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Abstract 

 

Storage system is one of the critical components of the microgrid. Storage system has 

broad applicability in short-term and long-term operations of microgrid. Storage systems 

are fast response devices which add flexibility to the control of the microgrid, and 

furthermore provide economical benefits by storing energy at times of excess power and 

generating energy at times of low generation. Moreover, storage systems can mitigate the 

frequent and rapid power changes of renewable resources and therefore solve the 

volatility and intermittency problems associated with renewable resources. 

The storage systems has existed for many decades, however, the impact of storage 

systems in future grids, incorporating microgrids, is receiving more attention than ever 

from system operators. In addition, the storage systems continue to evolve as new 

technologies are introduced. Considering these issues, modeling of the storage systems 

operation would an essential task to help operators in enhancing the microgrid operation 

from both economical and security points of view. The microgrid security means that a 

feasible power flow solution should be obtained in base case and contingency operation 

of microgrid. The base case is the normal operation of the microgrid when there is no 

outage in components. In contingency cases, however, some of the generating units 

and/or transmission lines would be out of service. The robust operation of the microgrid, 

as well power system in general, requires consideration of contingencies. If possible 

system contingencies are not determined and taken into account, dramatic and costly 

blackouts are likely to happen, which would provide inconvenience and unexpected costs 

for electricity customers. Therefore, contingencies are considered in microgrid operation 

so that the microgrid will operate at all times and unwanted events, such as instability, 

voltage collapse, and cascaded outages would not occur.  

In this report, the economic and emergency operations of the storage system in the 

microgrid are investigated. In base case operation of the microgrid, the storage system 

provides economic benefits by storing energy at times of low electricity prices and using 

the stored energy at times of high electricity prices. Accordingly, it facilitates peak 

shaving and load shaping and results in reduction in electricity costs. In emergency cases, 

when there is a microgrid component outage and we have contingencies, the storage 

system would be used as a generation resource to compensate the lost generation due to 

generating unit outages, and furthermore satisfy system security. Preventive (pre-

contingency) and corrective (post-contingency) actions of storage system are taken into 

consideration in the security-constrained unit commitment (SCUC) problem. The cost of 

system operation is minimized and at the same time the system security is satisfied. 

Appropriate storage system corrective and preventive control actions for managing 

contingencies represent a trade-off between economics and security in a microgrid. Both 

actions are introduced and compared, since the preventive dispatch is very conservative 

and could be expensive for considering all potentially dangerous contingencies, and in 

contrast, the corrective action only applies to allowable post-contingency control 

adjustments. A complete formulation of the SCUC problem in the microgrid 

incorporating a practical storage system model is presented. Mixed integer programming 

(MIP) will be used to formulate the problem.  
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Chapter 1 

Introduction 

 

1.1 Research Background 

The energy storage systems have been utilized for several years in operation of power 

systems. However, due to the limited technology in the area of energy storage the 

importance and benefits of storage systems have been neglected. In recent years the 

energy storage is receiving more attention. The need for smarter power systems, 

introduction of microgrids to power systems and fast developments in the required 

infrastructure of future power grids have initiated large incentives to work on developing 

storage technologies.  

In this regard, the storage system would be one of the most imperative components of 

a microgrid. Evidently, the first and most essential step in modeling a microgrid is the 

practical modeling of microgrid components, which enables accurate simulation of the 

microgrid operation. Practical modeling of the storage system in the microgrid helps 

further investigations on the storage system operation and its potential impacts on 

operation of the microgrid. These impacts would be in both economic and emergency 

operations of the microgrid.  

 

1.2 Microgrid 

A microgrid is a small-scale intelligent power network designed to supply power for 

its customers. A microgrid comprises various distributed generators, storage systems and 

controllable loads, which make the microgrid highly flexible and efficient in both power 

supply and consumption sectors. The main reasons to build a microgrid are to lower the 

cost of energy supply, improve local reliability, reduce emissions, and enhance power 

quality [1].  

A microgrid has enough generation capacity to supply its load. Therefore, two 

operating modes, from an operational point of view, are possible for a microgrid: 

interconnected mode and islanded mode. In the interconnected mode the microgrid is a 

part of the main grid, and hence it may sell electricity to or buy electricity from the main 

grid. In this respect, it would be treated as a single controlled load entity within the power 

system or as a generation resource supporting the main grid. In the islanded mode the 

microgrid operates independent of the main grid. The required load demand in the 

microgrid is satisfied using the local generation resources. Therefore, there is no 

interaction between the main grid and the microgrid in the islanded mode.  

The microgrid central controller performs the coordination between the microgrid and 

the main grid. This coordination is performed by utilizing a day-ahead unit commitment 

(UC), which optimizes the microgrid operation by scheduling local generation resources. 

Furthermore using UC, the optimal interaction with the main grid is obtained.  

The UC performed by the central controller of a microgrid is considerably different 

from that of an ISO performed for the main grid. The main differences are [2]-[7]: 

- In a microgrid the number of units is limited and may also include renewable 

energy resources. Large penetration of renewable energy resources, like solar and 

wind, requires powerful forecasting tools to predict the behavior of these resources 

accurately and determine the optimal schedule.  
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- The storage system has a major role in the operation of microgrid due to its 

considerable size, while this is generally not the case in the main grid. Therefore, 

the storage system has to be accurately modeled and utilized in a microgrid.  

- The impact of the power transmission network in a microgrid is much less than the 

impact of power transmission network in the main grid. In the main grid, the power 

generated at large centralized power plants are transmitted to the large distant loads 

using high voltage transmission lines. Due to the distance between the producers 

and consumers, congestion in the transmission lines is probable. Therefore, 

considering the impact of transmission lines in the main grid UC is necessary. 

However, in a microgrid the local load is satisfied using the local generation 

resources (in addition to energy bought from the main grid). Since the loads and 

generation resources are close to each other, the transmission congestion is less 

likely, and accordingly the transmission network has reduced impact on UC results.  

- The microgrid can buy (or sell) electricity from (or to) the main grid at any time 

taking its security and economical aspects into account. Therefore, it can simply 

manage its load and satisfy the load balance by buying or selling electricity. 

