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In recent years, the power system has evolved towards more renewable-heavy production. 

This trend can cause difficulties, such as voltage variation in the low voltage network, for the 
distribution system operator. Some of the problems can be mitigated by using various techniques 
or components. By introducing potentially helpful component, a smart transformer, more control 
over the grid could be obtained and some technical reliefs introduced. 

This thesis investigates the smart transformer performance under various load conditions. The 
investigation is done on a real-time electromagnetic simulation platform to incorporate the transi-
ents caused by the power electronic switching in the smart transformer. 

To analyse the performance of the modelled smart transformer, measurements of voltage and 
current at the input and output terminals are analysed from voltage quality perspective. The meas-
urements are taken in four different load conditions: no-load, stepwise change transient, steady-
state, and unbalanced load conditions. The obtained voltage and current results are compared to 
a reference simulation with only a two-winding distribution transformer without the smart trans-
former. An external script is used to control the simulation model and to save the result to ensure 
consistency between simulation runs. 

The input voltage to the smart transformer is heavily distorted under load due to high current 
spikes resulting from electromagnetic interactions between converter components. Inverter out-
put voltage struggles to follow the reference and causes minor distortion to the low-voltage net-
work under load. The decoupling effect of the smart transformer DC-link can be observed in the 
measurement results: even though the input and output sides of the smart transformer contain at 
least minor distortion, the distortion is different between the input and output sides. The distortions 
and voltage variations are evident on the primary and secondary sides of the two-winding trans-
former.  
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Uusiutuvat energialähteiden lukumäärä on kasvanut viime vuosien aikana. Tämä 
kehityssuunta voi aiheuttaa vaikeuksia vaikeuksia jakeluverkon hallitisijalle.Osaa näistä 
ongelmista voidaan mahdollisesti lieventää käyttämällä erilaisia tekniikoita tai komponentteja. 
Eräs potentiaalinen komponentti jännitteenvaihteluun, tai jopa käänteiseen tehonvirtaukseen, voi 
olla tässä työssä käsitelty älymuuntaja. Tässä asiayhteydessä älymuuntaja on sarja 
tehoelektronisia konverttereita.  

Tämä diplomityö tutkii älymuuntajan suorituskykyä erilaisissa kuormitustilanteissa. Tutkimus 
tehtiin reaaliaikaisella simulaatioalustalla, jonka avulla pystytään mallintamaan 
tehoelektroniikasta johtuvia harmonisia, tai muita transientteja. 

Älymuuntajan suorituskyvyn analysointia varten simulaatiomallista mitattiin jännite- ja 
virtasignaaleja älymuuntajan molemmin puolin. Suorituskyvyn analysointi rajoittuu 
jännitteenlaadun alkukantaiseen tarkasteluun. Jännite- ja virtamittaukset otettiin yhteensä 
neljässä erilaisessa kuormitustilanteissa, joille älymuuntaja altistettiin simulaatioissa: 
kuormittamaton, askelmaisesti muuttuva kuormitus, jatkuva kuormitus ja epäsymmetrinen 
kuormitus. Jännite- ja virtamittauksia verrataan tuloksiin, jotka on saatu simuloimalla 
verrokkisimulaatiota ilman älymuuntajaa, pelkällä jakelumuuntajalla. Simulaatiomallin hallinta 
toteutettiin ulkoisella ohjaus skriptillä, jolla taattiin toistettavuus simulointiajojen välillä. 

Älymuuntajan tehoelektroniikan aiheuttama jännitteen aaltomuodon vääristyminen 
syöttöpuolella on suorassa yhteydessä älymuuntajan kuormitustasoon. Jännitteen vääristymä 
aiheutuu suurista virtapiikeistä, joita dioditasasuuntaaja ottaa. Älymuuntajan ulostulon 
vaihtosuuntaaja ei kykene luotettavasti ylläpitämään pienjänniteverkon jännitettä, tämä ongelma 
on tapauskohtainen ja korjaantuu käyttämällä parempaa ohjausalgoritmia. Älymuuntajalla on DC-
välipiirin olemassaoloon liittyvä ominaisuus erottaa sisään- ja ulostulonsa toisistaan. Näin 
pystytään erottamaan molemmilla puolilla tapahtuvia jännitteenheilahteluita tai säröytymää. 
Vastaavaa erotusta ei esiinny tavanomaisella muuntajan kanssa. 

