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Abstract

Study of a battery energy storage system in a weak
distribution grid

Jonas Lindstens

The awareness of the problems with fossil energy sources have 
increased the past decades. To decrease the effects of the fossil 
fuels on the climate and the environment, the use of intermittent 
energy sources such as solar- and wind power are increasing. 
Intermittent generation creates instability in the power grid, which 
cause fluctuations in the voltage and the frequency of the power 
grid. To be able to handle these fluctuations, regulating capacity 
such as for example pumped storage or batteries are needed.

This thesis has investigated how the placement and the power capacity 
of a battery energy storage system affects the possibility for 
frequency and voltage regulation in a weak distribution grid. The 
investigation was made in MATLAB Simulink by creating a weak radial 
distribution grid with a high penetration of solar power. The 
distribution grid had variable loads with different power consumption 
at each bus, creating instability in the distribution grid. 

The optimal placement of a battery energy storage system is firstly 
at the largest load and secondly as far away from the other power 
generation units as possible. A battery storage with a power capacity 
that can handle all consumption is optimal. It is possible to have a 
smaller power capacity if the grid is stable enough to withstand the 
appearing fluctuation of frequency or voltage. The frequency 
variations are more dependent on the power capacity and the voltage 
variations are more dependent on the placement of the battery energy 
storage system.
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Populärvetenskaplig sammanfattning 

Koldioxidutsläppens påverkan på klimatet är ett problem som berör alla människor och 

hur vi producerar vår elektricitet påverkar hur mycket koldioxid vi släpper ut. Det finns 

många olika typer av energikällor för att producera elektricitet och de vanligaste i Sverige 

är idag kärnkraft och vattenkraft. Dessa ger låga koldioxidutsläpp och därför även en låg 

påverkan på klimatet. Globalt är fossila bränslen de vanligaste för att producera 

elektricitet, detta är ett problem eftersom att fossila bränslen skadar klimatet genom höga 

koldioxidutsläpp. Även kärnkraft är ett livligt diskuterat ämne, då kärnkraft har 

radioaktivt avfall. Detta gör att även Sverige påverkas av diskussionerna kring nya 

energikällor. De miljövänligare energikällorna, solkraft och vindkraft, är variabla 

energikällor. Deras variabilitet skapar instabilitet på det elektriska nätet. Instabiliteten på 

nätet märks främst på variation av elektricitetens frekvens och spänning. Dessa två 

parametrar måste hållas inom ett visst intervall för att det elektriska nätet ska fungera på 

ett tillfredställande sätt. Dessa satta intervall kallas för nätregler och alla som vill ansluta 

sig till det elektriska nätet måste följa dessa.  

När det uppstår instabilitet i elektricitetens frekvens och spänning behövs det utrustning 

i det elektriska nätet som kan motverka instabiliteten. Ett sätt är att använda sig av 

energilager för att stabilisera nätet. Det finns många olika typer av energilager, men i den 

här studien används ett batterilager. Ett batterilager är bra eftersom det är väldigt flexibelt 

och finns i många olika storlekar, allt från små batterier till telefoner, till anläggningar på 

flera MW i det elektriska nätet. Ett batterilager lagrar elektriciteten när det produceras 

mer effekt än vi förbrukar, för att sen återföra den till det elektriska nätet när vi använder 

mer effekt än vi producerar. Syftet med studien är att undersöka hur placeringen av 

batterilagret påverkar frekvensen och spänningens stabilitet, samt att undersöka hur 

batterilagrets effektstorlek påverkar dessa parametrar. 

Undersökningen är gjord genom simuleringar i programmet MATLAB Simulink, där en 

modell av ett litet elektriskt nät skapades. Det skapade elektriska nätet var av låg 

spänning, likt det som går in till vanliga bostäder, och bestod av sex hus som agerade 

konsumenter. Genom att ändra placeringen av batterilagret mellan de olika husen, 

studerades frekvensen och spänningen vid varje hus. När den bästa placeringen var 

bestämd testades att minska effektkapaciteten på batterilagret vid det huset för att se hur 

detta påverkade frekvensen och spänningens stabilitet vid de olika husen. 

Resultatet visade att svaga elektriska nät är mycket mer instabila än starka elektriska nät. 

Batterilagret bör i första hand placeras vid den största konsumenten och i andra hand så 

långt bort från övrig elektricitetsgenerering som möjligt. Vidare visades att oavsett 

placeringen av batterilagret så uppstod det goda effekter för det elektriska nätet. Om 

effektkapaciteten på batterilagret minskades, försämrades stabiliteten i det elektriska 

nätet. Slutsatsen av denna studie är att placering och storlek på batterilagret har betydelse 

för stabiliteten på det elektriska nätet och att resultat från denna rapport är viktigt att ta 

hänsyn till vid inkoppling av batterilager.  
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Executive summary 

This thesis aims to study the effect on regulation of frequency and voltage in a weak 

distribution grid due to the placement and power capacity of a battery energy storage 

system. The report conclude that the battery energy storage is recommended to be placed 

at the largest load and if there are loads of equal size it should be located at the largest 

load with the largest distance from the power generation units. The power capacity of the 

battery energy storage system is optimal for the regulation when it can cover all the 

fluctuation in power output. If the strength of the power grid allows it is possible to install 

an energy storage with a smaller power capacity, without reaching outside the Swedish 

grid code. It is therefore recommended to install a power capacity that can cover all 

fluctuations in prevention for future changes.  

A model of a radial distribution grid with a large part of solar power was implemented in 

MATLAB Simulink. The distribution grid consists of six variable loads. The variability 

of the loads will create instability in the distribution grid. The battery energy storage was 

placed at the different busses in the distribution grid and the frequency and voltage 

fluctuation was studied. 

Future studies in the area would be to try different types of control systems of the battery 

energy storage, to see if the control system affect the optimal power capacity and 

placement of the battery energy storage. Another study could be about the storage 

capacity if the simulations is made over a longer period. 
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1. Introduction 

Back in the late 1990s scientists had already started to address the increasing usage of 

renewable energy, as well as started to predict how the renewable energy sources would 

evolve in the future [1]. Every year since then the renewable energy has increased its 

penetration of the power grid and this trend seems to keep developing exponentially. This 

trend is due to the potential of renewable energy and the relatively low penetration in the 

power grid today, compared to fossil energy [2].  The market for renewable energy is not 

only driven by the potential of renewable energies, but also from incitement from the 

government through climate goals that force the energy usages toward renewable energy 

instead of fossil energy. One of the most famous goals is the 20-20-20 target agreed by 

the European union in December 2008, saying that at least 20 % of the energy should be 

renewable [3]. 

With an increasing penetration of variable renewable energy sources, such as wind-, 

solar- and marine tidal power, new difficulties occur on the power grid. One big challenge 

apart from making the renewable energy competitive and efficient is the aspect of the 

power quality in the power grid. Power quality decreases in a power grid with high 

penetration of variable energy and from the fluctuations of frequency and voltage the 

power quality in the power grid will have increased stability issues [4], [5]. The new 

problems create other challenges for the renewable energy to find solutions to. 

One advantage that the fossil energy sources have compared to the renewable energy 

sources is the possibility to transport the fuel. The renewable energy is location dependent 

which forces the grid to reach the best potential spots for production, instead of producing 

where it would be best for the power grid. The location dependence often leads to the 

need to connect the production at weak spots on the power grid. In a weak power grid the 

power quality problems are more severe than in a strong power grid [5]. 

One solution is to use energy storages to assist the renewable energy and for regulation 

in the power grid. When the renewable energy sources produce more than needed, energy 

storages can save surplus energy and then put the electricity back on the grid when 

needed. This can help matching the supply and demand, and through that increase the 

power quality [6]. Energy storage is an expensive investment and it is important to use 

the energy storage to its full potential to justify it. The placement and the output power 

capacity of the energy storage are two important factors to consider to be able to utilize 

the energy storage to its full potential. 

1.1 Earlier studies 

Since battery energy storages entry on the market, the research around them have been 

extensive. One hot area of study has always been how to model and simulate a battery 

energy storage system [7], there are also many studies of how the battery energy storage 
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can be used to enable a larger penetration of solar or wind power on the power grid [8]–

[10].  

A new method to calculate the placement and power capacity of a battery energy storage 

system is created in [11], they use an algorithm to calculate the capacity and placement 

in a transmission grid with constant loads. There is also research about placement of 

energy storage in power systems with a high penetration of wind power [12], which focus 

on the economics to minimize the cost for generation. One other study is [13], shows that 

the battery energy storage should be placed as close as possible to the highest load in a 

strong power grid with high penetration of wind power. This article also uses constant 

loads.  

This thesis has focused on the placement in a distribution grid instead of the more usual 

approach, in a transmission grid. The thesis also has a new approach with variable loads 

in a weak grid while studying the effect on power quality depending on the placement in 

the power grid. The use of variable loads adds an extra factor of instability in the power 

grid and it is important to study because the real power grid have variable loads. 

1.2 Aim 

The aim of this thesis is to investigate how the power capacity and placement of a battery 

energy storage system affect the power quality in a weak power grid with a high 

penetration of solar power and with variable loads. The placement and the power capacity 

of the battery energy storage system are two of the parameters that determine how much 

the power quality will be improved. The following questions was formulated for the 

thesis.  

• How does the placement of a battery energy storage system affect the power 

quality in a weak distribution grid? 

• How does the power capacity affect the power quality in a weak distribution grid? 

1.3 Limitations 

This thesis focus on the Swedish power grid conditions and all references to power quality 

is made with focus on the Swedish grid code. The grid code varies between different 

countries and the results may therefore not reach the grid code of every country. The 

power quality parameters in focus are frequency and voltage deviation, other aspects are 

not taken into account. 

This thesis uses data for one day and will therefore only consider the power capacity of 

the power output from the battery energy storage. There are many other dimensioning 

parameters that could be studied, but these will be assumed to be satisfied at all times.  
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2. Theoretical background 

2.1 Power grid 

The power grid consists of three major parts, which are generation, transmission or 

distribution and loads. The generation can come from many different primary energy 

sources such as wind, coal, nuclear or solar. The loads are represented by the consumers 

on the power grid and can be everything from an ordinary household to an industry. The 

generation is generally not close to the loads, therefore there is a need of a transmission 

grid to transport the power from generation to load. Power grids transport systems are 

typically separated into transmission for high voltage, 220-400 kV, and distribution down 

to 0.4 kV. In Sweden a regional grid is also introduced which is for 20 kV and 130 kV, 

which means that the Swedish distribution grid is between 20 kV and 0.4 kV [14]. The 

losses in the transmission and distribution grid are 5 % in Sweden [15]. The losses are 

caused by the impedances in the transmission lines of the power grid.  

The transmission grid is a partial meshed system with more than one connection to each 

bus to prevent a major fault to occur. A partial meshed system is a system where the 

busses are connected to other busses, while in a meshed system every bus is connected to 

each other. Both kind of meshed system creates a possibility for a power loop which 

means that the power can reach the same bus without flowing the opposite way in the 

lines. The distribution grid is mostly part of a radial structure, a tree shaped structure 

without possibility for loops [16]. The both structures can be seen in Figure 1.  

 

Figure 1. Different kind of power grid network. The numbers are the different busses. 
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2.1.1 Grid codes 

The grid codes are different between nations, but most of the grid codes have the same 

requirement bases. The differences originate from politics, environmental and network 

conditions [17]. The grid owner creates the grid codes to secure the stability of the power 

grid. Customers of the power grid need to meet the technical specifications of the grid 

code to be allowed to connect to the power grid. These codes apply to all kind of 

customers, such as new production, loads or connection of a new part of the power grid. 

The power quality will not be affected by smaller customers.  The bases are requirements 

in active power and frequency control and in reactive and voltage control [5].  In Sweden 

we use the Nordic grid code, which is a co-operation between the Nordic countries for an 

easier connection and exchange of power.  