However, this task is not simple for the main grid. Main grids usually trade with the 

neighbors based on long-term energy trade contracts. So, the main grid is not able 

to buy or sell electricity whenever it needs and may resort to other options, like load 

curtailment, load shifting, etc. to keep its operational feasibility.  

Figure 1.1 [29] depicts a simplified model of a microgrid. The power generation for 

the system loads, i.e. houses and offices, is shared among central thermal generators, 

distributed generators and the import from the main grid. In this case, the distributed 

generators could be aggregated to form a virtual power plant and accordingly facilitate 

the integration of distributed generators to the microgrid.  

 

 
Figure 1.1 Simplified microgrid model 
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1.3 Storage Systems 

As shown in Figure 1, storage systems can be used either in the virtual power plant or 

near the loads. Storage systems are fast response devices which add flexibility to the 

control of the microgrid. These systems make the islanded operation of the microgrid 

possible, by storing energy at times of excess power and generating energy at times of 

low generation. Storage systems are mainly used for two reasons: First, they can mitigate 

the frequent and rapid power changes of renewable resources and therefore solve the 

volatility and intermittency problems associated with renewable resources. Second, they 

can store energy at times of low electricity prices and use the stored energy at times of 

high electricity prices. Using this capability brings about economic advantages for the 

microgrid. Some other usages of storage systems include load following, voltage and 

frequency stability, peak load management, power quality improvement, and deferral of 

upgrade investments. 

 

1.4 Overview of UC Problem  

The UC problem is a large scale and nonlinear optimization problem. Several 

methods are proposed to find the optimal solution of the UC problem, as in practical 

power system even small improvements in the UC solution will result in significant cost 

savings. This savings will consecutively reduce the electricity payments of customers. 

The most suitable algorithm for a power system would be selected based on the power 

system structure, components, and operating constraints. The major approaches to solve 

the UC problem are deterministic, heuristic and hybrid algorithms [8,9]. Examples of 

deterministic approach are exhaustive enumeration, priority list, mixed-integer 

programming (MIP), dynamic programming, branch-and-bound, interior point 

optimization and Lagrangian relaxation [10]-[16]. Heuristic techniques include expert 

systems, simulated annealing, artificial neural networks, fuzzy logic, evolutionary 

programming, genetic algorithm, ant colony search algorithm, and tabu search [17]-[24]. 

There are advantages and disadvantages with each of these methods. For example, the 

exhaustive enumeration is not suitable for large-scale problems, priority list method is 

fast but mostly achieves schedules with high operating costs, dynamic programming 

application is limited to small-sized systems. Among these methods, Lagrangian 

relaxation is considered as the most realistic and efficient method for large-scale systems, 

which has been used in power system for a long time. However, the Lagrangian 

relaxation method suffers from inherent sub-optimality of solutions, and additionally, the 

convergence to a feasible solution is not guaranteed. The MIP-based methods have 

gained further attention in recent years and become very popular among deterministic 

techniques. The MIP method guarantees convergence to the optimal solution in a finite 

number of steps, presents a flexible and accurate modeling framework, and further 

provides information on the proximity to the optimal solution during the search of the 

problem tree. Considering these advantages, the MIP method is used in this report to 

formulate the SCUC problem.  

 

1.5 Security in Microgrid 

The objective of the UC problem solved by central controller is economy of the 

microgrid. However, a more important aspect that is taken into account in microgrid 

operation is the security. Security includes actions that are performed to keep the system 
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operating in case of outage of components. For instance, a generating unit may be taken 

out of service because of equipment failure, or a transmission line may fail to transfer 

power due to natural disasters. In these cases, proper actions have to be performed to 

compensate the generation deficit, such as adding additional generation to the system or 

overloading other transmission lines, without any interruption in satisfying the loads so 

that the continuous operation of the microgrid is not disturbed.   

Unfortunately, the outage of system components is unpredictable. So, the microgrid 

should be operated in a way that the credible components outages do not jeopardize the 

microgrid operation. Many such problems occur in the microgrid that are fast and the 

operator cannot take action fast enough.  

Considering these issues, the microgrid operators utilize security-constrained unit 

commitment (SCUC) instead of the UC to consider the security aspects of the microgrid 

operation. The SCUC makes changes to the optimal dispatch of UC solution so that the 

security of the microgrid is incorporated into the problem. Using the solution of SCUC, 

when a contingency occurs no violation in limits of system components occurs. Various 

approaches are proposed to take into account the contingencies of the system. All these 

approaches fall into two categories of preventive and corrective actions. These actions in 

a power system mainly comprise generation rescheduling and load shedding. However, in 

a microgrid other options are added to satisfy security, such as power import and storage 

system adjustments. 
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Chapter 2 

Review of storage systems 

 

The energy storage can be found in a wide range of applications from daily life of 

human being to electric vehicles and industrial applications. The spectrum of energy 

storage technologies is provided in Figure 2.1 [25].  

 

 
Figure 2.1 Spectrum of energy storage technologies 

 

The available technologies for the energy storage can be used for range of 1 kW to 

tens of megawatts with a wide range of discharge time from seconds to hundreds of 

hours. The discharge time needed to generate the whole energy stored in the storage 

system. In other words, discharge time is the time required to reduce the energy of 

storage system from maximum to zero and completely deplete the storage system.   

These technologies propose variety of applications in the power system. The small-

size energy storage technologies are used for uninterruptible power supply (UPS) and 

power quality issues. Being an UPS, the storage system would provide emergency power 

to a load when the main power source fails. The mid-size technologies are used for grid 

support, load shifting and bridging power. The large-scale storage systems are utilized for 

energy and bulk power management.  

The location of these technologies in the grid will vary based on the economics of the 

technology. These technologies can be categorized into pumped storage hydro (PSH), 

compressed air energy storage (CAES), battery energy storage, flywheel energy storage, 

and thermal storage.  

