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Abstract—Developing practical models for microgrid 

components is the first and most essential step in modeling a 
microgrid. In this paper a practical model for one of the most 
imperative components of the microgrid, a storage system, is 
proposed. To model the practical operation of the storage system, 
typical charge and discharge profiles proposed by the 
manufacturers are considered. Unit commitment (UC) in a 
microgrid is formulated and used to ensure the optimal operation 
of the microgrid while incorporating the storage system. Mixed 
integer programming (MIP) is used to formulate the UC problem 
and model the storage system. The practicality of the model, as 
well as the economic benefits obtained through using a storage 
system in the microgrid is examined using a six-bus system.  
 

Index Terms—Microgrid, Storage system, Smart grid, Unit 
commitment 
 

NOMENCLATURE 

tC      Electricity price. 

iDR     Ramp down rate limit of unit i. 
max
SE     System emission limit. 

ciF      Production cost function of unit i. 

fiF      Fuel consumption function of unit i. 

eiF      Emission function of unit i. 
min

FTF     Minimum fuel consumption. 
max

FTF     Maximum fuel consumption. 
FT      Index for fuel type. 
i       Index for unit. 

itI      Commitment state of unit i at time t. 
NG      Number of units. 
NT      Number of time periods. 

tDP ,      System demand at time t. 

tMP ,  Power imported (exported) from (to) the main 
grid at time t. 

max
MP  Maximum possible power import (exported) 

from (to) the main grid. 
tSP ,  Power generated (consumed) by the storage 

system at time t. 
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itP      Generation of unit i at time t. 
min

iP     Minimum power generation of unit i.  
max

iP     Maximum power generation of unit i.  

tR      System reserve requirement at time t. 

itfSD ,     Shutdown fuel consumption of unit i at time t. 

iteSD ,     Shutdown emission of unit i at time t. 

itSD     Shutdown cost of unit i at time t. 

itfSU ,     Startup fuel consumption of unit i at time t. 

iteSU ,     Startup emission of unit i at time t. 

itSU     Startup cost of unit i at time t. 
t       Index for time. 

off
iT     Minimum down time of unit i. 
on

iT      Minimum up time of unit i. 

iUR      Ramp up rate limit of unit i. 
off
itX     OFF time of unit i at time t. 
on
itX     ON time of unit i at time t. 

 

I. INTRODUCTION 
microgrid is a small-scale intelligent power network 
designed to supply power for its customers. Generally, 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 distributed 
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 
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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.  

- 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 no 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.  

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.  

Fig. 1 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.  

 

 
Fig. 1 Simplified microgrid model 

 
As shown in Fig. 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 improvent, and deferral of 
upgrade investments.  

In this paper, the UC problem in a microgrid is formulated 
incorporating a practical model for the storage system. 
Commercially-available storage management systems (SMS) 
are used for storage system modeling. Mixed integer 
programming (MIP) is used to formulate the UC problem. The 
goal of this paper is to show the economic benefits, as well as 
peak shaving capability of the storage systems in a microgrid. 
In this regard, the renewable resources are ignored in this 
work and will be discussed in a future paper.  

The paper is organized as follows: Section II presents the 
UC problem formulation and in detail discusses the modeling 
of the storage system. Section III presents the numerical 
simulations on a six-bus system. Concluding remarks are 
discussed in Section IV. 
 

II. PROBLEM FORMULATION 

A. Unit Commitment 
The objective of the UC is to determine the day-ahead 
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schedule of generating units in order to minimize the system 
operating cost while meeting the prevailing constraints.  

The objective function of UC is 
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This objective has two terms. The first term is the operating 

cost of the units inside the microgrid, including fuel costs for 
producing electric power, as well as startup and shutdown 
costs of each unit over the entire time period. The second term 
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 UC problem is subjected to the following constraints:  
 

1) System power balance 
System power balance equation is defined by (2).  
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This equation ensures that the summation of power 

generated from local thermal plants, the power from (or to) the 
storage system, and the power from (or to) the main grid 
satisfy the hourly load. Note that the power of the storage 
system, PS,t, is positive when the battery is discharging, 
negative when the battery is charging, and zero when the 
storage system is idle. Similarly, the main grid power, PM,t, is 
positive when the power is imported from the main grid, 
negative when the power is exported to the main grid, and 
zero when the microgrid operates in islanded mode. The load 
is fixed and obtained using load forecasting techniques.  