The Nordic grid code is defined for connection of systems with a voltage of 110 kV and 

above, but for the power grid to reach these codes they can be seen as guidelines for lower 

voltage levels to keep the wanted stability on the transmission grid. The grid code has, 

under normal operation at a nominal frequency of 50 Hz, an allowed deviation of 0.1 Hz. 

This means that the frequency needs to be kept between 49.9 and 50.1 Hz in Sweden 

under normal operation. Voltage deviation caused by switches in production or 

consumption is another important part of the grid code, where the deviation should not 

exceed 5 % during normal operation. If the voltage drops more than 10 % it is considered 

a voltage dip. Voltage dips are most often caused by earthing faults. The opposite to 

voltage dip is a voltage spike, which can be seen as a transient in the voltage. For more 

information about the Nordic grid code, see [18]. 

2.1.2 Weak power grid 

A weak power grid can be defined in different ways. Two general definitions of a weak 

power grid is by its weak connection to the main grid, examples are offshore wind farms 

and many grids in development countries [4], or by looking at the consumers and 

producers. In a weak power grid the producers and consumers can affect the function of 

the power grid easily. 

One commonly used way to define a weak AC power grid in science reports is by its low 

short circuit ratio, SCR. A low SCR is often characterized by a high direct current, a high 

impedance and a low part mechanical inertia in the power grid, causing large frequency 

and voltage fluctuations [19]–[22]. One way to decide if the SCR is low is through a 

comparison between the short circuit apparent power, Ssc, and the installed capacity for 

the generation power plant, Sn. Eq.1 shows how to calculate the SCR. 

𝑆𝐶𝑅 =
𝑆𝑆𝐶

𝑆𝑛
    [1]. 

With Eq. 1 a statement about the strength of the power grids can be done. A strong power 

grid is considered to be a power grid with a SCR above 20 [23], [24] and a weak power 

grid is considered to be a power grid with a SCR below 10 [24].  
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The short circuit power is calculated through a short circuit fault at the place in the power 

grid where the strength of the grid should be calculated. The impedances of the power 

lines create different SCR at every bus on the power grid. With Eq. 2 the short circuit 

apparent power can be calculated. U is the phase to phase voltage on the power grid, ISC 

is the short circuit current from the short circuit fault in the power grid and 1.1 is a 

coefficient applied by IEC 60909 to take account for the voltage cables at the fault. [25]. 

𝑆𝑆𝐶 = 1.1 ∗ 𝑈 ∗ √3 ∗ 𝐼𝑆𝐶  [2] 

The short circuit current is calculated at the fault in the power grid with Eq. 3. ZSC is all 

the impedances that the current have flown through from the generator to the fault [26]. 

There are different equations for the different type of faults and Eq. 3 is for a three-phase 

fault, the other equations can be seen in Appendix A. 

𝐼𝑆𝐶 =
𝑈

√3∗𝑍𝑆𝐶
   [3] 

2.1.3 Power quality on weak grids 

One of the major problems in a weak power grid is the impact one producer or consumer 

can have on the power grid. If one producer or consumer have problems with their role 

in the power grid the whole power grid can be affected. This is why weak power grids 

have longer time of errors and larger frequency variations than strong power grids [5]. 

High frequency variation creates technical issues such as instability in the power grid [5], 

[21] and forces the grid operator to invest in voltage and frequency regulation [4], [5]. 

The most common error in the weak power grid are voltage dips, which can effect 

customers and cause black outs or brown outs. A study showed that up to 80 % of the 

short time errors was due to voltage dips [27]. A voltage dip is a sudden decrease of the 

voltage level in the power grid [4]. The fluctuations in node voltages comes from the 

voltage drops due to the line impedances. Comparing a weak power grid to a strong power 

grid, the fluctuations and transients in voltage is more common in the weak power grid, 

both under dynamic state and in steady state [5]. Adding on the already mentioned voltage 

problems, the voltage stability also is sensitive to changes in the reactive power, which 

increases the voltage fluctuations even more [5]. 

The dependence of weak power grids on single producers and consumers makes it harder 

to match the active power for the grid operator [4].  The mismatch in active power creates 

fluctuations in the frequency. The lack of inertia in weak power grids gives the power 

grid a low regulating capacity which leads to even more problems in frequency stability 

[5]. 

The voltage and frequency variations creates stability issues on the power grid and even 

more issues on a weak power grid [5]. The system operators are responsible for the grid 

and they set grid codes. Because of the larger problems with stability in a weak power 

grid, the general grid code in a weak power grid is stricter than in the big stable power 



7 
 

grids [4]. The stricter grid code is because of the need to be able to give a reliable and 

stable power grid with a consistent power quality.  

2.2 Grid Connection of variable energy sources 

Even if renewable energy is good for the environment there are still many challenges yet 

to be solved. One of these challenges is the difficulties in integrating intermittent power 

to the power grid [4]. The integrating challenge is not something new, as early as in the 

middle of the 1990s scientists looked at the problems that might occur with higher 

penetration of solar power [28]. 

2.2.1 Location problems 

Some characteristics that define renewable energy are also the reason to some of the 

problems. One of these characteristics is that solar power is dependent on the sun light, 

which makes it a variable source of energy. Energy that varies without the possibility for 

the grid operators to control it, anymore then with forecasting technologies, creates 

problems with the power quality [29]. These power fluctuations can be because of clouds 

in motion [30] or other obstacles such as buildings and trees creating shadows [31] and 

this create sudden decreases in the amount of produced power. 

One other aspect of renewable energy is that, unlike fossil energy, the resources are not 

possible to move to where grid operators want it to produce. Grid operators are forced to 

connect the generation points from the places with the best opportunities for production 

before what would be best for the grid [29]. This is the reason many renewable energy 

sources are connected to a weak part of the power grid.  

Distributed generation also have another concern: it has no inertia, which reduces the 

systems effective inertia. When a system has reduced inertia it will become more affected 

by disturbances [32].  

Lastly, many of the renewable energies produce direct current, DC, instead of alternating 

current, AC, which is the standard in the power grid. To be able to connect the produced 

electricity to the power grid, an inverter is needed. Then the DC power can be transformed 

to AC and used on the power grid. An inverter creates an extra step in the chain causing 

some extra losses, but these are only in the range of 1-3 % [33]. 

2.2.2 Power quality 

Power quality is a description of how stable the voltage and current are [34] and a good 

power quality is when the voltage and current is a stable sinusoidal wave [31]. Distributed 

generation, DG, can be installed with low penetration, 5-10 % of the connected load, 

without significant problems, but with a penetration of 10 % of the connected load, real 

problems will start to occur on the power grid [35]. The most common problems that can 
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occur with a higher penetration of DG is voltage and frequency fluctuation, harmonics, 

power flow problems and power losses. 

Voltage fluctuation can create problems if the voltage drifts too far of the wanted value. 

Undervoltages can cause “brownouts”, which are characterised by problems with power 

equipment and weaker light radiation. Overvoltage is a threat to sensitive electronics and 

are decreasing the lifetime of all electric equipment. Voltage rises can also lead to a 

reverse power flow, which is problematic for the traditional power grid that is built for a 

one direction flow, from producer to consumer [35]. At 15 % installed penetration at a 

node there is swings in power flows [36]. 

Change in frequency occur from unbalance in demand and supply of active power [35]. 

Solar energy does not provide a stable production and that causes frequency variations. It 

is of importance for the grid to keep the frequency stable to avoid the problems that occur 

when it falls too low or rises too high. It is an important value to keep an eye on to be 

able to regulate the production after the consumption. 

High penetration of DG can increase the losses in the grid, while lower penetration levels 

decreases the losses [37]. The losses is decreased when the power can be used close to 

the production area. 

Integration of distributed generation on weak grids gives the same problem as on strong 

grid, but the problems are more severe since the grid already is sensitive to that sort of 

problems [4]. 

2.3 Energy storage 

The concept of energy storage is the possibility to store energy for later use, which is 

accomplished through various techniques. Energy storages are found in the everyday life 

as batteries that store electricity for smartphones and other portable electrical units. Other 

examples of energy storages are in water heat systems and the pond of hydro power [38]. 

As can be seen from these examples of energy storage systems, they are nothing new and 

have been used for decades to match the changes in demand and supply [39]. 

In power grids the use of energy storages can be represented by four different categories, 

they are presented in Table 1 and more about the different types of energy storages are 

discussed below. 
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Table 1. Overview of advantages and disadvantages of some types of energy storages 

[40].  

Name Type of energy 

storage 

Advantages Disadvantages 

Pumped 

hydro 

Mechanical • Well-known 

technique. 

• Low cost 

• Location 

dependant 

• Height 

differences 

needed. 

Flywheel Mechanical • Inertia 

• Low 

maintenance 

• Low discharge 

time 

• Low energy 

density 

Molten salt Thermal • Mature 

technology 

• Great for heat 

storage 

• Low energy 

density 

Batteries Electrochemical • Flexible 

• High energy 

density 

• Expensive 

 

The dominant kind of energy storage is pumped hydro, that represents 99 % of the 

installed capacity globally and is an example of a mechanical energy storage [38], [39]. 

Pumped hydro uses the gravity and large reservoirs of water to store energy. The surplus 

energy is used to pump water up to the reservoir and under deficit the water is used like 

in hydro power, using the height difference to operate a turbine. This is a well-known 

process from conventional hydro power, which makes it easy to implement. Together 

with a low construction cost, these are the biggest advantages of pumped hydro. The 

problem with pumped hydro storage is its dependence on location, it needs a height 

difference as well as a large reservoir [38]. 

Other kinds of mechanical energy storage are flywheels, hot water systems, liquid air 

storages and compressed air technologies. Liquid air storage and compressed air 

technology use different methods to power a turbine. Flywheel stores the energy as kinetic 

energy in a rotating mass, charging by increasing the angular velocity and discharging by 

lowering the angular velocity [38]. The biggest advantages of flywheels are the low need 

of maintenance and a long life span, capable for many charge/discharge cycles. Flywheels 
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have a short charge time, which also gives a short discharge time. This are both an 

advantage and a disadvantage [41]. 

The second type of energy storage is thermal energy storage, where thermal heat is stored 

through a medium. Molten salt in concentrated solar power is one example of these kind 

of systems. The heat is stored in the medium and is the charge process of the storage. The 

discharge process is done by extracting heat from the medium, which boils water and 

powers a turbine [38]. 

Chemical energy storage is a type of storage where the energy is stored in a substance 

created by a chemical reaction, while discharging is done by reversing the process. 

Examples of this type of process is hydrogen storage and storage through solid oxide 

technologies. This technology’s biggest strength is the high energy density in the material, 

which gives a high potential storage on a small area [39]. 

At last the electrochemical energy storage group is presented, which all of the different 

types of batteries belong to. The most common kind of batteries are lithium-ion, nickel-

cadmium and lead acid. Batteries are found everywhere and in all different kinds of sizes 

and shapes, this is a good sign of how scalable batteries are. With a scale-dependent cost, 

where the cost falls at higher scale, the use of batteries are experiencing a rapid growth. 

Together with its flexibility, making it easy to integrate, the use is predicted to keep on 

increasing in the upcoming years [38].  Batteries are used in the simulations in this thesis 

and are described more thoroughly in Chapter 2.4.1.  

With pumped hydro covering 99 % of the installed capacity worldwide, only 1 % consist 

of the other techniques[38]. The distribution of the other techniques can be seen in Figure 

2. All these techniques are still in a research state and on its way out on the market and 

with the help of political targets for 2050 the interest for energy storage is secured [39]. 
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Figure 2. Distribution of the 1 % installed capacity of energy storage that are not pumped 

hydro. 