PSH has been used for storage of massive amounts of energy for decades. The 

objective of these plants is to provide off-peak base loading for large plants to optimize 

their overall performance and provide peaking energy each day. Also they can be used 
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for ancillary service functions. PSH works by transferring the water between two 

reservoirs in different altitudes. The first PSH was installed around 130 years ago. Early 

units were relatively expensive due to separated shafts for pump and turbine. However, 

developments in mid-20s enhanced the efficiency and reduced the cost. The global 

capacity of pumped hydro storage plants is more than 95 GW. This technology is one of 

the oldest technologies in energy storage and at the same time one of the most useful 

ones. The recent advancements in PSH have made this technology less expensive and 

more efficient. 

CAES is a peaking gas turbine power plant that blends compressed air to the input 

fuel to the turbine. By compressing air during off-peak periods the plant’s output can 

produce electricity during peak periods. These units should be close to appropriate 

underground geological formations, such as mines, salt caverns, or depleted gas wells. 

The first commercial CAES plant had a capacity of 290 MW. The largest future CAES 

plant would have 800 MW capacity.  

Batteries define a wide range of energy storage devices. The drivers for battery 

technology advancements were application in consumer electronics, power tools, and 

transportation. Furthermore, efficient cost-effective power electronics, to convert 

battery’s dc power to ac, helped developments in battery technology. Battery storages 

have been used for over 159 years. However, the most developments are for the recent 20 

years. Currently, a large variety of battery types are being used for grid support 

applications. These batteries include sodium sulfur (NaS), zinc-bromine, lithium-ion, 

lithium titanate, lithium iron phosphate, lead-acid, and nickel-cadmium. The major 

differences among batteries are element type of electrodes, operating temperature, 

charging cycle duration, construction components, lifetime, and capacity. These 

characteristics change the application of the battery in the power grid. 

Flywheel energy storage works by accelerating a rotor to a very high speed and 

maintaining the energy in the system as rotational energy. Slow-speed steel flywheels 

have been used as battery substitutes. High-speed flywheel systems rated 1000 kW can be 

deployed for frequency regulation use. 

Thermal energy storage is another type of energy storage that store energy in a 

thermal reservoir for later reuse. In addition, bulk hydrogen amounts can be stored and 

transferred to major population centers in order to use in hydrogen-based fuel cells as an 

energy storage system.  

All of the energy storage technologies are ways to help the utility grid satisfy the 

generation and load balance in the most optimal way. Comparing these technologies, and 

considering the microgrid requirements, a mid-size battery would be the best option to be 

utilized in a microgrid.  

When considering the storage system in a microgrid an optimal storage system sizing 

should be performed. The small storage systems may not provide economical benefits 

and desired flexibility in power generation of other units for the microgrid as much as 

expected. On the other hand, large storage systems impose higher investment and 

maintenance costs to the microgrid. Therefore, an optimal size for the storage system 

should be found where the produced reduction in operating cost due to addition of the 

storage system is larger than the installation costs imposed by storage. Figure 2.2 [] 

depicts the optimal size of a storage system regarding investment, maintenance and 

operating costs. 
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Figure 2.2 Optimal sizing of storage system 

 

To find the optimal size of the storage system power system expansion planning has 

to be performed. The objective of the expansion planning problem includes the capital 

cost of the storage system and operating cost of the system. Adding the storage system to 

the microgrid requires capital cost payments, while on the other hand helps system to 

reduce the operating costs. Therefore, the objective would be to minimize the summation 

of these two terms. However, the optimal sizing of the storage system is out of scope of 

this report since the focus is on the operation of the storage system.   
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Chapter 3 

SCUC formulation for a microgrid 

 

3.1 SCUC definition 

The SCUC problem is to find the least cost commitment and dispatch of available 

generation resources in a microgrid along with the power purchase from the main grid to 

meet the forecasted microgrid load while considering prevailing constraints. The 

commitment is the state of each unit which determines if a unit is on or off in each hour 

of the scheduling horizon, while dispatch determines the generation output of each 

committed unit.  

The SCUC problem is subject to economy and security aspects. By considering the 

microgrid economy, the least cost operation of the available generating units in the 

microgrid should be obtained. In practical cases even small improvements in the SCUC 

solution would provide significant savings. The savings in generation cost will result in 

reduction of electricity payments by customers, so all the individual participants will 

benefit from reduced electricity prices. Another important aspect in SCUC is the 

microgrid security. Considering the microgrid security, a feasible power flow solution 

would be obtained in base case and contingency operation of microgrid. The base case is 

the normal operation of the microgrid when there is no outage in components, while in 

contingency cases some of the generating units and/or transmission lines would be out of 

service.  

The SCUC problem is subject to prevailing system and unit constraints. System 

constraints include power balance and reserve requirements. Unit constraints include unit 

capacity limits, ramp rate limits, minimum up and down time limits, and unit reserve 

requirements. These constraints are described in detail in the following subsection. To 

solve the SCUC problem it is assumed that the microgrid load is forecasted and fixed for 

the next 24 hours; hence a day-ahead SCUC is performed. Small changes in the load 

during microgrid operation, which might occur due to forecast errors, are taken into 

account in the microgrid real-time operation.  

All these differences between the SCUC problem in a power system and a microgrid, 

as mentioned in section 1.2, enforce that a new model for the microgrid operation, which 

is different from the power system operation, be formulated and used. However despite 

all these differences, the UC in a microgrid and in the main grid have a similar objective. 

The objective is to obtain the least operating cost of the grid, while satisfying the load 

and considering prevailing operating constraints. A standard set of constraints for the 

commitment of units is considered in this report. Additional constraints to accurately 

model the economic and emergency operation of the storage system are formulated and 

added to the problem.  

 

3.2 SCUC problem formulation 

The formulation of SCUC problem objective and constraints is provided in the 

following: 

 

3.2.1 Objective  

The objective of the SCUC is to minimize the microgrid operating cost (3.1) 
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Where i  and t  are the indices used for unit and time periods, respectively. tPM  is the 

power imported (exported) from (to) the main grid at time t. itPG  is the dispatch of unit i 

at time t. itSU  is the startup cost of unit i at time t. itSD  is the shutdown cost of unit i at 

time t. tC  is the electricity price at the point of connection of the microgrid to the main 

grid. ciF  is the generation cost function of unit i. itI  is the commitment state of unit i at 

time t. NG  and NT are the number of units and time periods, respectively.  

