 � 0.560.2 · 0 & 0.6 · 0.2 &  0.2 · 1 � 0.320.2 · 0 & 0.6 · 0 &  0.2 · 0.6 � 0.120.2 · 0 & 0.6 · 0 &  0.2 · 0.2 � 0.040.2 · 0 & 0.6 · 0 &  0.2 · 0 � 0
   A

� \ 5050 ] � \ 100100 ] � \ 150150 ] � \ 200200 ] � \ 250250 ] � \ 300300 ] � \ 350350 ] �
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Then, diesel generator is added to the system and the equivalent curve turn into the form at 

below:               FYU���= 0.95 FY���� + 0.05 FY��� # 200� 

= 

BC
CCC
D
CCC
CE 0.95 · 1 & 0.05 · 1 � 10.95 · 0.92 & 0.05 · 1 � 0.9240.95 · 0.84 & 0.05 · 1 � 0.8480.95 · 0.56 & 0.05 · 1 � 0.5820.95 · 0.32 & 0.05 · 1 � 0.3540.95 · 0.12 & 0.05 · 0.92 � 0.160.95 · 0.04 & 0.05 · 0.84 � 0,080.95 · 0 & 0.05 · 0.56 � 0.0280.95 · 0 & 0.05 · 0.32 � 0.0160.95 · 0 & 0.05 · 0.12 � 0.0060.95 · 0 & 0.05 · 0.04 � 0.0020.95 · 0 & 0.05 · 0 � 0

   A

� \ 5050 ] � \ 100100 ] � \ 150150 ] � \ 200200 ] � \ 250250 ] � \ 300300 ] � \ 350350 ] � \ 400400 ] � \ 450450 ] � \ 500500 ] � \ 550550 ] �

 

In order to estimate the expected generation of each power plant, we have to know the 

expected not served energy values before and after committing the power plants into 

system and then we can take the difference to get the results. Therefore by the help of 

integral with using same time period length which we want to calculate the parameters for 

and not forgetting about 100% availability of the power plants and outages are included as 

an increase in equivalent duration curves, 

Without power plants    EENS0 = 1·  _ FYZ��� `���aZ  = 1 · 50 + 0.6 · 50 + 0.2 · 50 = 90 kWh 

After wind power   EENS1 = 1·  _ FY���� `���aUZZ  = 0.32 · 50 + 0.12 · 50 + 0.04 · 50 = 24 kWh 

Then diesel power EENS2 = 1·  _ FYU��� `���abZZ  = 0.016 · 50 + 0.006 · 50 + 0.002 · 50 = 1.2 

kWh 

Now the expected generations of power plants can be estimated as at below: 

EGwind = EENS0 - EENS1 = 90 – 24 = 66 kWh 

EGdiesel = EENS1 – EENS2 = 24 – 1.2 = 22.8 kWh 

Due to wind power operation cost is assumed as negligible, expected total operation cost 

just consists of diesel generator operation cost which is calculated at below: 

ETOC = EGdiesel · 0.05 = 1.14 Euro  

The expected not served energy is as we estimated before: 

EENS = 1.2 kWh   

And Finally, Loss of Load Probability or Risk of Power Deficit is found at below: 

LOLP = FYU�400� = 0.016 = 1.6 % 
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CONCLUSION 

Due to increasing renewable energy share and varying and increasing demand, uncertainty 

in the power systems is also increasing. Transmission bottlenecks and economical and legal 

limitations, the resources must be planned as possible as efficiently. 

In this study, the topic was tried to be examined in every aspects. While doing this, some 

demonstrations and some example scenarios were applied and results were illustrated and 

commented.  

In this study, the scenarios were implemented based on some assumptions and some 

aspects were neglected to obtain the results in the simple models. But further detailed 

research can be made related to the topic in the future and those assumptions and 

neglections can be taken under consideration. Therefore, the more accurate results can be 

estimated to get more optimized solutions for the power systems and to observe the 

impacts of the constraints and uncertainties. 
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APPENDİX 

MATLAB Software 

MATLAB® is a high-level technical computing language and interactive environment for 

algorithm development, data visualization, data analysis, and numerical computation. Using 

MATLAB, you can solve technical computing problems faster than with traditional 

programming languages, such as C, C++, and Fortran. 