 

2.3.1 Energy storage benefits 

Energy storage can provide advantages to all parts of the power utility system: 

distribution, transmission and generation. The possibility to store low-cost energy makes 

it competitive from a perspective of cost, creating values all way down to the end-users 

[6]. The benefits from energy storages can be categorized into six groups: [42] 

• Electrical grid infrastructure 

• Electrical grid operations 

• Electric supply 

• Renewables integration 

• End-user 

 

Electrical grid infrastructure 

Energy storage can be used to improve the infrastructure of the power grid, resulting in a 

higher efficiency of the power grid and better cost-effectiveness of the electrical 

transmission and distribution systems. The storage can be connected at so called hot spots, 

positions where there are problems, on the grid to improve the performance of the 
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transmission and distribution equipment. This method improves the power transmission 

capacity of the equipment [42].  

Electrical grid operations 

Energy storage can also facilitate power grid operation and ancillary services, acting as 

backup power or reserves, and decrease the need of regulating power on the power grid. 

The frequency and voltage stability can also be improved with energy storage assisting 

the power grid operators to stabilize the power grid. This leads to an improved power 

quality for both the operators and customers of the power grid. The most energy storages 

can be started and varied quickly, making them excellent as backup power [42]. 

Electric supply 

Energy storages has the advantage that it can store energy when the value is low and sell 

energy when the value is high, often referred to as “buy low-sell high” transactions. It is 

possible to store energy during the night when the supply is high and use the energy to 

balance the system at power consumption peaks. Renewable energy will create an 

increase in variation from the generation side of the power grid, making incitements for 

energy storage [39]. With the increased penetration of renewable energy in the power 

grid, energy storages is well positioned to play a crucial role for the stability [42]. 

End-users 

The end-user benefits can mostly be seen by reduced costs. Energy storage gives a more 

stable power grid and leads to avoided damage of electricity equipment. The nature of 

storage also gives a more even electricity price [42].  

There still are some challenges for energy storages today and the first concern is about 

the ownership. There is no clear ownership for who should be responsible for the energy 

storage; grid owners or renewable energy producers. The other one is the cost. To get the 

pole position and be the first choice solution to grid operation problems, the energy 

storage need to present a cheaper solution than the other solutions, such as flexible 

generation systems, transmission/distribution upgrades and demand side management 

[39]. 

2.4 Battery energy storage system BESS 

The battery energy storage system (BESS) mainly consist of three parts, batteries, a power 

conversion system (PCS) and a control system called battery management system (BMS). 

The batteries and the PCS are the major electronic components in the system and both of 

the technologies go through a rapid development [43]. In Figure 3 the main structure of 

a BESS is presented. It consists of a battery sending out DC-power towards the PCS, 

which converts the power to AC and a transformer that transforms the voltage to match 

the utility and loads. The BMS is acting as the control unit for the batteries as well as the 

PCS. 
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Figure 3. Overview of a battery energy storage system connected to the utility. 

The batteries are the main concept that the whole BESS is built around and there are the 

batteries that achieve the storage and release of energy. The rest of the system is there to 

make the batteries suitable for the power grid. The PCS manage the conversion and power 

flow for both the charge and discharge process. The BMS is the control unit, deciding 

which way the power flow should be. It decides if the battery should charge or discharge 

power to the power grid [7]. The control system can be controlled in different ways. One 

way to control the system is through state of charge of the batteries from the voltage, for 

more information of this control system, see [7], [44] the other control system is 

controlled from the active and reactive power, described in Chapter 2.4.3.  

2.4.1 Batteries 

Batteries are electrochemical energy storages, which are based on a chemical system with 

a positive and a negative electrode with an electrolyte material between the electrodes, 

creating a flow of electrons. The most common technologies on the market today are lead-

based, nickel-based, lithium-based and sodium-based batteries. Some of the batteries are 

a mature technology but for some areas not all parts of the techniques are mature. 

Lithium-ion is one of the technologies that are in some ways a mature technology, it is 

broadly used in many daily used applications, but from a perspective of power grids the 

technology counts as immature. This is true for many areas of use, that the battery 

techniques have yet to reach its full potential [39].  

In Table 2 the various electrochemical techniques for energy storage are presented in 

groups of development status. Lead-acid is the only one with a mature status. There are 

many kind of techniques that are on their way to a mature status, today they have a status 

of commercial or demonstration. The widely used lithium-ion technique is located in the 

state of demonstration, but is still the common choice in smart phones and electrical cars. 

 

Table 2. Energy storage ranked by development status for grid applications [39]. 
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Status Electrochemical energy storage 

Mature Lead-Acid 

Commercial Lead-acid, NaS (Sodium-sulphur) 

Demonstration ZnBr (zinc bromine), advanced lead-acid, VR (vanadium redox), 

NiMH (nickel-metal hydride, Li-ion (Lithium-ion) 

Prototype Li-ion, FeCr (Iron Chromium), ZEBRA (sodium nickel chloride) 

Laboratory Zinc-air, advanced Li-ion, new electrochemical couples 

Idea-concept Nano supercapacitors, new electrochemical couples. 

 

Electrochemical energy storage systems are estimated to be one of the key storage 

technologies to enable a power grid with increased penetration of variable renewable 

energy sources. A schematic comparison between the different electrochemical 

techniques, which show which key power grid application that have the highest potential 

to be affected by a certain type of electrochemical energy storage, is presented in Table 

3. 
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Table 3. Key power grid applications that can be affected by type of electrochemical 

energy storage. - is unsuitable, + is less suitable, 2+ suitable. [39].  

Application Pb 

acid 

Ni/MH Na/S Na/NiCl2 Redox 

flow 

Li-

ion 

Super 

capacitor 

Time-shift 2+ + 2+ 2+ 2+ + - 

Renewable 

integration 
2+ 2+ 2+ 2+ 2+ 2+ - 

Network 

investment 

deferral 

+ + 2+ 2+ 2+ 2+ - 

Primary 

regulation 
2+ 2+ 2+ 2+ 2+ 2+ - 

Secondary 

regulation 
2+ 2+ 2+ 2+ 2+ 2+ - 

Tertiary 

regulation 
2+ + 2+ 2+ 2+ 2+ - 

Power system 

start-up 
2+ 2+ 2+ 2+ + 2+ 2+ 

Voltage support 2+ 2+ 2+ 2+ + 2+ 2+ 

Power quality + - + - + + 2+ 

 

It can be seen in Table 3 that batteries are potentially well suited to act as ancillary service 

in the most cases, but the table does not show the technological and economic 

development compared to other power grid solutions [39]. 

2.4.2 Power conversion system, PCS 

For batteries, there are two commonly used structures of PCS, depending on what kind 

of system the BESS is used in. For a BESS that are connected to a DC grid together with 

other DC components the commonly selected method is a buck/boost converter connected 

to the DC part of the grid. Shortly explained the buck/boost converter adjust the voltage 

level to match the batteries because of the higher level of voltage from the renewable 

energy. The buck/boost converter also control the charge/discharge process of the battery. 

The DC systems are connected to a common inverter that converts the DC power to AC 

power, for a more detailed description of this type of system, see [45]. 

The other structure is more often used for BESS that is not connected with other DC units 

to the power grid. Instead of a buck/boost converter to control the charge/discharge 
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process, this is controlled by a bi-directional inverter that are able to convert DC to AC 

as well as AC to DC, therefore named bi-directional inverter. The second component of 

the PCS is a low pass filter made to mitigate high frequency harmonics. The most 

common choice for filter is the LCL-filter which is connected between each face and is a 

third-harmonic low-pass filter [46]. Finally, the voltage is scaled up or down by the 

transformer. An overview of a PCS is presented in Figure 4. 

 

Figure 4. Power conversion system overview. 

The converter in Figure 4 is a single 3-phase, 6-pulse bridge inverter, which is one of 

many converter types. In [46] different designs can be examined. This one is built up by 

six insulated-gate bipolar transistors (IGBT) that switches off and on to convert the power 

between AC and DC. The IGBT are switched on and off with the help of pulse width 

modulation (PWM) signals from the BMS, marked as S1-S6 connected to each insulated-

gate bipolar transistor (IGBT). This decide the power flow in the inverter. When the 

batteries discharge and the IGBTs converts the DC power to AC power, a distinct six-

pulse wave is created, which is presented in Figure 5.  
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Figure 5. AC voltage after the converter with PWM. 

To smooth the pulses from the inverter out a low pass filter is needed. In Figure 4 a LCL-

filter, which is a widely used filer, is implemented [46]. In a LCL-filter there is one 

inverter inductance and one grid inductance on each phase, between these a conductor is 

coupled to the ground [47]. To design a LCL-filter the following parameters are needed: 

En – inverter output line to line RMS voltage 

Pn – rated active power 

fg – grid frequency 

VDC – DC bus voltage  

fSW – switching frequency  

Vph – inverter output phase voltage  

ka – desired attenuation. 

 Eq. 4 and 5, shows the calculation of the base impedance and with the base impedance 

the base capacitance can be calculated. 

𝑍𝑏 =
𝐸𝑛

2

𝑃𝑛
    [4] 

𝐶𝑏 =
1

2𝜋𝑓𝑔𝑍𝑏
    [5] 

The inductances are calculated with Eq. 5,6 and 7., L1 is the inverter side inductance and 

L2 is the grid side inductance. 
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𝐼𝑚𝑎𝑥 =
𝑃𝑛√2

3𝑉𝑝ℎ
    [6] 

𝐿1 =
𝑉𝐷𝐶

6𝑓𝑠𝑤0.1𝐼𝑚𝑎𝑥
   [7] 

𝐿2 =
√

1

𝑘𝑎
2+1

𝐶𝑓(2𝜋𝑓𝑠𝑤)2
   [8] 

For a more detailed review of these equations see [47]. 

Figure 6 presents the voltage after the voltage in Figure 5 have passed through a LCL-

filter is presented. It can be seen in Figure 6 that it takes some time for the system before 

a stable AC wave appear. 

 

Figure 6. The converted DC-voltage after both inverter and LCL-filter. 

 

2.4.3 Battery management system, BMS 

The BMS is required for the BESS to maintain an optimal operation of the batteries and 

to keep the batteries in the BESS free from failure. The BESS can be controlled in many 

different ways, by the state of charge (SOC) of the battery to prevent the battery to become 

over-saturated or by not allowing deep discharge. Control of the active and reactive power 

is another type of BMS, this type of control is a decoupling method using the direct-

quadrature, dq0, reference system to control the inverter. An overview of a dq-decoupling 
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system is presented in Figure 7. This method uses a conversion of the abc-phase axes to 

dq-axes to control the active and reactive power separately [45]. 

 

Figure 7. Overview of the control system. The BMS in figure 3. 

The first part of the dq-decoupling system is to convert the abc phase voltage and current 

into dq-axes. The commonly used frame in power systems is the dq-frame [48]. One way 

to transform abc-frame to dq-frame is through the αβ-frame. By first transforming the 

abc-frame to αβ-frame with Eq. 9, the αβ-frame then can be transformed to dq-frame with 

Eq. 10. The dq-frame and also the αβ-frame are two-dimensional frames and are used to 

simplify the analysis and the control.  

[

𝑣0
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−
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2
−
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[

𝑣𝑎

𝑣𝑏

𝑣𝑐

]   [9] 

[
𝑣𝑑

𝑣𝑞
] = [

𝑐𝑜𝑠 𝜃 𝑠𝑖𝑛 𝜃
−𝑠𝑖𝑛 𝜃 𝑐𝑜𝑠 𝜃

] [
𝑣𝛼

𝑣𝛽
]   [10] 

When the voltage and current is in dq-frame the active power (P) and reactive power (Q) 

are calculated with Eq. 11 and 12. 