This objective has two terms. The first term is the operating cost of the units inside 

the microgrid, including generation costs for producing power as well as startup and 

shutdown costs of each unit. The generation cost of unit i at time t is denoted by Fci(PGit) 

and is obtained based on the unit fuel cost. For thermal units, the generation cost is 

usually a quadratic function of the amount of generated power, i.e. Fci(PGit)=a 

+bPGit+cPG
2

it, where a, b and c are constants. This value for renewable resources is 

insignificant and mostly assumed to be zero. The generator’s state is represented by the 

unit commitment variable Iit, which equals one when the unit is on and zero when the unit 

is off. The generation cost is multiplied by the unit commitment state to impose a zero 

generation cost when the unit is not committed. The quadratic generation cost is 

linearized using a piece-wise linearization approach to make the objective linear [26]. 

Figure 3.1 shows a linearized piece-wise generation cost curve.  

 
Figure 3.1 Piece-wise linear generation cost curve 

 

Using a three step linearized cost function, as shown in Figure 3.1, the following 

equations are used to model the unit dispatch and generation cost. 321 ,, ititit PGPGPG  

represent the generation of steps 1, 2 and 3, respectively. 321 ,, iii   represent the slope of 

steps 1, 2 and 3, respectively. Equation (3.2) represents the unit dispatch as the 

summation of unit minimum capacity and generation of each step. Limits of each step are 

defined by (3.3)-(3.5). The linearized generation cost is defined as in (3.6).  

),...,1)(,...,1(321min NGiNTtPGPGPGIPGPG ititititiit    (3.2) 

),...,1)(,...,1(0 max11 NGiNTtPGPG iit      (3.3) 

PG 

Fc(PG) 

α1 

α2 

α3 

PG
min

 

Fc
min

 

PG
1max

 PG
2max

 PG
3max

 



15 

 

),...,1)(,...,1(0 max22 NGiNTtPGPG iit      (3.4) 

),...,1)(,...,1(0 max33 NGiNTtPGPG iit      (3.5) 

),...,1)(,...,1()( 332211min NGiNTtPGPGPGIFPGF itiitiitiitciitci   (3.6) 

The start-up cost of unit i at time t, i.e. SUit, is imposed when unit i is committed at 

hour t but has been off at hour t-1. Otherwise, the start-up cost is zero. The shut down 

cost of unit i at time t, i.e. SDit, is imposed when the unit is committed at hour t-1 but is 

scheduled to be off at hour t. Otherwise this cost is zero. Constraints (3.7) and (3.8) 

represent the MIP formulation of the start-up and shut down costs.  

),...,1)(,...,1( NGiNTtySUCSU itiit       (3.7) 

),...,1)(,...,1( NGiNTtzSDCSD itiit       (3.8) 

Start-up and shut down costs are obtained based on the unit start-up and shut down 

indicators, respectively. Start-up indicator yit is a binary variable that is equal to 1 

whenever the unit is started up and is zero otherwise. Shut down indicator zit is a binary 

variable that is equal to 1 whenever the unit is turned off and is zero otherwise. Start-up 

and shut down indicators are obtained based on the unit commitment at hours t and t-1 as 

in (3.9)-(3.10).  

),...,1)(,...,1()1( NGiNTtIIzy tiititit       (3.9) 

),...,1)(,...,1(1 NGiNTtzy itit       (3.10) 

The second term in the objective is the cost of buying (or selling) electricity from (or 

to) the main grid. The electricity price at the point of connection to the main grid, Ct, is 

considered as the electricity trading price. The microgrid would buy electricity from the 

main grid in times of low electricity prices or low local generation in microgrid. On the 

other hand, the microgrid would sell electricity back to the main grid when it produces 

excessive power or the electricity price is high. The main grid power, PMt, is positive 

when the power is purchased from the main grid, negative when the power is sold to the 

main grid, and zero when the microgrid operates in islanded mode. The SCUC problem is 

subjected to the following constraints:  

 

3.2.2 System power balance 

System power balance equation is defined by (3.11).  

),...,1(
1

NTtPDPMPG tt

NG

i

it 


     (3.11)   

where m  and i  are indices for buses and generating units, respectively. tPD  is the 

microgrid load demand at time t. tPM  is the power imported (exported) from (to) the 

main grid at time t. The system power balance equation ensures that the summation of 

power generated from microgrid local units and the power from (or to) the main grid 

satisfy the microgrid hourly load. The microgrid load is forecasted and fixed and is 

obtained using load forecasting techniques. Equation (3.11) is considered for every hour 

of the operating horizon. Real power losses in the microgrid are assumed to be negligible.  

 

3.2.3 System reserve requirements  

The system reserve requirement is satisfied by (3.12). 
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),...,1(max

1

max NTtRPDPMIPG tt

NG

i

iti 


     (3.12) 

tR  is the system reserve requirement at time t and maxPM  is the maximum possible 

power transfer from/to the main grid. The spinning reserve is the unused generation 

capacity that can be activated by the microgrid controller and is provided by 

synchronized generators. The system reserve ensures that enough capacity is available to 

handle a contingency. The spinning reserve allows microgrid operator to compensate for 

unpredictable imbalances between load and generation caused by contingencies or errors 

in load forecasting.  

A variety of approaches are used to define the reserve requirement. The most 

common approaches include the outage of the largest unit and percentage of the hourly 

load. In this report, the percentage of hourly load is used to obtain the microgrid hourly 

reserve requirements.  

 

3.2.4 Transmission limit between grid and microgrid 

There is limit for the line connecting the microgrid to the grid. We assume that the 

capacity of lines within the microgrid is large enough to handle any power transfer 

between microgrid buses. So, microgrid internal power flow limits are ignored in this 

formulation.  

),...,1(max NTtPMPM t        (3.13) 

 

3.2.5 Unit output limits 

The minimum and maximum generation of a unit is limited by (3.14).  