You can use MATLAB in a wide range of applications, including signal and image processing, 

communications, control design, test and measurement, financial modeling and analysis, 

and computational biology. Add-on toolboxes (collections of special-purpose MATLAB 

functions) extend the MATLAB environment to solve particular classes of problems in these 

application areas. 

MATLAB provides a number of features for documenting and sharing your work. You can 

integrate your MATLAB code with other languages and applications, and distribute your 

MATLAB algorithms and applications. 

Key Features: 

- High-level language for technical computing 

- Development environment for managing code, files, and data 

- Interactive tools for iterative exploration, design, and problem solving 

- Mathematical functions for linear algebra, statistics, Fourier analysis, filtering, 

optimization, and numerical integration 

- 2-D and 3-D graphics functions for visualizing data 

- Tools for building custom graphical user interfaces 

- Functions for integrating MATLAB based algorithms with external applications and 

languages, such as C, C++, Fortran, Java, COM, and Microsoft Excel 
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MATLAB Wind Power Demo Simulation Model-1 Description (Isolated Network) 

A generic model of the High-Penetration, No Storage, Wind-Diesel (HPNSWD) system is 

presented in this demo [1]. This technology was developed by Hydro-Quebec to reduce the 

cost of supplying electricity in remote northern communities [2]. The optimal wind 

penetration (installed wind capacity/peak electrical demand) for this system depends on the 

site delivery cost of fuel and available wind resource. The first commercial application of 

HPNSWD technology was commissioned in 1999 by Northern Power Systems (Vermont, USA) 

on St. Paul Island, Alaska [3]. The HPNSWD system presented in this demo uses a 480 V, 300 

kVA synchronous machine, a wind turbine driving a 480 V, 275 kVA induction generator, a 50 

kW customer load and a variable secondary load (0 to 446.25 kW).  

At low wind speeds both the induction generator and the diesel-driven synchronous 

generator are required to feed the load. When the wind power exceeds the load demand, it 

is possible to shut down the diesel generator. In this all-wind mode, the synchronous 

machine is used as a synchronous condenser and its excitation system controls the grid 

voltage at its nominal value. A secondary load bank is used to regulate the system frequency 

by absorbing the wind power exceeding consumer demand.  

The Wind Turbine block uses a 2-D Lookup Table to compute the turbine torque output (Tm) 

as a function of wind speed (w_Wind) and turbine speed (w_Turb). When you opened this 

demo, the Pm (w_Wind, w_Turb) characteristics was automatically loaded in your 

workspace (psbwindgen_char array). To display the turbine characteristics, double click on 

the block located below the Wind Turbine block.  

The Secondary Load block consists of eight sets of three-phase resistors connected in series 

with GTO thyristor switches. The nominal power of each set follows a binary progression so 

that the load can be varied from 0 to 446.25 kW by steps of 1.75kW. GTOs are simulated by 

ideal switches.  
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The frequency is controlled by the Discrete Frequency Regulator block. This controller uses a 

standard three-phase Phase Locked Loop (PLL) system to measure the system frequency. 

The measured frequency is compared to the reference frequency (60 Hz) to obtain the 

frequency error. This error is integrated to obtain the phase error. The phase error is then 

used by a Proportional-Differential (PD) controller to produce an output signal representing 

the required secondary load power. This signal is converted to an 8-bit digital signal 

controlling switching of the eight three-phase secondary loads. In order to minimize voltage 

disturbances, switching is performed at zero crossing of voltage.  

For the demo, the wind speed (10m/s) is such that the wind turbine produces enough power 

to supply the load. The diesel generator (not simulated) is stopped and the synchronous 

machine operates as a synchronous condenser with its mechanical power input (Pm) set at 

zero. The demo illustrates the dynamic performance of the frequency regulation system 

when an additional 25 kW customer load is switched on.  

Start simulation and observe voltages, currents, powers, asynchronous machine speed and 

system frequency on the two scopes. Initial conditions (xInitial vector) have been 

automatically loaded in your workspace so that simulation starts in steady state.  