Equation (2) is considered for every hour of the operating 
horizon.  

 
2) System reserve requirements  

The system reserve requirement is satisfied by (3). Using 
this constraint a sufficient number of units is committed to 
satisfy the reserve requirement. 
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A variety of approaches has been proposed to determine the 

amount of reserve required by a system. The most common 
approaches are percentage of the load and largest unit capacity 
in the system.  

 
3) Unit output limits 

The minimum and maximum generation of a unit is limited 
by (4), which is based on physical limitations of unit energy 
power generation.  

 

),...,1)(,...,1(max,min, NGiNTtIPPIP itiititi ==≤≤  (4) 
 

4) Ramping limits 
Ramping up and down limits are formulated by (5) and (6), 

respectively. Using these limits, the unit cannot increase its 
generation between two successive hours more than its ramp 
up limit allows. Similarly, the unit cannot decrease its 
generation between two successive hours less than its ramp 
down limit allows.  
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5) Minimum up and down time limits  

The unit minimum up and down time constraints are 
defined by (7) and (8), respectively. Using a minimum up time 
limit, the unit cannot be turned off for specific number of 
hours after it is turned on. Similarly using a minimum down 
time limit, the unit cannot be committed and turned on for a 
specific number of hours after it is turned off. 

   
),...,1)(,...,1(0]][[ )1()1( NGiNTtIITX itti

on
i

on
ti ==≥−− −−  (7)  

),...,1)(,...,1(0]][[ )1()1( NGiNTtIITX tiit
off

i
off

ti ==≥−− −−  (8) 

 
6) Fuel limit 

Fuel limit is defined by (9), which restricts the total amount 
of fuel to be consumed by the thermal units in a microgrid. 
This limit shows the interdependency of the electricity to the 
fuels (mostly fossil fuels) used to generate power. A similar 
constraint might be defined for the fuel consumption of every 
thermal unit in the microgrid.  
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7) Emission limit 

Constraint (10) defines the emission limit, where the total 
emission of the units in a microgrid should be less than a 
predefined value.  
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The general mathematical model of UC constraints is 

provided here. However, the MIP formulation of these 
constraints can be found in the literature [8]. A more detailed 
explanation on the UC solution approaches and constraints 
can be found in [9].  
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B. Storage System 
Three different operating modes are considered for the 

storage system: charging, discharging and idle. Two binary 
variables, ut and vt, are used to model these modes as shown in 
Table I.  

TABLE I 
STORAGE SYSTEM OPERATING MODES 

Mode Binary variables 
ut vt 

Idle 0 0 
Discharging 1 0 
Charging 0 1 

 
Constraints (11) and (12) define the operating mode of the 

storage system. Constraint (11) ensures that the storage system 
cannot be in the charging and discharging mode at the same 
time. Constraint (12) defines the limits on storage power level 
for every hour. In idle mode the output power is set to zero. In 
charging mode the output power is limited between rated 
charging power and zero. Note that in this case the negative 
sign defines the storage as a load. Finally, in discharging 
mode the output power is limited between zero and rated 
discharging power.  

 
),...,1(1 NTtvu tt =≤+  (11) 
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A detailed discussion of charging and discharging modes is 

provided in the following.  
 

1) Charging 
The charging of the storage system usually has a 

rectangular shape. It means that the storage can start charging 
as soon as the charging command is sent by the controller and 
charging occurs at a constant power level. However, the 
charging is limited by the rated power (12) and state of charge 
(SOC).  

 
2) Discharging 

Unlike charging, the discharging of a battery can follow 
predefined discharging profiles. The discharging profiles 
typically have a trapezoidal shape, so the storage system goes 
through a gradual increase and decrease in power production 
when transitioning between zero and rated discharging power 
or vice versa. Using such trapezoidal profile, the amount of 
energy available from each discharge period could be 
maximized.  

This referenced discharge profile is specifically designed to 
optimize long-term system performance [10]. The discharge 
profiles vary in shape, duration, and number of discharge 
periods. Fig. 2 depicts a typical discharge profile.  