),...,1)(,...,1(maxmin NGiNTtIPGPGIPG itiititi     (3.14) 
min

iPG  and max

iPG  are the minimum and maximum power generation of unit i, 

respectively. The unit generation limits are identified by the manufacturer, based on the 

type of fuel and the technology used in building the unit, which define the practical 

generation window that a unit can operate. 

 

3.2.6 Ramping limits 

Ramping up and down limits are formulated by (3.15) and (3.16), respectively. Using 

(3.15), the unit cannot increase its generation between two successive hours more than its 

ramp up limit. Similarly, the unit cannot decrease its generation between two successive 

hours less than its ramp down limit by using (3.16).  

),...,1)(,...,1()1( NGiNTtURPGPG itiit        (3.15) 

),...,1)(,...,1()1( NGiNTtDRPGPG iitti       (3.16) 

iDR  is the ramp down rate limit of unit i and iUR  is the ramp up rate limit of unit i. The 

ramp rate limits are specified by manufacturers to control the change in output of 

generating units and consequently prevent overstressing of generator turbines. The 

generators receive their unit commitment the day before the operation, so they can 

determine the appropriate time to start ramping up or down their unit when they turn it on 

or off in order to meet the scheduled output.  
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3.2.7 Minimum up and down time limits  

The unit minimum up time constraint is defined by (3.17)-(3.19). Using minimum up 

time limit, the unit cannot be turned off for specific number of hours after it is turned on. 

The unit minimum down time constraint is defined by (3.20)-(3.22). The minimum up 

time constraint is obtained using unit start-up indicator. 

),...,1)(,...,1(1 0 NGiXTtI on

i

on

iit      (3.17) 

),...,1)(1...,1( 0

1

NGiTNTXTtyTI on

i

on

i

on

iit

on

i

Tt

t

it

on
i






  (3.18) 

),...,1)(,...,2()1( NGiNTTNTtytNTI on

iit

NT

t

it 


  (3.19) 

on

iT  is the minimum up time of unit i and on
iX 0  is the number of hours that unit i has been 

initially on. on
iX 0  is obtained from the unit operation in previous scheduling horizon. 

on

i

on

i XT 0  represents the number of initial hours during which unit i must be on. Using 

(3.17) unit i is remained on for on

i

on

i XT 0  hours at the beginning of the scheduling 

horizon. Constraint (3.18) is used to impose minimum up time limit for hours 

10  on
i

on
i XT  to 1 on

iTNT . After hour 1 on
iTNT , (3.19) is used to impose minimum up 

time limit.  

Using minimum down time limit, the unit cannot be committed and turned on for 

specific number of hours after it is turned off as formulated in (3.20)-(3.22). The 

minimum down time constraint is obtained using unit shut down indicator.  

),...,1)(,...,1(0 0 NGiXTtI off

i

off

iit      (3.20) 

),...,1)(1...,1()1( 0

1

NGiTNTXTtzTI off

i

off

i

off

iit

off

i

Tt

t

it

off
i






  (3.21) 

),...,1)(,...,2()1)(1( NGiNTTNTtztNTI off

iit

NT

t

it 


  (3.22) 

off

iT  is the minimum down time of unit i and off
iX 0  is the number of hours that unit i has 

been initially off. off

iX 0  is obtained from the unit operation in previous scheduling 

horizon. off

i

off

i XT 0  represents the number of initial hours during which unit i must be 

off. Unit i is remained off for off

i

off

i XT 0  hours at the beginning of the scheduling 

horizon using (3.20). Constraint (3.21) is used to impose minimum down time limit for 

hours 10 
off
i

off
i XT  to 1

off
iTNT . After hour 1

off
iTNT , (3.22) is used to impose 

minimum down time limit.  

 

3.2.8 Contingency constraints 

The proposed formulation represents the base case operation of the system. To 

consider contingencies proper constraints are added to the formulation as follows:   

),...,1)(,...,1(
1

NCcNTtPDPMPG t

c

t

NG

i

c

it 


   (3.23) 

Constraint (3.23) defines the power balance equation in case of contingencies. In each 

contingency a set of system components are on outage, so the power flow in the system 
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should change to meet the system load. Accordingly, generation of each unit and the 

amount of power traded by the main grid would change. That is why we use superscript c 

for unit generation and power purchased from the main grid. However, as the load is not 

altered, the base case value of load is used. The power balance equation should be held 

true in all system contingencies. 

The generation output of units in each contingency c is constrained by (3.24). itUX  is 

the contingency state of the unit i at time t. itUX is zero when unit i is on outage at time t 

and is one otherwise. If the unit is not committed, i.e. Iit=0, or the unit is on outage, i.e. 

UXit=0, the associated unit generation in case of contingency would be zero. So, only 

committed units are used in case of contingencies and unit commitment is remained 

fixed.  

),...,1)(,...,1)(,...,1(maxmin NCcNGiNTtUXIPGPGUXIPG c

ititi

c

it

c

ititi   (3.24) 

To consider the outage of the line connecting the microgrid to the main grid (3.25) is 

used. itUY  is zero when the connecting line is on outage at time t and is one otherwise.  

),...,1)(,...,1(max NCcNTtUYPMPM c

t

c

t       (3.25) 

A N-1 contingency criterion is considered, i.e. in each contingency case one of 

microgrid units or the line between grid and microgrid is on outage.  
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Chapter 4 

Storage system operation and modeling 

 

In this chapter, first the storage system is modeled and then the proposed model is 

used to incorporate the operation of the storage system into SCUC.  

 

4.1 Storage System Modeling 

 

4.1.1 Operating Modes 

Three different operating modes are defined for the storage system: charging, 

discharging and idle. Two binary variables, ut and vt, are used to model these modes as 

shown in Table 4.1.  

 

Table 4.1 

Storage system operating modes 

Mode 
Binary variables 

ut vt 

Idle 0 0 

Discharging 1 0 

Charging 0 1 

 

Constraints (4.1) and (4.2) define the operating mode of the storage system. 

Constraint (4.1) ensures that the storage system cannot be at the charging and discharging 

modes at the same time. Constraint (4.2) defines the limits on storage power level for 

every hour. tPS  is the power generated (consumed) by the storage system at time t. 