As the asynchronous machine operates in generator mode, its speed is slightly above the 

synchronous speed (1.011 pu). According to turbine characteristics, for a 10 m/s wind speed, 

the turbine output power is 0.75 pu (206 kW). Because of the asynchronous machine losses, 

the wind turbine produces 200 kW. As the main load is 50 kW, the secondary load absorbs 

150 kW to maintain a constant 60 Hz frequency. At t=0.2 s, the additional load of 25 kW is 

switched on. The frequency momentarily drops to 59.85 Hz and the frequency regulator 

reacts to reduce the power absorbed by the secondary load in order to bring the frequency 

back to 60 Hz. Voltage stays at 1 pu and no flicker is observed. 

 

MATLAB Wind Power Demo Simulation Model-2 Description (Wind Farm IG) 

A wind farm consisting of six 1.5-MW wind turbines is connected to a 25-kV distribution 

system exports power to a 120-kV grid through a 25-km 25-kV feeder. The 9-MW wind farm 

is simulated by three pairs of 1.5 MW wind-turbines. Wind turbines use squirrel-cage 

induction generators (IG). The stator winding is connected directly to the 60 Hz grid and the 

rotor is driven by a variable-pitch wind turbine. The pitch angle is controlled in order to limit 

the generator output power at its nominal value for winds exceeding the nominal speed (9 

m/s). In order to generate power the IG speed must be slightly above the synchronous 

speed. Speed varies approximately between 1 pu at no load and 1.005 pu at full load. Each 

wind turbine has a protection system monitoring voltage, current and machine speed.  

Reactive power absorbed by the IGs is partly compensated by capacitor banks connected at 

each wind turbine low voltage bus (400 kvar for each pair of 1.5 MW turbine). The rest of 
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reactive power required to maintain the 25-kV voltage at bus B25 close to 1 pu is provided 

by a 3-Mvar STATCOM with a 3% droop setting.  

Open the "Wind Farm" block and look at "Wind Turbine 1". Open the turbine menu and look 

at the two sets of parameters specified for the turbine and the generator. Each wind turbine 

block represents two 1.5 MW turbines. Open the turbine menu, select "Turbine data" and 

check "Display wind-turbine power characteristics". The turbine mechanical power as 

function of turbine speed is displayed for wind speeds ranging from 4 m/s to 10 m/s. The 

nominal wind speed yielding the nominal mechanical power (1pu=3 MW) is 9 m/s. The wind 

turbine model (from the DR library) and the statcom model (from the FACTS library) are 

phasor models that allow transient stability type studies with long simulation times. In this 

demo, the system is observed during 20 s.  

 

The wind speed applied to each turbine is controlled by the "Wind 1" to "Wind 3" blocks . 

Initially, wind speed is set at 8 m/s, then starting at t=2s for "Wind turbine 1", wind speed is 

rammed to 11 m/s in 3 seconds. The same gust of wind is applied to Turbine 2 and Turbine 3, 

respectively with 2 seconds and 4 seconds delays. Then, at t=15 s a temporary fault is 

applied at the low voltage terminals (575 V) of "Wind Turbine 2".  

Start simulation and observe the signals on the "Wind Turbines" scope monitoring active and 

reactive power, generator speed, wind speed and pitch angle for each turbine. For each pair 

of turbine the generated active power starts increasing smoothly (together with the wind 

speed) to reach its rated value of 3 MW in approximately 8s. Over that time frame the 

turbine speed will have increased from 1.0028 pu to 1.0047 pu. Initially, the pitch angle of 

the turbine blades is zero degree. When the output power exceed 3 MW, the pitch angle is 

increased from 0 deg to 8 deg in order to bring output power back to its nominal value. 

Observe that the absorbed reactive power increases as the generated active power 

increases. At nominal power, each pair of wind turbine absorbs 1.47 Mvar. For a 11m/s wind 

speed, the total exported power measured at the B25 bus is 9 MW and the statcom 

maintains voltage at 0.984 pu by generating 1.62 Mvar (see "B25 Bus" and "Statcom" 

scopes).  