 
Fig. 2 Typical discharge profile of a storage system 

 
The three segments of the trapezoidal discharge profile are 

formulated in (13): 
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In production ramping of the storage system( i.e. segments 

1 and 3), the average energy production between the current 
hour and previous hour is used. TDt counts the number of 
continuous discharging hours at hour t and is obtained by 
using  (14) and (15). 

  
tt uTD 30 τ≤≤  (14) 

1)1)(1(1 13 ≤−≤−+− −ttt TDTDuτ  (15) 
 
Using (14) and (15), when the storage system is not in 

discharging mode (i.e. ut = 0), the discharge counter is set to 
zero. On the other hand, when the storage is discharging (i.e. 
ut=1), the discharging counter would be equal to the 
discharging counter at the previous hour plus one.  

Here, the trapezoidal discharging profile is formulated. 
However this model can be simplified by considering a 
rectangular discharging profile by setting τ1=0 and τ3=τ2. 
Consequently, segments 1 and 3 would be eliminated from the 
profile and the remaining segment is a rectangular profile. 
Note that the discharge profile is predefined by the 
manufacturer based on the operator’s need for power. The 
predefined discharge profile cannot be arbitrarily modified or 
expanded since it impacts the battery temperature [10].  

 
3) State of Charge (SOC) 

The energy stored in a storage system is called state of 
charge (SOC). SOC is obtained using (16). 
 

tPSOCSOC tStt Δ−= − ,1  (16) 
 

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, 
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therefore we consider Δt = 1.  
Limiting SOC of the storage system to prevent 

overcharging is also required. So, (17) is added to the model. 
  

max0 SOCSOCt ≤≤  (17) 
 

III. NUMERICAL SIMULATION 
A six-bus system, as shown in Fig. 3, is analyzed to 

illustrate the performance of the proposed method. The 
proposed method was implemented on a 2.4-GHz personal 
computer using CPLEX 11.0 [11].  
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Fig. 3. Six-bus system 

 
The objective is to calculate the least cost of dispatch with an 
hourly fixed load. The characteristics of generators and the 
hourly load distribution over the 24-h horizon are given in 
Tables II and III, respectively. The real time price data is 
provided in Table IV. The maximum possible power import to 
the grid is considered large enough to satisfy any reserve 
requirements in the microgrid.  
 
The following cases are considered: 
Case 1: Base case (considering power import only). 
Case 2: Enabling power export. 
Case 3: Adding a storage system to Case 1. 
Case 4: Adding a storage system to Case 2. 
 
Case 1: base case UC is performed, assuming that no storage 
system is installed and power cannot be exported to the main 
grid, therefore only power import from the main grid to the 
microgrid is considered.  

Unit 1 is committed at hours 4-24 and unit 2 is committed 
at hours 10-20. At hours 1-3 it is more economical to import 
the required power from the main grid, since the real-time 
price of electricity is less than the price of electricity 
generation inside the microgrid. Also power is imported to the 
microgrid at hours 8, 9, 21, 22 and 24, in order to help unit 1 
to satisfy the load. Fig. 4 depicts the generation schedule of 
units 1 and 2. The total operating cost in this case is $3829.39.  
 
Case 2: in this case the additional power generated in the 
microgrid can be exported to the main grid when it is 
economical. Enabling the power export the unit generation 

schedule shown in Fig. 5 is obtained.  
 

TABLE II 
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 6 39.1 1 5 40
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  
 

TABLE III 
HOURLY LOAD DEMAND 

Hour 1 2 3 4 5 6 7 8

Load (MW) 4.12 4.30 4.12 4.29 4.12 4.34 4.47 5.05

Hour 9 10 11 12 13 14 15 16

Load (MW) 6.87 6.86 6.90 7.19 7.17 7.11 7.13 7.15

Hour 17 18 19 20 21 22 23 24

Load (MW) 6.99 6.20 5.67 5.65 5.43 5.20 4.98 4.89  
 

TABLE IV 
REAL-TIME PRICE 

Hour 1 2 3 4 5 6 7 8

Price ($/MWh) 25.03 20.97 23.51 25.36 28.51 31.80 27.30 32.83

Hour 9 10 11 12 13 14 15 16

Price ($/MWh) 31.84 37.09 47.06 48.95 35.79 36.57 35.44 49.79

Hour 17 18 19 20 21 22 23 24

Price ($/MWh) 85.45 60.28 46.05 40.53 37.38 30.95 29.42 26.68  
 
Unit 1 is committed at hours 4-24 and unit 2 is committed at 
hours 9-22. Except the startup and shut down hours, in which 
the ramping limits restricts the generation change, two units 
generate their maximum capacity. Power is exported at hours 
5-23 and is imported at hours 1-4 and 24. The total operating 
cost of the system is dropped to $3255.79. 
 