),...,1(1 NTtvu tt         (4.1) 

),...,1(2,1, NTtuPSPSvPS tRttR        (4.2) 

In idle mode the storage power is set to zero. In charging mode the storage power is 

limited between negative charging rated power, i.e. PSR,1, and zero. Note that in this case 

the negative sign represents the storage system as a load. In discharging mode the storage 

power is limited between zero and discharging rated power, i.e. PSR,2. Note that by 

removing the binary variables ut and vt the model will find the same solution. However, 

these binary variables are included into the formulation so that the model can be 

improved to consider additional storage system constraints. The additional constraints 

might include the storage system minimum charging/discharging time, i.e. the minimum 

time that the storage system should be maintained in charging/discharging mode, after it 

has started to being charged/discharged. This constraint is mostly applied to storage 

system with predefined charging and discharging profiles. The charge and discharge 

profiles may vary in shape, duration and number of charge/discharge periods. A common 

approach is to consider rectangular shapes for storage system charging and discharging 

profiles. It means that the storage can start charging/discharging as soon as the command 

is sent by the controller. However in some cases the discharge profile is predefined by 

manufacturer based on the operator’s need for power. The predefined discharge profile 

cannot be arbitrarily modified or expanded [27]. In this report, a rectangular charging and 

discharging profile is considered for the storage system.  
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4.1.2 State of Charge (SOC) 

The energy stored in a storage system is called state of charge (SOC). SOC is 

obtained using (4.3). 

tPSSOCSOC ttt  1         (4.3) 

SOC at every hour is equal to SOC at the previous hour plus the energy stored at the 

current hour. Note that in the day-ahead unit commitment the time interval is 1 hour, 

therefore we consider Δt = 1. Using (4.3), if the storage system is storing power, i.e. 

charging mode, PSt is negative and thus SOC will be increased. On the other hand, if the 

storage system is generating power, i.e. discharging mode, PSt is positive and thus SOC 

will be decreased. SOC is limited by (4.4) to prevent overcharging. 
max0 SOCSOCt           (4.4) 

An additional constraint to the storage system would be the final SOC, in which the SOC 

at the end of the scheduling horizon, i.e. hour 24, will be equal to a predefined value. In 

other words we would have
finalSOCSOC 24 . 

 

4.1.3 Contingency Operation 

Constraints (4.1)-(4.4) define the base case operation of the storage system. The 

charging and discharging mode of the storage is remained fixed in contingencies 

compared to the base case, i.e. ut and vt will not change. However, the storage output will 

change as in (4.5).  

),...,1(2,1, NTtuPSPSvPS tR

c

ttR        (4.5) 

Similar to base case operation, SOC of the storage system in contingencies is obtained 

based on storage output and SOC at previous hours as in (4.6). SOC is limited by (4.7).  

tPSSOCSOC c

t

c

t

c

t  1         (4.6) 
max0 SOCSOCc

t           (4.7) 

It should be noted that the initial SOC at base case and contingencies are similar. This 

coupling constraint is added to the formulation by (4.8).  

00 SOCSOCc           (4.8) 

 

4.2 Storage System Operation 

Economic and emergency operations of the storage system are modeled by adding the 

power output of the storage system to the load balance equation in base case and 

contingency cases. For the base case we would have 

),...,1(
1

NTtPDPSPMPG ttt

NG

i

it 


     (4.9)   

This constraint will be replaced by (3.11). For the contingencies we would have: 

),...,1)(,...,1(
1

NCcNTtPDPSPMPG t

c

t

c

t

NG

i

c

it 


  (4.10) 

Where this constraint is used instead of (3.22). Note that the storage system power, PSt, is 

positive when discharging, negative when charging, and zero when the storage system is 

in idle mode. Similarly in case of contingencies, PS
c
t is positive when discharging, 

negative when charging, and zero when the storage system is in idle mode. 
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The storage system would store energy at times of low prices or high microgrid 

generation, and will generate the stored energy at times of high prices or low microgrid 

generation. As a result, the storage system will provide economic benefits for the 

microgrid. In case of contingencies, the storage system will generate the stored power at 

times of microgrid component outages, hence compensating the generation shortage and 

providing microgrid adequacy to supply load.  

In solving the SCUC problem we assume that the load is completely predictable. So, 

it would be forecasted and considered as a fixed value. To consider the forecast errors in 

the SCUC problem stochastic approaches might be used. In stochastic approaches the 

error in load forecast, as well as the contingencies, are obtained using Monte Carlo 

simulation. However in this report, a deterministic approach is used which does not take 

forecasting errors into consideration. In practice, small changes in the load due to forecast 

errors can be considered in the microgrid real-time operation.  

 

 

 

 

 

 



22 

 

Chapter 5 

Numerical simulation 

 

A six-bus system, as shown in Figure 5.1, is analyzed to illustrate the economics and 

emergency operations of a storage system. The proposed model is implemented on a 2.4-

GHz personal computer using CPLEX 11.0 [28].  

 
L1 

G3 
L2 

Main Grid 

1 2 3 

4 5 6 

G4 

G1 G2 SMS 

 
Figure 5.1 Six-bus system 

 

The objective is to calculate the least cost commitment and dispatch of generation 

resources and the power purchase from the main grid to satisfy the hourly forecasted 

load. The characteristics of generating units and the hourly load distribution over the 24-h 

horizon are given in Tables 5.1 and 5.2, respectively. The real time electricity price data 

is provided in Table 5.3. The maximum possible power import to the grid is considered to 

be 10 MW, which is large enough to satisfy any reserve requirements in the microgrid. It 

is assumed that all the units are initially off, however, they have satisfied their minimum 

down time limit. So, the units can be turned on at the first operating hour is scheduled.  