𝑃(𝑡) =
3

2
[𝑣𝑑(𝑡)𝑖𝑑(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)]   [11] 

𝑄(𝑡) =
3

2
[−𝑣𝑑(𝑡)𝑖𝑞(𝑡) + 𝑣𝑞(𝑡)𝑖𝑑(𝑡)]   [12] 

The PQ-control system is where the control for the BESS take par and it is the crucial 

part of the overview in Figure 7. In Figure 8 a detailed figure of the control system is 

presented. The calculated values for active power (Ps) and reactive power (Qs) are 

compared to reference values, Psref and Qsref from the power grid. The PI-regulator 

generate the idref and iqref from the active and reactive output errors. The decoupling 

system is compensated by ωL and connects iq and id to each other before the signal is 

transformed back to abc-frame [45]. 
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Figure 8. PQ-Control system for the BESS. 

 

The last part of the system is the pulse width modulation (PWM). The pulses are created 

from the abc-frame signal created in the control system. The PWM control the inverter in 

which way it should convert the power. The PWM-pulses consist of ones and zeroes that 

switches the IGBTs off the inverter on and off.  

2.4.4 Capacity and economics of battery energy storage 

The large area of usage for BESS and the need of energy storages ensures the evolvement 

of the techniques in the future. The size-range of BESS is large and will keep on growing. 

Today the grid connected BESS can be everything from 2 kW up to 50 MW and have a 

capacity from 5 kWh up to MWhs [49]. This makes the BESS unique in the way that it 

can provide services on all types of grid levels. They can act as stabilizer for renewable 

energy or at any substation at high voltage, medium voltage or low voltage. The smaller 

BESS can be connected anywhere on the low voltage grid and the 2 kW module is 

predicted to be the commonly used one for private persons to combine with their own 

solar power [49]. 

The technology of batteries is under development and one of the most important factors 

to improve is the economic aspect to make it an easier choice [49]. It is proved that owning 

a BESS connected to the grid can create earnings through energy regulation and frequency 

regulation, but the earnings will not exceed the cost of the BESS [50]. 
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3. Method 

This chapter describes the implemented simulation models, how the input data were 

created for the models and where the input parameters were found. This Chapter also 

describes which types of simulations that was performed to reach the aim of the thesis 

and how they were performed. 

3.1 Battery energy storage system model 

The BESS model was implemented in MATLAB Simulink and can be found in Appendix 

B. The model was built after the instructions in Chapter 2.4 and uses the active and 

reactive power control system to control the battery unit. The model has three important 

parts: the battery, the DC/AC conversion and the control system of the BESS. The model 

is connected to a load and a voltage source that sends the control signal to decide if the 

battery should charge or discharge. 

The battery is easy to implement in Simulink, because Simulink has pre-made blocks for 

batteries. Lithium-ion battery is used for the simulation, with an output voltage of 50 V. 

The conversion part of a BESS that is not connected with other DC-units consist of a bi-

directional inverter, a LCL-filter and a transformer. The transformer has a low-side 

voltage of 50 V and a high-side voltage of 400 V. The design of the LCL-filter is described 

in Appendix B. The frequency of the system is 50 Hz. 

The control system is controlled with the help of the power reference from the load and 

voltage source and the voltage at the load. The power reference changes between a deficit 

and a surplus of power.  

An overview of the BESS model is presented in Figure 9 and for a more detailed version 

of the Simulink model, see Appendix B. 

 

Figure 9. Overview of the BESS model. 
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3.2 Power grid model 

The power grid model was implemented in MATLAB Simulink and can be found in 

Appendix C. The model represents a small distribution grid with a generator and a solar 

power plant as generation units for the system. The generation is positioned in a medium 

voltage power grid at 5500 V where also a constant load is located. The medium voltage 

power grid is connected to a distribution grid at 400 V by a transformer. The distribution 

grid consists of three different variable loads with different size and a total of six loads, 

two of each load type.  

The power grid is built as a radial network with generation feeding the distribution grid. 

The distribution grid consists of two similar distribution lines where the only difference 

is the order of the loads. The medium load is located in the middle of each line but on the 

line with bus 7-9 the small load is at the end and for the line with bus 10-12 the large load 

is at the end. The busses can be seen in Figure 10. 

The BESS is controlled by the difference in produced power of the generation units and 

the power consumed by the loads. When there is too much power in the power grid, the 

BESS act as a load that consumes the margin power from the power grid and when there 

is not enough power in the power grid the BESS acts as a voltage source that assists the 

generation units. The BESS can be connected at any bus in the system. In Figure 10 the 

power grid model is presented as a one line diagram. 

 

Figure 10. One line diagram of the created power grid. 

In Figure 10, the generator has the symbol G, while PV represent the solar power plant. 

The loads are represented by H for house and a number for the number of persons that 

live in the house, the more persons in a house the larger the load. The numbers represent 

the bus number. 
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The length of the distribution lines is presented in Table 4. The solar power plant is 

located 10 km from the other generation and the transformer. The distribution side have 

the longest distance from the transformer to the distribution grid and the houses have a 

distance of 300 m between each house, which is a typical situation on the country side. 

Table 4. Distances of the distribution lines between the busses. 

Bus a-b Distance [km] 

1-2 (Solar power plant) 10 

5-6 4 

6-7 and 6-10 0.3 

7-8 and 10-11 0.3 

8-9 and 11-12 0.3 

 

The transformer have a rated power of 1250 MVA and the percent impedance of the 

transformer is 5.5 %, for more information about the transformer, see [51]. The power 

capacity of the BESS was decided by comparing the generated energy with the loads 

consumption and sized for the placement test to cover all power shortage in the 

distribution grid. The power capacity of the BESS is 5 kW, to be able to cover all the 

power drops. All the other input parameters of the model can be found in Appendix D. In 

Figure 11 the power balance of the system is presented. 

 

Figure 11. The difference in power between loads and generation in the power grid. 
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3.2.1 Generation 

The generation part of the simulation is split between an ordinary generator and a solar 

power plant. The generator is a three-phase voltage source and a pre-defined block of 

Simulink. The generator can be seen as some type of reliable energy source that produce 

13 kW. 

The used solar power plant is the MathWorks model for a 250 kW power plant. It has a 

photovoltaic production plant connected to an inverter controlled with the maximum 

power point tracking (MPPT) technique. The output power from the solar power plant 

can be customized by changes in the number of solar panels at the plant. With information 

from the data sheet about the solar panels production at standard test conditions with an 

irradiance of 1000 W/m2, the solar production can be calculated. The data sheet for the 

solar panel can be found in Appendix E. For more information of the solar power plant, 

see [52]. The used solar irradiation is from Lantmets weather station in Ultuna, Uppsala 

and is for a sunny day in June. 

The number of solar cells are 21 and the production for one solar cell at standard test 

conditions are 327 W. The total production Sn, sol from all the solar panels at standard test 

conditions equals almost 7 kW, which equals a penetration level of 35 %. Table 5 shows 

the different kinds of generation. 

Table 5. Generation data, with production and part of production. 

Production Power 

[kW] 

Part of 

production [%] 

 Ordinary 

Generation 
13 65 

Solar power plant 7 35 

 

3.2.2 Distribution lines 

The distribution lines in the model are described as impedances and affect the stability of 

the power grid. Longer lines or lines with higher impedances create more losses during 

the transportation of the power. In the model the distribution lines are used to alter the 

power grid between a weak and a strong power grid, where higher impedance gives a 

weaker power grid. The distribution lines used in the model are three-phase π-section 

lines, which use the positive-sequence network impedance and the zero-sequence 

network impedance to calculate the impedances for each distribution line. The 

distribution lines are modelled as underground cables and the impedances for the 

sequence networks in the weak power grid as well as the strong power grid can be seen 

in Table 6. The parameters, taken from examples of real cable parameters, can be found 

in [53] and are customized to create the right strength of the power grid. 



25 
 

 

Table 6. Sequence impedances for transmission cables. 

Power grid R1 [Ω] R0 [Ω] L1 [Ω] L0 [Ω] 

Strong 0.181 0.568 0.000484 0.00078 

Weak 0.037 0.08 0.0001 0.0003 

 

3.2.3 Loads 

The loads in the system are created with the help of a stochastic MATLAB model based 

on solar irradiance data, a random amount of household members and a fixed number of 

activities that can occur in a house. The model works in two main steps, where first the 

activity patterns are generated for all persons in the household, deciding which electricity 

consuming activities they do and at what time. These activities are then converted into 

the power demand of the house. The product of the model is a time-based consumption 

of the house for every minute in a year. For a more detailed description of the model, see 

[54], [55]. In Figure 12 an example of the consumption for one house with four persons 

during one day is presented. The consumption in Figure 12 have peaks during the evening 

and the meal hours, which are typical for a standard house. In the model the used data are 

created with the program for three different kinds of houses. One house with four persons, 

one house with two persons and one house with one person. The used load data is for a 

sunny day in June. 
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Figure 12. Example of consumption data for a house with four persons for one day. 

3.3 Stability of the power grid 

The short circuit ratio, SCR, decides the stability of the grid and a value under 10 is 

considered a weak power grid while a value over 20 is considered a strong power grid. 

In the model it is the distribution lines that affect the stability of the grid and by changing 

the impedances between the parameters for strong and weak in Table 6 the SCR is 

changed. To calculate the SCR of the grid Eq. 1 and 2 in Chapter 2.1.2 are used. The 

short circuit current is decided by introducing a phase to ground fault in the simulation at 

the spot in the grid where the SCR was calculated. With the short circuit currents and Eq. 

2 the short circuit power was calculated and finally, with Eq. 1, the SCR for each bus was 

calculated. In Figure 13 the SCR at each bus in the stable power grid is presented and in 

Figure 14 the SCR at each bus in the weak power grid is presented. The SCR is the value 

in the boxes and the numbers above are the bus numbers. 
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Figure 13. The distribution grid with SCR written in boxes for each bus when simulated 

as a strong power grid. 

 

Figure 14. The distribution grid with SCR written in boxes for each bus when simulated 

as a weak power grid. 
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3.4 Simulations 

This chapter describes the different simulations that are made to reach the aim of the 

thesis. The first two simulations were made to see how a BESS works on the power grid 

and to see which problems that occur on a weak power grid. The last two simulations 

were made to see how the BESS affect the power quality in a weak power grid and if 

different parameters such as placement of the BESS in the distribution grid and the power 

capacity of the BESS affect the power quality. 

In simulation three and four the BESS created in Chapter 3.1 is replaced with a model 

that acts as a load and a voltage source to reduce the data power needed and to get a more 

accurate result during the simulation. 

3.4.1 BESS 

The first simulation of the thesis is to use the in Chapter 3.1 created BESS system to show 

how it reacts to changes in the power balance of the system. The simulation was 

performed by changing a power reference value of the system between a deficit and a 

surplus of power. The aim of the simulation was to see if a BESS can be described as a 

voltage source during deficit of power and as a load during surplus of power.  

To see how the BESS charge and discharge process works, the battery state of charge and 

the battery current was studied. In a working model the state of charge should increase 

when there is a surplus of power and decrease when there is a deficit of power. Another 

way to see this is by the battery current. When the BESS is in charge mode the battery 

current should be negative and when it is in discharge mode the battery current should be 

positive.  

The model is manually changed between a surplus and a deficit of power, at set times. 

The system has a surplus of power between 0 to 1 seconds and between 2 to 3 seconds. 

The system has a deficit of power between 1 to 2 seconds. 

3.4.2 Strong power grid versus weak power grid 

The second simulation of the thesis is to use the power grid created in Chapter 3.2 to see 

the differences in power quality of a strong power grid and a weak power grid. The 

simulation was performed by changing the power grid between a strong power grid and 

a weak power grid. To change the strength of the power grid the impedances of the 

distribution lines were changed between the values in Table 6. 