At t=15 s, a phase to phase fault is applied at wind turbine 2 terminals, causing the turbine to 

trip at t=15.11 s. If you look inside the "Wind Turbine Protections" block you will see that the 

trip has been initiated by the AC Undervoltage protection. After turbine 2 has tripped, 

turbines 1 and 3 continue to generate 3 MW each.  

You will now observe the impact of the "STATCOM". First, open the "Fault" block menu and 

disable the phase to phase fault. Then put the "STATCOM" out of service by double clicking 

the "Manual Switch" block connected to the "Trip" input of the "STATCOM". Restart 

simulation. Observe on " B25 Bus" scope that because of the lack of reactive power support, 

the voltage at bus "B25" now drops to 0.91pu. This low voltage condition results in an 
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overload of the IG of "Wind Turbine 1". "Wind Turbine 1" is tripped at t=13.43 s. If you look 

inside the "Wind Turbine Protections" block you will see that the trip has been initiated by 

the AC Overcurrent protection. 

 

MATLAB Linprog Optimization Tool 

X = LINPROG(f,A,b) attempts to solve the linear programming problem: 

                    

X = LINPROG(f,A,b,Aeq,beq) solves the problem above while additionally satisfying the 

equality constraints Aeq*x = beq. 

X = LINPROG(f,A,b,Aeq,beq,LB,UB) defines a set of lower and upper bounds on the design variables, 

X, so that the solution is in the range LB <= X <= UB. Use empty matrices for LB and UB if no bounds 

exist. Set LB(i) = -Inf if X(i) is unbounded below;  set UB(i) = Inf if X(i) is unbounded above. 

X = LINPROG(f,A,b,Aeq,beq,LB,UB,X0) sets the starting point to X0. This option is only available with 

the active-set algorithm. The default  interior point algorithm will ignore any non-empty starting 

point. 

X = LINPROG(f,A,b,Aeq,beq,LB,UB,X0,OPTIONS) minimizes with the default optimization parameters 

replaced by values in the structure OPTIONS, an argument created with the OPTIMSET function. See 

OPTIMSET for details. Options are Display, Diagnostics, TolFun, LargeScale, MaxIter. Currently, only 

'final' and 'off' are valid values for the parameter Display when LargeScale is 'off' ('iter' is valid when 

LargeScale is 'on'). 

X = LINPROG(PROBLEM) finds the minimum for PROBLEM. PROBLEM is a structure with the vector 'f' 

in PROBLEM.f, the linear inequality constraints in PROBLEM.Aineq and PROBLEM.bineq, the linear 

equality constraints in PROBLEM.Aeq and PROBLEM.beq, the lower bounds inPROBLEM.lb, the upper 

bounds in  PROBLEM.ub, the start point in PROBLEM.x0, the options structure in PROBLEM.options, 

and solver name 'linprog' in PROBLEM.solver. Use this syntax to solve at the command line a problem 

exported from OPTIMTOOL. The structure PROBLEM must have all the fields. 

[X,FVAL] = LINPROG(f,A,b) returns the value of the objective function at X: FVAL = f'*X. 

[X,FVAL,EXITFLAG] = LINPROG(f,A,b) returns an EXITFLAG that describes the exit condition of 

LINPROG. Possible values of EXITFLAG and the corresponding exit conditions are 

1  LINPROG converged to a solution X. 

0  Maximum number of iterations reached. 

-2  No feasible point found. 

-3  Problem is unbounded. 
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-4  NaN value encountered during execution of algorithm. 

-5  Both primal and dual problems are infeasible. 

-7  Magnitude of search direction became too small; no further progress can be made. The problem 

is ill-posed or badly conditioned. 

[X,FVAL,EXITFLAG,OUTPUT] = LINPROG(f,A,b) returns a structure OUTPUT with the number of 

iterations taken in OUTPUT.iterations, the type of algorithm used in OUTPUT.algorithm, the number 

of conjugate gradient iterations (if used) in OUTPUT.cgiterations, and the exit message in 

OUTPUT.message. 