 

Table 5.1 

Characteristics of generating units 
Cost Minimum Maximum Startup 

Unit No. Bus No. Coefficient Capacity Capacity Cost

($/MWh) (MW) (MW) ($)

1 1 27.7 1 5 40

2 1 39.1 1 5 40

3 6 61.3 0.8 3 10

4 6 65.6 0.8 3 10

Shutdown Minimum Minimum Ramp Up Ramp Down

Unit No. Cost Up Time Down Time Rate Rate

($) (h) (h) (MW/h) (MW/h)

1 0 3 3 2.5 2.5

2 0 3 3 2.5 2.5

3 0 1 1 3 3

4 0 1 1 3 3
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Table 5.2 

Microgrid load 

Hour 1 2 3 4 5 6 7 8 9 10 11 12

Load (MW) 4.12 4.12 4.3 4.12 4.29 4.12 4.34 4.47 5.05 6.87 6.86 6.9

Hour 13 14 15 16 17 18 19 20 21 22 23 24

Load (MW) 7.19 7.17 7.11 7.13 7.15 6.99 6.2 5.67 5.65 5.43 5.2 4.98
 

 

Table 5.3 

Real-time electricity price 

Hour 1 2 3 4 5 6 7 8 9 10 11 12

Price ($/MWh) 25 15 11 13.5 15.4 18.5 21.8 17.3 22.8 21.8 27.1 37.1

Hour 13 14 15 16 17 18 19 20 21 22 23 24

Price ($/MWh) 69 75.8 80.6 95.4 110 115 100 86.1 70.5 57.4 31 29.4
 

 

The following cases are considered to exhibit the role of the storage system in 

improving system economics. The contingencies are not considered in this case to show 

the impact of storage system on the total microgrid operating cost. 

Case 1: Base case without storage system 

Case 2: Adding a storage system to Case 1  

 

Case 1: In base case the storage system is not added to the system. The objective is to 

minimize the total operating cost over the scheduling horizon, i.e. performing UC for the 

entire scheduling horizon.  

The total operating cost in this case is $711.12, where it includes $7501.94 microgrid 

generation cost minus $6790.82 benefit from selling electricity to the main grid. When 

the electricity price is low, power is imported from the main grid to the microgrid, while 

at times of higher market prices, thermal units inside the microgrid are turned on to 

satisfy the load and excessive generated power is sold back to the main grid. Power is 

purchased from the main grid at hours 1-11, while the excessive power in the rest of the 

scheduling horizon is sold back to the utility. At hours 12-24 the higher market prices 

doesn’t allow power import to the microgrid. The purchased power from the main grid is 

shown in Figure 5.2. The electricity price is shown in Figure 5.3. From this figure it can 

be observed that when the electricity price is less than $27.7/MWh, i.e. the generation 

price of the cheapest unit in the microgrid, between hours 1-10, the power is purchased 

from the main grid and the entire microgrid load is satisfied by the main grid. At hour 11, 

unit 1 is turned on and the load is satisfied by unit 1 and main grid at the same time. 

Consider that generation of unit 1 is subject to its ramp rate limit, so it has not reached its 

maximum generation capacity at hour 11. Unit 1 operates at its maximum generation 

capacity for the rest of the scheduling horizon. Since the electricity price is high during 

hours 13-21, all the units are committed and dispatched at their maximum generation 

capacity, so the excessive power is sold back to the main grid and economic benefits are 

provided for the microgrid. Figure 5.4 shows generation of units inside microgrid.  
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Figure 5.2 Power purchase from the main grid in Case 1 
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Figure 5.3 Real-time electricity price 
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Figure 5.4 Unit generation in Case 1 

 

Case 2: In this case, a 2 MW storage system is added to the microgrid. The storage can 

be charged in 5 hours to reach the maximum SOC of 10 MWh. Rectangular charge and 

discharge profiles are considered with a minimum charging/discharging time of 1 hour.  

By adding the storage system, the total operating cost of the system is dropped to 

$17.55 which shows 97% reduction. The cost of satisfying load is $7301.21 and the 

benefit from selling electricity to the main grid is $7283.66. Adding the storage system to 

the microgrid reduces the cost of satisfying load and increases the amount of power sold 

back to the main grid, hence it significantly reduces the microgrid operating cost and 

provides economic benefits. 

Storage system is mostly charged at off-peak hours, when the price of electricity is 

low, and is discharged at peak hours, when the price of electricity is high. The discharged 

power of storage at peak hours is used for satisfying the load in microgrid when the load 

is high or to sell power to the main grid and increase economic benefits. The storage 

system power is shown in Figure 5.5. When the storage power is negative the storage is 

charging so it acts as a load, and when the storage power is positive the storage is 

discharging and it acts as a generator. Note that the storage is at most charged for 5 

successive hours, so that it would not violate its SOC limit. All the stored power at the 

storage system is generated during the scheduling horizon, so the SOC at the end of the 

scheduling horizon is zero. 

Power purchased from the main grid and unit generation are shown in Figures 5.6 and 

5.7, respectively. Compared to Case 1, the power purchased from the main grid is 

increased at low price hours, where the additional power is used to charge the storage 

system. In addition, the generation of unit 4 is reduced since the power sold to the main 

grid has reached its limit at hours 13-21. 

Comparing Cases 1 and 2 it can be concluded that the addition of the storage system 

changes the unit dispatch as well as the amount of power purchased/sold to the main grid, 

in a way that the microgrid operating cost is reduced. Therefore, storage system would 

provide economic benefits for the microgrid.  
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Figure 5.5 Storage power in Case 2 
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Figure 5.6 Power purchase from the main grid in Case 2 
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Figure 5.7 Unit generation in Case 2 

 

The emergency operation of the storage system is investigated in the following cases:  

Case 3: Without storage system 

Case 4: Adding a storage system to Case 3 (preventive mode) 

Case 5: Adding a storage system to Case 3 (corrective mode) 

In these cases a N-1 reliability criterion is considered for the microgrid, i.e. in case of 

outage of any generating units the microgrid load would still be satisfied.  