To see how the power quality is affected by the strength of the power grid, the frequency 

and voltage deviation were studied. To know if the frequency and voltage deviation were 

behaving as in a real power grid, the model result was compared to the Swedish grid code 

requirements for frequency and voltage control. For more information about the Swedish 

grid code, see Chapter 2.1.1.  
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3.4.3 Placement 

The third simulation of the thesis uses the in Chapter 3.2 built weak power grid to test 

how the placement of the BESS affects the power quality in the distribution grid. The 

simulation was performed by changing which bus in the distribution grid that the BESS 

was placed at. The position of the BESS was changed between every bus with a load in 

the distribution grid. The aim of the simulation was to find out if there is any optimal 

placement of the BESS in the perspective of power quality. 

To see how the placement of the BESS affected the power quality in the distribution grid, 

the frequency and voltage deviation was studied for each bus. The voltage and frequency 

at each bus were compared in the same way as in Chapter 3.4.2 to see if the distribution 

grid could match the Swedish grid code. 

3.4.4 Power capacity of the BESS 

The last simulation of the thesis uses the same power grid model as simulation three. The 

BESS was kept at the best placement in the distribution grid through all the simulations. 

The BESS output power started on 5 kW and was decreased with 500 W at each step. The 

BESS was decreased until the power capacity where both frequency and voltage deviation 

came outside the Swedish grid code requirements. The aim of the simulation was to see 

how the power quality in the distribution grid was affected by a lower output power of a 

BESS. 

To see how the power quality was affected at every bus, the same parameters as before 

was studied and compared to the Swedish grid code in the same way as Chapter 3.4.2. 
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4. Results 

4.1 BESS 

Simulation one, where the reference power of the power grid was changed between 

surplus and deficit, showed that the battery charges when the power system has a surplus 

of power and that it discharges when the system are running on a deficit of power. The 

power grid had a surplus of power from 0-1 seconds and between 2 and 3 seconds and it 

had a deficit between 1 and 2 seconds. As can be seen in Figure 15 the battery state of 

charge increases during the time of 0 to 1.6 seconds and between 2.2 and 3 seconds. The 

battery state of charge decreases between 1.6 and 2.2 seconds. 

 

Figure 15. State of charge of the battery. 

The flow of the current from or to the battery is another way to see wether the battery is 

charging or not. When the battery current is negative the battery is charging and when the 

battery current is positive the battery is discharging. In Figure 16 the battery current 

during the simulation is presented. The current is very volatile during charge mode and 

more stable during discharge mode. The battery current is negative from 0 to 1.6 seconds 

and between 2.2 and 3 seconds and the battery current is positive between 1.6 and 2.2 

seconds. 
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Figure 16. The battery current during simulation 1. 

 

4.2 Stability of Power grid 

4.2.1 Strong power grid 

The simulation of a strong power grid does not deviate more than the Swedish grid code. 

All the busses were able to keep below the 5 % deviation level for voltage and within the 

frequency target of 49.9 to 50.1 Hz. The largest fluctuation of voltage and frequency 

occurred in bus 12 and the lowest in bus 7. The differences in fluctuations between the 

busses were overall small, both for voltage and frequency. Towards the end of the 

distribution line the amplitude of the fluctuation is larger. The side with the smallest load 

at the end had smaller deviations than the one with the largest load at the end of the line. 

In Figure 17 the voltage deviation for bus 12, the bus with the highest fluctuation, is 

presented. The largest irregularity from the sinus wave of the voltage occurred around 

hour 13, followed by hour 17. At hour 13, the deviation almost reached 2.5 % and at hour 

17 2.3 %. 
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Figure 17. Voltage deviation at bus 12 in a strong power grid. The straight red line is the 

requirement set by the Swedish grid code 

In Figure 18 the frequency variation at bus 12 is presented. The frequency also has the 

lowest dip at hour 13 reaching down to 49.92 Hz. The frequency reaches outside the range 

of 49.95-50.05 Hz only three times. 

 

Figure 18. Frequency variation at bus 12 in a strong power grid. The straight red line is 

the requirements set by the Swedish grid code 
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4.2.2 Weak power grid 

With the parameters from Table 6, a weak power grid was created and a simulation 

without the BESS was made. The distribution grid reached outside the Swedish grid codes 

for both voltage deviation and frequency. The bus with the largest deviation was bus 12 

and the one with the lowest deviation was bus 7. The differences in fluctuations between 

the busses were small for both voltage and frequency, especially for the ones on the same 

distribution line. The largest fluctuation was seen at the end of the power lines and the 

smallest fluctuation at the beginning of the power lines. The side with the smallest load 

at the end of the power line had smaller deviations than the one with the largest load at 

the end of the power line.  

In Table 7 the number of failures to keep inside the grid code for frequency and voltage 

deviation of the weak distribution grid are presented. Table 7 also presents the largest 

divergence from the required voltage and frequency. The largest deviation in frequency 

is the same in the whole distribution grid, as well as the number of errors. The difference 

that can be found in frequency is a small increase of error toward bus 12. The voltage 

deviation has a higher variation between the busses but the largest error is at bus 12. The 

best bus is the one closest to the generation. 

Table 7. Times of error and largest value of deviation in a weak power grid. 

Bus Highest voltage 

deviation [%] 

Number of 

voltage errors 

Highest/lowest 

frequency [Hz] 

Number of 

frequency errors 

7 9.9 6 49.85 5 

8 1.0 7 49.85 5 

9 1.0 7 49.85 5 

10 9.9 6 49.85 5 

11 10.2 7 49.85 5 

12 10.5 7 49.85 5 

 

In Figure 19 the voltage deviation at bus 12 is presented, the red line represents the 

Swedish grid code of 5 % deviation. In Figure 19 it can be seen that the voltage moves 

outside the Swedish grid code seven times, with the largest deviation at hour 13, where it 

reaches over 10 %. The other errors are at hour 1, 7, 12-13, 15 and 17. 
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Figure 19. Voltage deviation at bus 12 in a weak power grid. The straight red line is the 

requirement set by the Swedish grid code. 

In Figure 20 the frequency fluctuation at bus 12 is presented, the red lines represent the 

grid code in Sweden for the range of 49.9-50.1 Hz. In Figure 20 it can be seen that the 

frequency fluctuates outside the Swedish grid code five times, with the largest deviation 

between hour 12 and 14 where it reaches down to 49.85 Hz as well as up to 50.15 Hz. 

Three of the errors occur during this time, the other two occurs at hour 7 and 19. 
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Figure 20. Frequency variation at bus 12 in a weak power grid. The straight red line is 

the requirements set by the Swedish grid code 

4.3 Placement  

In the simulation where the position of the BESS was altered between the different busses 

in the weak distribution grid, the power quality was studied to see the effect from the 

BESS. Compared to the simulations without the BESS, the power quality was better in 

the distribution grid regardless of placement. All placements were not able to keep the 

power quality inside the requirements of the Swedish grid code on all busses, but the bus 

with the BESS were in all cases able to reach the grid code target. The best placement 

was at bus 12 and the worst placement was at bus 9. For all placement, except at bus 11 

and 12, bus 12 was the bus with the highest voltage deviation. At bus 11 and 12 the highest 

voltage deviation was at bus 9.  

The frequency has for all cases the same amplitude of disturbance, from 50 Hz down to 

49.92 Hz. The disturbance comes in the beginning of the simulation, at hour 1. No grid 

code errors occur in the frequency and the variation of all busses follows the same pattern 

for the rest of the simulation, with only a small difference in amplitude. The highest 

amplitude variation of frequency for all placements were at bus 12 except for when the 

BESS was placed close. 

4.3.1 Worst case placement 

In Table 8 the number of failures to keep inside the grid code for frequency and voltage 

deviation for the worst case placement, at bus 9, are presented. Table 8 also presents the 

largest divergence from the wanted voltage and frequency. With placement at bus 9, the 
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number of voltage deviation errors in all busses was three and the number of frequency 

errors was zero. 

Table 8. Number of errors compared to the Swedish grid code and the highest values of 

voltage deviation and frequency with the worst placement of BESS. 

Bus Highest voltage 

deviation [%] 

Number of 

voltage errors 

Highest/Lowest 

frequency [Hz] 

Number of 

frequency errors 

7 4.6 0 49.92 0 

8 4.4 0 49.92 0 

9 4.1 0 49.92 0 

10 4.9 0 49.92 0 

11 5.2 1 49.92 0 

12 5.5 2 49.92 0 

 

When the BESS was placed at bus 9 the voltage deviation crossed the Swedish grid code 

target two times, as can be seen in Figure 21. The two times where at hour 13 and 17, at 

hour 17 the largest voltage deviation was measured. 

 

Figure 21.Voltage deviation at bus 12 when the BESS is located at bus 9. The straight 

red line is the requirement set by the Swedish grid code. 

In Figure 22 the frequency of bus 12 is presented. Bus 12 had the highest variation of 

frequency of all the busses, but not a single time the frequency went outside the Swedish 
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grid code requirements. The largest fluctuation in frequency occurred during the first hour 

and apart from hour 1, the largest variations are at hour 7 and 13. The only time the 

frequency left the interval of 49.95-50.05 Hz was during the first hour. 

 

Figure 22. Frequency variation at bus 12, when the BESS is placed at bus 9. The straight 

red lines are the requirements set by the Swedish grid code. 

 

4.3.2 Best case placement 

In the best case the BESS was placed at bus 12. When placed at bus 12 there was no errors 

at any bus according to the Swedish grid code. The highest values of frequency and 

voltage deviation for all busses can be seen in Table 9. Table 9 also shows that with the 

right placement no errors occurred on the distribution grid. The highest voltage deviation 

appeared at the largest distance from the BESS. 
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Table 9. Number of errors compared to the Swedish grid code and the highest values of 

voltage deviation and frequency with BESS at the best placement of BESS. 

Bus Highest voltage 

deviation [%] 

Number of voltage 

errors 

Highest/Lowest 

frequency [Hz] 

Number of 

frequency errors 

7 4.4 0 49.92 0 

8 4.5 0 49.92 0 

9 4.5 0 49.92 0 

10 4.0 0 49.92 0 

11 4.0 0 49.92 0 

12 3.8 0 49.92 0 

 

Bus 12 had the worst power quality in all cases, except for when the BESS is located at 

bus 11 or 12. When the BESS is located at bus 12 the voltage deviation of bus 12 can be 

seen in Figure 23. The voltage deviation is at its highest at hour 13 and 17 and at these 

hours the deviation only reached to just below 4 %, the deviation is not at any occasion 

close to getting outside the Swedish grid code at 5 %. 

 

Figure 23. Voltage deviation at bus 12 when the BESS is located at bus 12. The straight 

red line is the requirement set by the Swedish grid code. 

When the BESS is located at bus 12, the bus with the highest voltage deviation is at bus 

9. In Figure 24 the voltage deviation at bus 9 is presented. The voltage deviation is inside 
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the requirements of the Swedish grid code at all moments, with the highest deviation at 

hour 13. 

 

Figure 24. Voltage deviation at bus 9, when BESS is located at bus 12. The straight red 

line is the requirement set by the Swedish grid code. 

The frequency variation, when the BESS is located at bus 12, had some smaller variations 

between the busses, but none of them were outside the Swedish grid code requirement. 

The largest variation in frequency was at hour 1 followed by hour 17-18, and is presented 

in Figure 25. 

 

Figure 25. Frequency variation at bus 12, when the BESS is located at bus 12. The 

straight red lines are the requirements set by the Swedish grid code. 



40 
 

The frequency at bus 9 when the BESS is located at bus 12, is presented in Figure 26. 

The differences to bus 12 are small. The worst error was at hour 1, but it was still not 

close to getting outside the Swedish grid code requirements. The variation of frequency 

is slightly higher at bus 9 than at bus 12.  

 

Figure 26. Frequency variation at bus 9, when the BESS is located at bus 12. The straight 

red lines are the requirements set by the Swedish grid code. 

 

4.4 Power capacity 

To see how the distribution grid acts when the power capacity (kW) of the BESS 

decreases to not cover all the outage of power in the power grid, the fourth simulation 

was made. With decreasing power capacity, the power quality started to drop. The largest 

differences were in frequency which went from being in an area safe from errors, to reach 

out of the Swedish grid code requirements in all busses, at half the ordinary power 

capacity (2.5 kW). 