[X,FVAL,EXITFLAG,OUTPUT,LAMBDA] = LINPROG(f,A,b) returns the set of Lagrangian multipliers 

LAMBDA, at the solution: LAMBDA.ineqlin for the linear inequalities A, LAMBDA.eqlin for the linear 

equalities Aeq, LAMBDA.lower for LB, and LAMBDA.upper for UB. 

NOTE: the LargeScale (the default) version of LINPROG uses a primal-dual method. Both the 

primal problem and the dual problem must be feasible for convergence. Infeasibility 

messages of either the primal or dual, or both, are given as appropriate. The primal problem 

in standard form is  

               min f'*x such that A*x = b, x >= 0. 

The dual problem is 

               max b'*y such that A'*y + s = f, s >= 0. 
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MATLAB Codes for Scenario-1 

% indices of the hydropower plants :  
% AKÇAY 1-->1, AKÇAY 2-->2  
  
% Parameters  
% Given parameters  
% Wmax = 30 MW; Installed wind power capacity of Sö ke Wind Farm  
% Dmax = 23 MW; Aydın AST İM industrial area peak demand  
Wg = [15 24 21 20 18 10]; % Forecasted Wind Power production in MW for next 
six hours  
D = [18 20 22 22 17 17]; % Forecasted Demand in the area in MW for next six 
hours  
npowerplants = 2;  
nhours = 6;  
Hmax = [15; 10]; % Hmax(i) Installed capacities of hydropower plants  
Qmax = [28; 25]; % Qtotmax(i) Maximal discharges  
Mmax = [2.5e6; 0.8e6]/3600; % Mmax(i) Maximal reservoir contents  
lambdaf = 55; % Forecasted electricity price after 6 hours  
w = [14; 15]; % w(i) Mean flows  
lambdat = [50 52 57 59 54 53]; % Forecasted electricity prices for next six 
hours  
  
% Calculated parameters  
Mstart = 0.5*Mmax; % Mstart(i)  Start contents of the reservoirs  
V = [w(1); w(2)-w(1)]; % V(i)   Local inflows to reservoirs  
gama = Hmax./Qmax; %gama(i)  production equivalents  
for  t=1:nhours  
    if  Wg(t) < D(t)  
        Eg(t) = D(t) - Wg(t); % Equivalent load  
    else  
        Eg(t) = 0;  
    end  
end  
  
% Optimisation variables  
% Variables  
pos = 0;  
for  t = 1:nhours  
    for  i = 1:npowerplants  
        pos = pos + 1;  
        Qpos(i,t) = pos;  
        pos = pos + 1;  
        Spos(i,t) = pos;  
        pos = pos + 1;  
        Mpos(i,t) = pos;  
    end  
end  
nvariables = pos;  
  
  
% Objective function  
f = zeros(nvariables,1);  
for  t = 1:nhours  
    for  i = 1:npowerplants  
        if  lambdat(t) > lambdaf  
           f(Qpos(i,t)) = lambdat(t)*gama(i);  
        end  
    end  
end  
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f(Mpos(1,nhours)) = lambdaf*(gama(1) + gama(2));  
f(Mpos(2,nhours)) = lambdaf*gama(2);  
  
  
% Constraints  
nconstraints = 3*nhours;  
Aeq = zeros(nconstraints,nvariables);  
beq = zeros(nconstraints,1);  
cnstr = 0;  
for  t = 1:nhours  
    for  i = 1:npowerplants  
        cnstr = cnstr + 1;  
        Aeq(cnstr,Mpos(i,t)) = 1;  
        if  t == 1  
            beq(cnstr) = beq(cnstr) + Mstart(i);  
        else  
            Aeq(cnstr,Mpos(i,t-1)) = -1;  
        end  
        Aeq(cnstr,Qpos(i,t)) = 1;  
        Aeq(cnstr,Spos(i,t)) = 1;  
        if  i > 1  
            Aeq(cnstr,Qpos(i-1,t)) = -1;  
            Aeq(cnstr,Spos(i-1,t)) = -1;  
        end  
        beq(cnstr) = beq(cnstr) + V(i);  
    end  
    cnstr = cnstr + 1;  
    if  lambdat(t) < lambdaf  
        for  i = 1:npowerplants    
            Aeq(cnstr,Qpos(i,t)) = gama(i);     
        end  
        beq(cnstr) = Eg(t);  
    end  
end  
  