 

Case 3: Considering the contingencies, the results shown in Figures 5.8 and 5.9 are 

obtained for power purchased from main grid and unit generation, respectively. These 

results are similar to the results in Case 1 as the obtained schedule would satisfy system 

feasibility in case of contingencies. Whenever a unit is on outage the needed power is 

obtained from either rest of the microgrid units or power import from the main grid.  
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Figure 5.8 Power purchase from the main grid in Case 3 
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Figure 5.9 Unit generation in Case 3 

 

Case 4: A storage system, as introduced in Case 2, is added to the system. Only 

preventive operation of the storage system is considered, i.e., the output of the storage 

system in base case and contingencies would be similar. The storage power is shown in 

Figure 5.10. The storage system is discharged at its rated discharge power at hours 16-19 

to compensate the generation shortage due to unit outages and accordingly increase the 

amount of power sold to the main grid. Power purchased from the main grid and unit 

generation are respectively shown in Figures 5.11 and 5.12. The total microgrid cost in 

this case is $33.46. The total microgrid cost is increased compared to that in Case 2, since 

the impact of contingencies in system operation is taken into account.  
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Figure 5.10 Storage power in Case 4 
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Figure 5.11 Power purchase from the main grid in Case 4 
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Figure 5.12 Unit generation in Case 4 

 

Case 5: The corrective actions of the storage system are considered in this case. 

Considering corrective actions, the output of the storage system might change in different 

contingencies compared to base case to satisfy system feasibility and satisfy load. Figure 

5.13 depicts the storage power. Similar to Case 4, the storage system is discharged at its 

rated discharge power at hours 16-19 to compensate the generation shortage due to unit 

outages and accordingly increase the amount of power sold to the main grid. However, 

the storage output in contingency cases is different from base case. Power purchased 

from the main grid and unit generation are respectively shown in Figures 5.14 and 5.15. 

The total microgrid operating cost in this case is $17.55, which shows reduction in total 

microgrid cost when the corrective actions of the storage system are considered.  
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Figure 5.13 Storage power in Case 5 
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Figure 5.14 Power purchase from the main grid in Case 5 
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Figure 5.15 Unit generation in Case 5 

 

Two cases are considered for islanded operation of the microgrid as follows: 

Case 6: Microgrid islanded mode without storage system 

Case 7: Microgrid islanded mode with storage system 

The N-1 reliability criterion is considered in Cases 6 and 7.  

 

Case 6: The islanded microgrid operation is considered in this case, without addition of 

storage system. The unit generation is shown in Figure 5.16. Unit 1 satisfies the based 

load and is on at the entire scheduling horizon. Unit 2 is also on at the entire scheduling 

horizon to satisfy intermediate loads in addition to satisfy system feasibility in case of 

unit 1 outage. Since unit 2 is committed to satisfy system security rather than economic 

reasons it is dispatched at its minimum capacity limit. Peak loads are met by commitment 

and dispatch of unit 3. Unit 3 is committed to also help unit 1 in satisfying load when unit 

2 is on outage. Unit 4 is not committed at all. The power purchase from the main grid is 

zero since the microgrid is in islanded mode. The total microgrid cost is $4462.95.  
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Figure 5.16 Unit generation in Case 6 

 

Case 7: The storage system power in this case is shown in Figure 5.17. Storage system is 

charged at off-peak hours and discharged at peak hours to enhance the operation of less 

expensive units 1 and 2. As shown in Figure 5.18, the generation of unit 1 is increased 

compared to Case 6, while the generation of unit 3 is decreased. Unit 3 is only committed 

at hours 13-17 and 19 in this case, where in Case 6 this unit is committed at hours 9-23. 

In case of outage of unit 2 the needed power is mostly provided by the storage system 

rather than unit 3. The total microgrid cost is dropped by 5.58% to $4213.59. 

Comparing this case with the solution of Case 6 it can be concluded that the storage 

system would result in economic and security benefits in the microgrid even in the 

islanded microgrid operation mode.  
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Figure 5.17 Storage power in Case 7 
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Figure 5.18 Unit generation in Case 7 

 

 



34 

 

Chapter 6 

Summary and Recommendations 

 

The development of microgrids is increasing in the power systems as they bring 

significant benefits for system operators, utilities and end-use customers. The microgrids 

improve system reliability, enhance power quality, reduce system carbon emissions, and 

reduce generation, transmission and distribution costs. In addition, microgrids would help 

improve the application of DERs. However, the efficient operation of microgrids depends 

on accurate and practical modeling of microgrid components. One of the most important 

components of a microgrid is the storage system, which plays a vital role in microgrid 

operation.  

In this report, the economic and emergency operations of the storage system in a 

microgrid are explored. The storage systems provide economic benefits for the microgrid 

by storing energy at times of low electricity prices or high microgrid generation and 

generating the stored energy at times of high electricity prices or low microgrid 

generation. In other words, storage systems shift the high price peak loads to low price 

off-peak loads. In addition to economic benefits, storage systems could be used in 

emergency cases where microgrid generation resources are on outage. The storage 

systems would generate the stored energy when the microgrid generation is not sufficient 

to meet the local load and thus ensure microgrid adequacy and prevent additional costs of 

buying high price electricity from the main grid.  

An efficient formulation to model the storage system was proposed and incorporated 

to the SCUC problem. A mixed-integer linear programming approach was used to model 

SCUC problem objective and constraints. The solution of SCUC problem includes the 

hourly commitment and dispatch of available generation resources, amount of hourly 

power purchased (sold) from (to) the main grid and schedule of the storage system. 

Numerical simulations on a six-bus microgrid test system exhibit the effectiveness of the 

proposed approach and revealed the economic and emergency advantages of the storage 

system in a microgrid.  

Further work on this subject might include modeling a long-term SCUC problem and 

incorporating microgrid reliability constraints and requirements, to find the optimal 

storage system size. The optimal storage system size would be obtained by comparing the 

economic and reliability advantages that the storage system adds to the microgrid with 

the storage system investment cost added to the microgrid. In addition, the incorporation 

of renewable resources to the proposed formulation will provide an extension to the 

existing work. The storage system would help mitigate volatility and intermittency of the 

renewable generation, which will result in reduce microgrid operating costs and enhanced 

microgrid control. Also some improvements can be made in the SCUC formulation, 

where instead of a deterministic approach a stochastic approach is used. Using a 

stochastic model, the uncertainty in load forecasts and components outages will be 

modeled and incorporated into the SCUC formulation.  
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