The best and worst bus is presented for the different power capacities, looking at the worst 

frequency value and the worst voltage deviation. With the BESS at bus 12, the worst bus 

was bus 9 and the best one was bus 12. The other busses had values between these two. 

The values are presented in Table 10. At the power capacity of 2.5 kW the bus 7-9 started 

to go outside the required range of voltage and the frequency started to go outside the 

limits for bus 7-11. 
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Table 10. Power quality parameters with different power capacities of BESS. 

Power capacity 

of BESS [kW] 

5 4 3.5 3 2.5 

Bus 9 voltage 

[%] 

4.5 4.8 4.9 4.9 5.3 

Bus 12 voltage 

[%] 

3.8 4.1 4.3 4.3 4.7 

Bus 9 frequency 

[Hz] 

49.92 49.92  50.08 50.09 49.89 

Bus 12 

frequency [Hz] 

49.92 49.92  49.92  50.08 49.90 

 

When the BESS power capacity decreased, the voltage deviation started to increase. 

When the BESS had an output power of 2.5 kW, the power quality of the busses started 

to go outside the Swedish grid code requirements. In Figure 27 the voltage deviation at 

bus 9 is presented and at hour 13 the deviation has reached over the requirements. 

 

Figure 27. Voltage deviation at bus 9, when the BESS is located at bus 12 and has an 

output power of 2.5 kW. The straight red line is the requirement set by the Swedish grid 

code. 

The voltage deviation at bus 12, with a BESS output of 2.5 kW located at bus 12, is 

presented in Figure 28 and shows that the voltage still is under the requirement at bus 12, 
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this was also true for the busses 10 and 11. The highest voltage deviation was reached at 

hour 13. 

 

Figure 28. Voltage deviation at bus 12, when the BESS is located at bus 12 and has an 

output power of 2.5 kW. The straight red line is the requirement set by the Swedish grid 

code. 

When the BESS power capacity decreases, the variation of amplitude in frequency started 

to increase. When the BESS had an output power of 2.5 kW the frequency amplitude went 

outside the Swedish grid code requirements. Bus 9 had the largest variation in frequency 

amplitude of all the busses with the smaller output power. In Figure 29 the frequency of 

bus 9 is presented and the frequency fluctuates outside the Swedish grid code 

requirements at hour 13. The fluctuation of the frequency is higher, with a BESS of 2.5 

kW than with a higher output power on the BESS. 



43 
 

 

Figure 29. Frequency variation at bus 9, when the BESS is located at bus 12 and has an 

output power of 2.5 kW. The straight red lines are the requirements set by the Swedish 

grid code. 

In Figure 30 the frequency of bus 12 is presented and the same pattern of increased 

fluctuation in frequency can be seen at bus 12 as at the other busses, but the fluctuation 

is not of the same amplitude as at the other busses. 

 

Figure 30. Frequency variation at bus 12, when the BESS is located at bus 12 and has an 

output power of 2.5 kW. The straight red lines are the requirements set by the Swedish 

grid code. 
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5. Discussion 

With the increased amount of variable energy in the power grid, there will be an increased 

need of solutions to stabilize the voltage and frequency. These are the incitements for 

energy storage that, together with their possibility to keep the power balance on the power 

grid, secure their spot in the future energy system. BESS is one of the most promising 

energy storages with a high flexibility, making it able to act as support in the transmission 

grid as well as in the distribution grid. It is important to utilize both renewable energies 

and energy storages in the most effective way, to get the maximal yield of the investments 

the investor makes. To utilize the full potential of renewable energies, regulation of 

frequency and voltage is needed. The BESS makes it possible for a higher penetration of 

renewable energies which is an important step for the society to reach the climate goals. 

5.1 Battery energy storage system 

The reason energy storages are one of the most interesting techniques to achieve stability 

in the power grid is their ability to balance the power in the power grid. A BESS has the 

ability to act as a load when there is a surplus of energy in the power grid, as well as act 

as a voltage source when there is a deficit of energy in the power grid. This can be seen 

in Chapter 4.,1 where the balance in the power grid is changed and the battery switches 

between a charge and a discharge process. This shows that the BESS can stabilize the 

power grid in both types of power balance problems, which makes it suitable as a solution 

to increase the stability in the power grid.  

Figure 15 and Figure 16 shows that the created BESS can act as a load when there is a 

surplus of power in the power grid, as well as a voltage source when there is a deficit of 

power in the power grid. The figures also indicate that the created BESS is not calibrated 

enough to be used in more complex systems. The BESS have a long reaction time on 

changes in the power reference, which can be seen in Figure 15 Figure 16. The power 

reference changes at the time 1 second but the BESS does not change from charge mode 

to discharge mode until the time is 1.6 seconds. In Figure 16 it can also be seen that the 

battery current is very unstable, especially for the charging process. A DC-current should 

be a stable current, which is not the case in this model. The instability of the current in 

this model comes from problems with the PID-regulators in the control system. The 

unstable battery current, together with the high data usage of the BESS, makes the model 

unsuitable to use in a more complex system, such as a power grid Although it still suits 

to show how a BESS can act in the power grid controlled by the power balance of the 

grid. 

5.2 Power grid model 

The radial model is a good example of how a distribution grid could look towards the 

end, with customers who live far from the produced power and the transmission grid. This 

give a longer transport of the power before reaching its destination, which leads to larger 
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transmission losses and a less stable power grid. Examples could be at a place with 

summer houses, people who wants to get away but still need the electricity or for people 

living on an island.  

The loads of the model are made of minute-data and the pattern of the loads can be 

validated by the expected usage of energy for a house. The largest loads appear at meal 

hours, such as hour 7, 13 and 17. There is also a higher usage of power at the evening 

than under the day, which is realistic because of the higher possibility of people being 

inside the house and active in the house at night than during the days. All these trends can 

be seen in Figure 12.  

One important knowledge to be gained from the model is that the largest factor for power 

quality fluctuations is the changes in the loads. When there is a sudden change in load the 

voltage deviation spikes and the frequency drifts away from 50 Hz. Therefore the largest 

fluctuations in power quality appears just at the large load hours, 7, 13 and 17, where the 

load first increases a lot because of the cooking and then decreases a lot after the meal. 

Variability creates the instability of the grid and the impedances of the equipment 

strengthen the effect of the instability, where higher impedances between generation and 

load creates higher amplitude of the fluctuations. The catalysator of this model is the 

distance from the transformer to the part of the distribution grid with the loads, which 

means that there is no reason to put the energy storage at the transformer if the goal is to 

stabilize at the loads. 

5.3 Strong grid and weak grid 

The strong power grid shows the importance of the power grids strength to maintain a 

high power quality. In a strong power grid, there is a low need of control of voltage and 

frequency due to the stability of the grid. An example of a high stability power grid can 

be seen in Chapter 4.2.1, where the modelled distribution grid is strong and both of the 

power quality parameters are well inside the Swedish grid code requirements. A strong 

power grid makes it possible for the grid owners to save money on different kinds of 

regulation units that is not needed. The strong power grid also creates profits for the end 

user of the electricity, who gets a more reliable electricity source with less risk of damage 

of electronic equipment. In the end a stable power grid is an economical profit for all 

different users of the grid, which means a strong power grid is something desirable for 

everyone connected to the power grid. 

When the distribution grid is modelled as a weak power grid, with higher impedance of 

the power lines, the distribution grid starts to show the problems described in Chapter 

2.1.3, which validates the method to change between a strong and a weak power grid. The 

weak power grid shows obvious signs of a higher instability of the voltage. In Figure 19 

there can be seen that the voltage deviation reaches over 10 %, which can be considered 

a voltage spike/dip. The frequency shows signs of a higher instability, which can be seen 

in Figure 20 where the frequency multiple times drops outside the range of the Swedish 

grid codes. A weak power grid is therefore something that should be avoided if possible. 
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The higher instability of the grid leads to an increased need of regulation of the unstable 

parameters, which means extra costs for the power grid owner and for the end user at the 

power grid. The increased need of regulation has been seen in earlier studies [4], [5] and 

is described in Chapter 2.1.3. A weak power grid is not only creating problems for the 

ones connected to the power grid, but also for the climate goals because of the decreased 

possibility to connect renewable energy sources to the power grid. The future power grid 

will have a higher penetration of renewable energies, which means that it is important to 

install techniques for regulation. 

5.4 Placement of the BESS 

In Chapter 4.2.2 the problems of a weak power grid are shown for both voltage deviation 

and frequency variation in the weak power grid errors occurred at many times, compared 

to the strong power grid where there were no errors. One way to regulate the voltage 

deviation and the frequency is with a BESS. This is shown in Table 8, where the worst 

placement of the BESS is considered and the number of errors are lower and the stability 

of voltage and frequency is better than without it. When the BESS is placed in the power 

grid the voltage deviation drops down to 5.5 % at the worst bus and at the worst occasion, 

compared to the weak distribution grid without a BESS that had a voltage deviation of 

10.5 % at the worst bus and at the worst occasion. This shows the potential of a BESS 

acting as a regulating capacity for the power grid. Even with a bad placement in the 

distribution grid the BESS have a positive effect on the distribution grid power quality. 

A BESS is an investment and an important aspect of investments is to get as much as 

possible for the invested money. To achieve this, it is important to consider all the 

possibilities to use the investment to its full potential. One factor that have an impact on 

the performance of the BESS is the placement. As can be seen by comparing the worst 

case scenario and the best case scenario in Chapter 4.2.3, where the weak distribution 

grid turns from having multiple times of errors to not have a single error just due to the 

placement of the BESS. The largest improvement according to the placement showed to 

be for the voltage deviation. The frequency was not as greatly affected by the placement 

of the BESS as the voltage deviation, which leads to that a BESS is important for the 

frequency, but the placement is not of the same weight when regulating frequency as 

when regulating voltage. 

When deciding where to place the BESS it is important to study the loads of the system 

and the lengths of the distribution lines. The largest fluctuation comes from the bus with 

the highest load combined with the length of the distribution line, which fits well with 

earlier studies of strong power grids, see [13]. If the losses on the distribution grid is 

higher, it makes it even more important to place the BESS at the right bus to prevent 

losses along the line to get to the largest load. In the simulation, the best placement turned 

out to be at bus 12, the bus that had the worst power quality without a BESS installed. 

Bus 12 is also at the end of one of the distribution lines and as a four person house it is 



47 
 

one of the largest loads in the simulation. This proves that the same theory to put the 

BESS at the largest load can be used when placement in weak power grids is decided. 

Other important aspect for the BESS placement is the ownership of the BESS as well as 

the territory the BESS should be placed in. The role of the BESS could change in the 

future. Today it is seen as mostly an ancillary to the grid or to a variable power plant, 

because it is not possible to earn money on a BESS [50]. Maybe in the future the 

possibility of a BESS as a producing unit can come in play, due to more effective 

technique and cheaper production costs. With a cheaper BESS, it is possible to not just 

buy the BESS to regulate the power grid, but to install a BESS to earn money where the 

ancillary function is a positive side effect. In a distribution grid, as the one simulated, the 

end user at the end of the distribution line often is a private person who may not be willing 

to house a BESS on their ground. This would create trouble for the grid owner to place 

the BESS on the optimal location. To the grid owner, the optimal location could instead 

be at a place with other vital parts of the power grid, in this case at the transformer which 

would not help the distribution grid noticeably due to the same problems of distance as 

the other generation. 

5.5 Power capacity of the BESS 

The importance of output power of the BESS is shown in Chapter 4.4, where the 

amplitude of the variations in both frequency and voltage starts to increase when the 

BESS is not able to provide all the power needed. The largest problem occurs at hour 13, 

which also is the time with the highest need of output power and this is where we directly 

see the effect of a lower output power of the BESS. When the output power is below the 

need of the load or generation, the stability at that point starts to decrease. When the gap 

between able power balance ability and needed power balance grows too large, the 

distribution grid starts to show errors, which can be seen in Table 10. 