  
% Variable limits:  
lb = zeros(nvariables,1);  
ub = inf(nvariables,1);  
for  t = 1:nhours  
    for  i = 1:npowerplants  
        ub(Qpos(i,t)) = Qmax(i);  
        ub(Mpos(i,t)) = Mmax(i);  
    end  
end  
  
% Solve the optimisation problem:  
[x,waste1,waste2,waste3,y] = linprog(-f,[],[],Aeq,b eq,lb,ub);  
  
% Sort the result  
Qres = [];  
Sres = [];  
Mres = [];  
for  t = 1:nhours  
    for  i = 1:npowerplants  
        Sres(i,t) = x(Spos(i,t));  
        Mres(i,t) = x(Mpos(i,t));  
        Qres(i,t) = x(Qpos(i,t));  
        H(i,t) = gama(i,1)*Qres(i,t);  
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    end  
end  
optvalue = round(f'*x)  
Mres, Qres, H, Sres  
dualvariables = y.eqlin  
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MATLAB Codes for Scenario-2 

% Cost Optimization for 6 hours  
% Wind power installed capacity=400 MW  
% Thermal plant-1 installed capacity=G1Max=100 MW  
% Thermal plant-2 installed capacity=G2Max=200 MW  
% Thermal plant-1 minimum power output=G1Min=20 MW  
% Thermal plant-2 minimum power output=G2Min=70 MW  
% Thermal plant-1 cost: (17 €/MWh)  
% Thermal plant-1 cost: (15.5 €/MWh)  
% Transmission capacity between Area-1 and Area-2= 75 MW 
% Transmission losses : 2% of transferred power  
% Wind power operation cost is negligible  
% Penalty cost of load shedding is 100 Euro/MWh  
% G1 and G2: Generation in thermal power plants  
% P12: Power tranmission from Area-1 to Area-2  
% P21: Power tranmission from Area-2 to Area-1  
% U1 and U2: Load shedding in the areas  
  
thc1=17;  
thc2=15.5;  
pc=100;  
nhours=6;  
D1=[80 110 100 80 120 70];    % Forecasted demand in Area-1 in MW for 6 
hours  
D2=[105 160 220 340 300 200];  % Forecasted demand in Area-2 in MW for 6 
hours  
WP=[190 160 180 100 90 110];   % Forecasted wind power generation in MW for 
6 hours  
  
for  t=1:nhours  
     
    %objective function  
    f=[17 15.5 100 100 0 0];  
  
    %constraints  
    Aeq=[1 0 1 0 -1 0.98; 0 1 0 1 0.98 -1];  
    beq=[D1(t); D2(t)-WP(t)];  
    
    % limits  
    lb=[0 0 0 0 0 0];  
    ub=[100 200 D1(t) D2(t) 75 75];  
  
    % optimized solution  
    [x,waste1,waste2,waste3,y] = linprog(f,[],[],Ae q,beq,lb,ub);  
  
    if  round(x(6))==ub(5)  
        x(1)=x(1) - ub(5)*0.02;  
        x(2)=x(2) + ub(5)*0.02;  
    end  
     
    if  D1(t)<ub(5)  
        x(6)=D1(t);  
    end  
  
    if  (WP(t)-D2(t))*0.98 > D1(t)  
        x(1)=0; x(2)=0; x(4)=0; x(5)=0;  
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        if  D1(t)>ub(5)  
            x(6)=ub(5);  
            x(3)=D1(t)-ub(5);  
            x(1)=x(3);  
            x(3)=0;  
        else  
            x(6)=D1(t);  
            x(3)=0;  
        end  
        x  
    else  
        x  
    end  
    OC(t)=x(1)*17 + x(2)*15.5 + x(3)*100 + x(4)*100 ;  
end  
sum(OC)  
 

 

 

 