Case 3: in this case, a 3.6 MW storage is added to the system. 
The storage can be charged in 5 hours to reach the maximum 
SOC of 18 MWh. A trapezoidal discharge profile is 
considered, which discharges the storage in 7 hours with the 
rated discharge power of 3 MW. From the start time of 
discharging it takes 1 hour to reach the rated discharge power, 
5 hours to discharge at the rated discharge power, and 1 hour 
to reach zero power output. Using the storage system 
considerably changes the unit schedule in the microgrid. Unit 
1 is committed at the entire scheduling horizon, while unit 2 is 
committed only at hours 15-20. The storage is charged at 
hours 1-5, when the electricity price is relatively cheap. The 
required power is supplied by unit 1 and import from the main 
grid. The discharging starts at hour 9, while the storage is 
getting discharge at its rated discharge power at hours 10-14. 
The storage is fully discharged at hour 15. Fig. 6 depicts the 
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unit and storage schedule.  
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Fig. 4 Unit schedule in Case 1. 
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Fig. 5 Unit schedule in Case 2. 
 
The total operating cost is $3767.54, which shows 1.62% 
improvement compared to Case 1. 
 

Case 4: adding the storage system and enabling the power 
export maximizes the flexibility of the microgrid. Fig. 7 shows 
the unit and storage schedule. Unit 1 is committed at the entire 
scheduling horizon, and unit 2 is committed at hours 9-22. 
The storage is charged at hours 1-5 and discharged at hours 
15-21. Power is exported at hours 6-23 and is imported at 
hours 1-5 and 24. The power export reaches its highest values 
at hours 16-20, since both units are generating their maximum 
capacity and the storage is discharging at its rated discharge 
power. The price of electricity is higher at these hours, which 
causes larger benefits for the microgrid. The maximum 
exported power is 7350 MW at hour 20. The total operating 
cost is $2764.25, which shows a 15.1% reduction in total 
operating cost compared to Case 2 and 27.8% reduction in 
total operating cost compared to Case 1.  

By comparing these four cases it can be concluded that the 
storage system provides economical benefits for the 
microgrid. The benefits are twofold: first, by storing the 
energy at cheap hours and generating power at expensive 
hours of the scheduling horizon. And second, by preventing 
the commitment of the expensive units in the microgrid.  
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Fig. 6 Unit and storage schedule in Case 3. 
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Fig. 7 Unit and storage schedule in Case 4. 
 

TABLE V 
SUMMARY OF RESULTS 

Unit 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Unit 2 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0

Trade 1 1 1 1 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1

Unit 1 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Unit 2 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0

Trade 1 1 1 1 -1 -1 -1 1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1

Unit 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Unit 2 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 0 0 0 0

Storage -1 -1 -1 -1 -1 0 0 0 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0

Trade 1 1 1 1 1 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 1 1 0 1

Unit 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Unit 2 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 0 0

Storage -1 -1 -1 -1 -1 0 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 0 0 0

Trade 1 1 1 1 1 -1 -1 1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 -1 1

Hour (1-24)

C
as

e 
1

C
as

e 
2

C
as

e 
3

C
as

e 
4

 
 
Furthermore it can be seen that the maximum benefits can be 
derived from the storage system when two-way transactions 
with the main grid are enabled. 

A summary of unit schedule, storage schedule, and power 
trade with the main grid in the four studied cases is presented 
in Table V. For units, 1 means that the unit is committed and 0 
means that the unit is not committed. For storage, 1, 0 and -1, 
means charging, idle, and discharging modes, respectively. 
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For power trades, 1 means that the power is imported to the 
microgrid, -1 means that the power is exported, while 0 means 
there is no power trade between the microgrid and the main 
grid.  

IV. CONCLUSION 
A practical model of storage management system was 

proposed and incorporated into unit commitment (UC). The 
UC formulation, applicable to microgrids, was proposed and 
discussed. The operational modes of the storage system (i.e. 
charging, discharging and idle), were formulated in an 
efficient and practical way. Furthermore, the discharging 
profile of the storage system was defined and utilized.  

A simple six-bus system was used to show the efficiency of 
the proposed approach as well as economical advantages of 
the storage system in the microgrid. The case study showed 
that the maximum economical benefits can be obtained from 
the storage system when the power export is enabled in the 
microgrid.  
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