One important thing to notice in the simulation is that the frequency, that not have been 

that affected of the placement, is the parameter that is more affected when the power 

capacity decreases. When the BESS not is able to cover the balance of the power in the 

distribution grid, the frequency starts to fluctuate at larger amplitudes. The frequency that 

was well inside the Swedish grid code range even drops outside the range when the deficit 

of power is too large. This proves that frequency is more dependent of the balance of the 

power in the power grid than on the placement of the BESS, while for voltage deviation 

the placement is more important than the power capacity. This does not mean that the 

other factor can be neglected when investing in a BESS. 

The power capacity of the BESS does not have to match the power grid´s needs to be able 

to keep inside the Swedish grid code requirements, which means that once again the 

stability of the power grid is important for what minimum power capacity of storage that 

can be installed. To the customer it is always important to keep the costs down and 

therefore use the smallest BESS possible, but for the grid owners an overcapacity and 

prepare for future usage areas could be one aspect to look in to. 
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6.  Conclusions 

The aim of this thesis was to study how the placement and the power capacity of a battery 

energy storage, BESS, affects the power quality in a weak distribution grid. To reach the 

aim a distribution grid model was implemented in MATLAB Simulink and four 

simulations were made. 

The BESS can act as both a voltage source and a load in the power grid during its charge 

and discharge process. This makes it possible for the BESS to act as a power balance unit 

on the power grid. The BESS has a power output range of 2 kW-50 MW, which makes it 

possible for the BESS to balance the power at both the transmission grid and the 

distribution grid, proving a large flexibility. The BESS model in this thesis needs further 

work to be able to use in more complex systems. 

The variable parts of the system cause the instability in the power grid model. There are 

seven variable units in the model, six of them are different loads and the last one is the 

solar power plant. The loads cause the largest part of the instability in the distribution grid 

when they switch between the different consumption levels. The impedances of the power 

lines amplifies the instability created by the loads. These are the two important factors for 

instability in the system.  

The power lines where used to alter the distribution grid between a strong and a weak 

power grid according to the SCR. In the strong power grid the frequency variation and 

the voltage deviation had a low amplitude and was not outside the Swedish grid code 

requirements. When the distribution grid was changed to a weak power grid the amplitude 

of the frequency variation and voltage deviation increased, causing errors on the 

distribution grid according to the Swedish grid code. Therefore there is a need of 

frequency and voltage regulation in a weak power grid. 

When the BESS was connected to the distribution grid at the worst location the number 

of errors decreased to only a few errors in voltage deviation and no error in frequency. 

This proved that a BESS successfully can act as a regulation unit for both voltage and 

frequency even when placed at a suboptimal spot. The effect of the BESS could be 

improved by its placement. When the optimal placement at bus 12 was used, the number 

of errors according to the Swedish grid code was down to zero for both frequency and 

voltage deviation. The best placement of the BESS was at the bus with the highest 

amplitude in both frequency variation and voltage deviation, which was at the end of a 

power line and at the bus with the highest load. The placement of the BESS is more 

important when trying to regulate the voltage deviation than the frequency, but both 

benefits from a good placement. 

When the power capacity of the BESS started to decrease, the amplitude of the frequency 

and voltage deviation started to alter more. The starting BESS was of an optimal power 

capacity of 5 kW, where it could meet all the power balance issues of the power grid. 

When the BESS power capacity was down to 2.5 kW the frequency and the voltage 
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deviation went outside the requirements of the Swedish grid code. The power capacity of 

the BESS affected both the frequency and the voltage deviation in the simulations when 

the BESS could no longer meet the needs of the power grid. The frequency was the 

parameter most affected by the lack of power capacity on the power grid. This concludes 

that the BESS power capacity is an important factor to the frequency stability. 

This thesis shows that the instability in the power grid model is created by the variable 

loads in the distribution grid and is then amplified by the impedances of the power lines, 

where a higher impedance amplified the amplitude of the errors more. It is possible to 

alter the model between a strong and a weak power grid by changing the parameters of 

the power line impedances. The effect of a weak power grid is a much more unstable 

power quality. A BESS can act as a regulation unit for the distribution grid and can meet 

the power balance difficulties during deficit as well as surplus of power on the power 

grid. To get the most effect out of the installed BESS, it should be able to cover all of the 

power grids power balance issues and it is important to place the BESS at the bus with 

the largest problems, which is most likely to be at the largest load. The frequency is more 

dependent on the power capacity and the voltage deviation shows more dependence on 

the placement, but both of them experience good effects with the right power capacity 

and placement of the BESS. 
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7. Future studies 

Future work would be to study the BESS Simulink model to make it possible to use in 

more complex systems. With a proper BESS model, it would be possible to draw more 

exact conclusions about how the BESS works in the distribution grid. It would also be 

possible to try different control systems for the BESS to see how that affect the regulation 

possibilities. 

Another approach would be to study the system for a longer period, more than just one 

day. With a simulation for one year it would also be possible to study the state of charge 

of the battery and through that study the needed energy storage capacity for the system. 

A more complex distribution system with more power lines could also be studied to see 

if that changes the possibilities of the system, or if another method with a distributed 

BESS would be suitable for the system. 

Other parameters in the system could be studied, such as power flow and transients.  



51 
 

8. References 

[1] T. E. R. Ramakumar, J.J. Bzura, J. Eyer, J. Gutierrez-Vera, “Renewable technologies and 
distribution systems,” IEEE, vol. November, p. 2009, 1999. 

[2] International Energy Agency, “Key world energy statistics,” IEA, 2016. 

[3] G. Erbach, “EU climate and energy policies post-2020: Energy security, competitiveness 
and decarbonisation,” EPRS, vol. Briefing 2, pp. 1–8, 2014. 

[4] J. Merino, P. Mendoza-Araya, and C. Veganzones, “State of the art and future trends in 
grid codes applicable to isolated electrical systems,” Energies, vol. 7, no. 12, pp. 7936–
7954, 2014. 

[5] A. Etxegarai, P. Eguia, E. Torres, A. Iturregi, and V. Valverde, “Review of grid connection 
requirements for generation assets in weak power grids,” Renewable and Sustainable 
Energy Reviews, vol. 41. Elsevier, pp. 1501–1504, 2015. 

[6] S. Eckroad and EPRI-DOE, “Handbook of Energy Storage for Transmission & Distribution 
Applications,” Power, vol. 2, no. December, p. 512, 2003. 

[7] T. Xia, M. Li, P. Zi, L. Tian, X. Qin, and N. An, “Modeling and simulation of Battery Energy 
Storage System (BESS) used in power system,” Proc. 5th IEEE Int. Conf. Electr. Util. 
Deregulation, Restruct. Power Technol. DRPT 2015, pp. 2120–2125, 2016. 

[8] C. A. Hill, M. C. Such, D. Chen, J. Gonzalez, and W. M. Grady, “Battery energy storage for 
enabling integration of distributed solar power generation,” IEEE Trans. Smart Grid, vol. 
3, no. 2, pp. 850–857, 2012. 

[9] J. Mcdowall, “Integrating energy storage with wind power in weak electricity grids,” vol. 
162, pp. 959–964, 2006. 

[10] M. Lei et al., “Design of Energy Storage Control Strategy to Improve the PV System 
Power Quality,” IEEE, vol. IECON 2016, pp. 0–5, 2016. 

[11] H. Nazaripouya, Y. Wang, P. Chu, H. R. Pota, and R. G. Members, “Optimal Sizing and 
Placement of Battery Energy Storage in Distribution System Based on Solar Size for 
Voltage Regulation,” IEEE, vol. Power & En, pp. 0–4, 2015. 

[12] A. Erduman and B. Uzuno, “Storage Commitment and Placement for an Interconnected 
Island System with High Wind Penetration , Gotland,” IEEE, vol. ICRERA, pp. 605–609, 
2014. 

[13] P. M. Quevedo and J. Contreras, “Optimal placement of energy storage and wind power 
under uncertainty,” MDPI, vol. Energies 2, no. 7, p. 528, 2016. 

[14] A. Nordling, “Sweden ’ s Future Electrical Grid A project report,” 2016. 

[15] The World bank IBRD IDA, “Electric power transmission and distribution losses (% of 
output) | Data,” 2014. [Online]. Available: 
http://data.worldbank.org/indicator/EG.ELC.LOSS.ZS?end=2014&locations=SE&page=4
&start=1960&view=chart. [Accessed: 05-May-2017]. 

[16] P. R.-S. Chang, “Grid Architecture,” U.S Dep. energy, vol. November 2, 2004. 



52 
 

[17] M. Mohseni and S. M. Islam, “Review of international grid codes for wind power 
integration: Diversity, technology and a case for global standard,” Renew. Sustain. 
Energy Rev., vol. 16, no. 6, pp. 3876–3890, 2012. 

[18] Nordel, “Nordic Grid Code 2007,” vol. 2007, pp. 69–74, 2007. 

[19] L. Rouco and L. Sigrist, “Active and Reactive Power Control of Battery Energy Storage 
Systems in Weak Grids,” IEEE, vol. IREP, Augu, pp. 1–7, 2013. 

[20] T. R. Ayodele, A. Jimoh, J. L. Munda, and A. J. Tehile, “Challenges of Grid Integration of 
Wind Power on Power System Grid Integrity: A Review,” Int. J. Renew. Energy Res., vol. 
2, no. 4, pp. 618–626, 2012. 

[21] A. S. Subburaj and S. B. Bayne, “Battery and Wind System in Weak / Strong Grid 
Analysis,” IEEE, vol. Industry A, pp. 1–6, 2015. 

[22] IEEE, “IEEE Guide for Planning DC Links Terminating at AC Locations Having Low Short-
Circuit Capacities,” IEEE Std 1204-1997, p. i, 1997. 

[23] M. F. Farias, P. E. Battaiotto, and M. G. Cendoya, “Wind farm to weak-grid connection 
using UPQC custom power device,” Proc. IEEE Int. Conf. Ind. Technol., pp. 1745–1750, 
2010. 

[24] N. P. W. Strachan and D. Jovcic, “Stability of a variable-speed permanent magnet wind 
generator with weak AC grids,” IEEE Trans. Power Deliv., vol. 25, no. 4, pp. 2779–2788, 
2010. 

[25] Schneider Electric, “Short-circuit power,” MT Parten., vol. B12, 2004. 

[26] B. De Metz-Noblat, F. Dumas, and C. Poulain, “Schneider - Cahier technique no 158. 
Calculation of short-circuit currents,” Schneider Electr. Updat., no. 158, p. 6, 2005. 

[27] EPRI, “Voltage Sags, Swells and Interruptions Characterized in DPQ Phase II Project,” 
2005. 

[28] H. Asano, K. Yajima, and Y. Kaya, “Influence of photovoltaic power generation on 
required capacity for load frequency control,” IEEE Trans. Energy Convers., vol. 11, no. 
1, pp. 188–193, 1996. 

[29] D. Galzina, “Grid Integration of Distributed Energy Sources Regarding Power Quality,” 
IEEE, vol. Internatio, pp. 1320–1324, 2014. 

[30] M. Ebad and W. M. Grady, “An approach for assessing high-penetration PV impact on 
distribution feeders,” Electr. Power Syst. Res., vol. 133, pp. 347–354, 2016. 

[31] G. Murali and A. Manivannan, “Analysis of Power Quality Problems in Solar Power 
Distribution System,” vol. 3, no. 2, pp. 799–805, 2013. 

[32] R. Shah, N. Mithulananthan, R. C. Bansal, and V. K. Ramachandaramurthy, “A review of 
key power system stability challenges for large-scale PV integration,” Renew. Sustain. 
Energy Rev., vol. 41, pp. 1423–1436, 2015. 

[33] W. Mazgaj, B. Rozegnał, and Z. Szular, “Switching Losses in Three-Phase Voltage Source 
Inverters Straty Przełączania W Trójfazowych,” Elektrotechnika Zesz., vol. 2–E (13) 2, 
2015. 



53 
 

[34] V. Khare, S. Nema, and P. Baredar, “Power Quality Disturbances in Grid Connected Solar 
System & Its Prevention,” Int. J. Eng. Innov. Technol., vol. 1, no. 5, pp. 252–255, 2012. 

[35] IT Power group, “ADDRESSING GRID-INTERCONNECTION ISSUES WITH VARIABLE 
RENEWABLE ENERGY SOURCES,” no. December 2010, 2010. 

[36] W. T. Jewell, R. Ramakumar, and S. R. Hill, “Study of dispersed photovoltaic generation 
on the PSO system.,” IEEE Trans. Energy Convers., vol. 3, no. 3, pp. 473–478, 1988. 

[37] V. H. Méndez Quezada, J. Rivier Abbad, and T. Gómez San Román, “Assessment of 
energy distribution losses for increasing penetration of distributed generation,” IEEE 
Trans. Power Syst., vol. 21, no. 2, pp. 533–540, 2006. 

[38] ESC, “Global Energy Storage Market Overview & Regional Summary Report,” 2015. 

[39] EASE and EERA, “European Energy Storage Technology Development Roadmap towards 
2030,” 2014. 

[40] D. W. Gao, Energy Storage for Sustainable Microgrid Chapter 1. Academic Press, 2015. 

[41] Energy storage association, “Flywheels | Energy Storage Association.” [Online]. 
Available: http://energystorage.org/energy-storage/technologies/flywheels. [Accessed: 
21-Mar-2017]. 

[42] Energy storage association, “Benefit Categories | Energy Storage Association.” [Online]. 
Available: http://energystorage.org/energy-storage/energy-storage-benefits/benefit-
categories. [Accessed: 20-Mar-2017]. 

[43] K. C. Divya and J. Østergaard, “Battery energy storage technology for power systems-An 
overview,” Electr. Power Syst. Res., vol. 79, no. 4, pp. 511–520, 2009. 

[44] S.-Y. Yu, H.-J. Kim, J.-H. Kim, and B.-M. Han, “SoC-Based Output Voltage Control for 
BESS with a Lithium-Ion Battery in a Stand-Alone DC Microgrid,” Energies, vol. 9, no. 11, 
p. 924, 2016. 

[45] D. W. Gao, Energy Storage for Sustainable Microgrid chapter 3. Academic Press, 2015. 

[46] S. Chakraborty, M. G. Simões, and W. E. Kramer, Power Electronics for Renewable and 
Distributed Energy Systems: A Sourcebook of Topologies, Control and Integration, vol. 
59. 2013. 

[47]  a Reznik, M. G. Simões, A. Al-durra, and S. M. Muyeen, “LCL Filter Design and 
Performance Analysis for Small Wind Turbine System,” IEEE Trans. Ind. Appl., pp. 1–7, 
2012. 

[48] A. Yazdani and R. Iravani, “Voltage-Sourced Converters in Power Systems chapter 4.,” 
vol. 43, no. April, 2010, pp. 69–115. 

[49] R. Bussar et al., “Battery Energy Storage for Smart Grid Applications,” EUROBAT, 2013. 

[50] S. Dahlke, “Evaluating the Economics for Energy Storage in the Midcontinent : A Battery 
Benefit-Cost Analysis,” Gt. Plains Inst., vol. July, 2016. 

[51] Schneider Electric, “13 . Electrical network design methodology and application 
example,” in Industrial electrical network design guide, 2010, pp. 873–934. 



54 
 

[52] Mathworks Examples, “250-kW Grid-Connected PV Array.” [Online]. Available: 
https://www.mathworks.com/examples/simpower/mw/sps_product-
power_PVarray_250kW-250-kw-grid-connected-pv-array. [Accessed: 08-May-2017]. 

[53] J. H. Naylor, “Fault calculation,” in Power system protection, Institution of Engineering 
and Technology, 1995, pp. 53–125. 

[54] J. Widén, A. M. Nilsson, and E. Wäckelgård, “A combined Markov-chain and bottom-up 
approach to modelling of domestic lighting demand,” Energy Build., vol. 41, no. 10, pp. 
1001–1012, 2009. 

[55] J. Widén and E. Wäckelgård, “A high-resolution stochastic model of domestic activity 
patterns and electricity demand,” Appl. Energy, vol. 87, no. 6, pp. 1880–1892, 2010. 

  



55 
 

Appendix A Short circuit calculations 

Equations for different kinds of short circuit faults. 

 

 

  



56 
 

Appendix B Simulink model of Battery  

Appendix B describes and shows figures of the created BESS Simulink model. 

In figure B1 the conversion part of the BESS is shown. It is built as described in Chapter 

2.4.2 with a battery connected to an inverter, a LCL-filter and before reaching the grid 

there is a transformer. The BESS use AC signals from the power grid to control the 

battery. The inverter is built with the Simulink block IGBT/Diode. 

The LCL-filter is calculated with Eq 4-8. The battery working voltage is 50 V and the 

transformer transforms the voltage up to 400 V. 

In figure B2 the transformation between the abc-reference system and the dq-reference 

system is shown and this is the first part of the control system. The dq-signals are used to 

create the signals PIP and PIQ in figure B3. The PIP and PIQ signals are the reference 

that controls the inverter and decide if the battery should charge or discharge, by deciding 

the pulse width modulation in figure B4. The control system is built according to Chapter 

2.4.3.  

In figure B3 the dq-signals are calculated into active power and reactive power, P and Q. 

The power is compared to the balance between loads and generators, Pref and Qref, and 

translated to currents to compare with the current in the dq-current. 

In figure B4 the signals for the inverter is created by pulse width modulation. These 

signals control the current flow of the inverter, if the power should charge or discharge 

the battery. 
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Figure B1.1. Overview of the conversion system of the BESS. Left side in Figure B1.2 the right side is showed. 
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Figure B1.2. Overview of the conversion system of the BESS. Left side in Figure B1.1 the left side is showed. 
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Figure B2. Phase locked loop and abc to dq transformation in a battery management system. 
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Figure B3. PQ-transformation in the BMS. 
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Figure B4. Pulse width modulation in the BMS. 
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Appendix C Simulink model of the power grid 

Appendix C shows all the figures of the power grid Simulink model. 

In figure C1 the upper part of the power grid Simulink model is presented. This is the 5.5 

kV part of the power grid with all the generation sources and the constant load. The solar 

production is connected 10 km from the transformer and the voltage source is connected 

at the transformer. 

In figure C2 the distribution part of the power grid is presented. There are two power lines 

and each power line has three different loads at different distance from the transformer. 
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Figure C1. Overview of the 5.5 kV part of the power grid 
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Figure C2. Overview of the distribution part of the power grid, with the BESS not connected
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Appendix D Matlab code with paramters 

The MATLAB code with all parameters for the power grid model. 

%%%%%%%% SYSTEM PARAMETERS %%%%%%%%% 

% Generator and PV production tot 19867 W 

PG=13000; 

QG=1e3; 

Psol=3; %Sun production 1=2kWh, 40 at maximum 

91560 W, 3=6867, 327 W/PV 
  

%Stable load 

Pa=10e3; 

Qa=1e3; 
  

%Line parameters 

r1=0.181; 

r0=0.568; 

l1=0.000484; 

l0=0.00078; 

c1=12.74e-9; 

c0=7.751e-9; 
  

L0=4; %length of lines from trafo 

L1=0.3; %To first load 

L2=0.3; %To second load 

L3=0.3; %To third load 

Lsol=10; %From PV 
  

% System frequency (Hz): 

f=50;  

% System Voltage rms 

Vrmsh=5500; 

% System voltage before trafo 

Vrmsl=400; 

% Simscape Power Systems sample time (s): 

Ts_Power=1/(33*f)/100; 

% Inverter Control system sample time (s): 

Ts_Control=10*Ts_Power;      
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% 

***********************************************

****************** 

%                         POWER PARAMETERS 

% 

***********************************************

****************** 
  

Pnom = 100e3;      % Inverter nominal 3-phase 

power (VA) 

Vnom_prim = 5500;  % Nominal inverter primary 

line-to-line voltage(Vrms) 

Vnom_dc = 480;     % Nominal DC link voltage (V) 
  

% Nominal inverter secondary line-to-line 

voltage (Vrms): 

Vnom_sec= 0.85*Vnom_dc/2/sqrt(2)*sqrt(3); 
  

% Transformer parameters: 

% Nominal voltage in Vrms, Resistance in pu and 

Leakage inductance in pu 
  

Pnom_xfo=Pnom;       % Transformer nominal power 

(VA) 

TotalLeakage=0.06;   % Transformer total leakage 

(pu) 
  

W1_xfo=  [Vnom_prim TotalLeakage/25/2  

TotalLeakage/2];  % Winding 1 (Grid side) 

W2_xfo=  [Vnom_sec  TotalLeakage/25/2  

TotalLeakage/2];  % Winding 2 (DC link side) 
  

Rm_xfo=200;  % Magnetization resistance (pu) 

Lm_xfo=200;  % Magnetization inductance (pu) 
  

% Inverter choke RL [Rpu Lpu] 

RLchoke=[ 0.15/100  0.15 ];  % in pu 

Pbase_sec=Vnom_sec^2/Pnom; 

RL(1)=RLchoke(1)*Pbase_sec; 

RL(2)=RLchoke(2)*Pbase_sec/(2*pi*f); 
  

% Filter C Parameters 
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Qc=0.1*Pnom;     % Capacitive reactive power 

(var) 

Pc=Qc/50;        % Active power (W)       
  

% DC link energy for 3/4 cycle of Pnom 

Ceq= 3/4 * (Pnom/f*2/Vnom_dc^2); 

Clink=Ceq*2;    % Cp & Cn (F) 
  

% IGBT Bridge parameters 
  

Rs=1e6;          % IGBT Snubber (Ohm) 

Cs=inf;          % IGBT snubber (F) 

Ron=1e-3;        % IGBT conduction resistance 

Vf=0;            % IGBT Forward voltage 

Vfd=0;           % Diode Forward voltage 
  

% 

***********************************************

****************** 

%                    CONTROL PARAMETERS 

% 

***********************************************

****************** 
  

% MPPT Control (Perturb & Observe Algorithm) 
  

Increment_MPPT= 0.01;     % Increment value used 

to increase/decrease Vdc_ref 

Limits_MPPT= [ 583 357 ]; % Upper & Lower limit 

for Vdc_ref (V) 
  

% VDC regulator (VDCreg) 
  

Kp_VDCreg=2;           % Proportional gain 

Ki_VDCreg= 400;        % Integral gain 

LimitU_VDCreg= 1.5;    % Output (Idref) Upper 

limit (pu) 

LimitL_VDCreg= -1.5;   % Output (Idref) Lower 

limit (pu) 

% 

% Current regulator (Ireg) 
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RLff(1)= W1_xfo(2) + W2_xfo(2) + RLchoke(1); % 

Feedforward values 

RLff(2)= W1_xfo(3) + W2_xfo(3) + RLchoke(2); % 

Feedforward values 
  

Kp_Ireg= 0.3;          % Proportional gain 

Ki_Ireg= 20;           % Integral gain 

LimitU_Ireg= 1.5;      % Output (Vdq_conv) Upper 

limit (pu) 

LimitL_Ireg= -1.5;     % Output (Vdq_conv) Lower 

limit (pu) 
  

% PWM Modulator Parameters  
  

Fc= 33 * f ; % Carrier frequency (Hz) 
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Appendix E 

The data sheet for the used solar module is presented in figure D1. 

 

Figure D1. Data sheet for solar module. 