 
Avainsanat: smart transformer, simulation, real-time simulation 
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1 INTRODUCTION 

Electric power systems are complex systems with various phenomena and interactions 

occurring at any time. The power systems have been undergoing considerable changes 

considering the system dynamics with introduction of power electronic converters. The 

transition towards more ecologically sustainable electricity production with higher pene-

tration of converter interfaced generation (CIG) has introduced problems with voltage 

levels, electric power quality (PQ), and inertia of the system, among other topics. The 

voltage level problems are tied to the PQ issues due to increased harmonics and possi-

ble resonant states in the system. Traditional rotating mass generation units store energy 

in its prime mover, such as a turbine, this is often called inertia in an electric power sys-

tem context, and it is not naturally produced by CIG. Unless special consideration is 

given, CIG also has low contribution to the short-circuit current of the system. Despite 

the aforementioned complications, the converters also enable significantly more control 

of the grid with appropriate controls, meaning faster response to frequency variation. [1-

4] 

Number of nonlinear converter-interfaced loads has increased and likely will keep in-

creasing. Among these loads are electric vehicles and battery systems. Increasing 

amount of nonlinear converter interfaced loads and generation puts a strain on the elec-

tric power system by introducing harmonic currents that in turn distort the voltage wave-

forms. [3][5] 

Power electronic converters operate at higher frequencies, and thus within shorter time 

periods, than rotating mass generation and require faster control systems. Power sys-

tems appear to be moving towards more control circuit heavy systems. Improving the 

controllability and communication capabilities of and between the power system compo-

nents is increasingly more important. High-level control is typically handled by energy 

management system (EMS) and low-level control loops are responsible for component 

level control and maintaining and reaching the reference values set by an EMS. [1][4] 

An electric power system can be roughly reduced to three main components: power gen-

eration, electric grid, and power consumers. Each has subcategories. Typical voltage 

levels and structure in Finnish electrical grid can be categorized in high voltage (HV), 

medium voltage (MV), and low voltage (LV) levels. Typical consumer is connected to a 
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LV distribution network operating at 0.4 kV level, the voltage levels are stepped up or 

down with transformers that traditionally have two windings and the ratio of number of 

turns in each winding determines the voltage ratio between terminals. [6][7] 

A component called smart transformer (ST) can be used to replace the traditional trans-

former and to enhance the capabilities of the connection point between a LV network 

and the feeding MV network. A smart transformer is a combination of power electronic 

converters that enable higher degree of control than a two-winding transformer. This 

higher degree of control can be utilized to provide better services for the customers and 

towards the distribution grid feeding the smart transformer. While the ST allows for ac-

curate and wide control, using power electronic converters can also have inherent power 

quality related problems. While allowing more control in the grid, the power electronic 

converters also require complex control algorithms to realize their benefits. The ST aims 

to respond to increasingly more difficult load profile that modern electricity demand is 

heading towards. [8] 

Simulation tools can be used to model a network under investigation to avoid tampering 

with a real network or building a physical test platform and the simulation models can be 

built and modified according to research needs. Obtaining results and changing param-

eters can also be more streamlined than by operating with a physical system. In this 

thesis, the smart transformer is modelled in a real-time simulation environment. A real-

time simulation environment calculates the entire model network repeatedly quickly 

enough to resemble real time. Specialized simulation hardware by RTDS Technologies 

is used, which is an electromagnetic transient (EMT) based simulation environment. 

1.1 Motivation  

Increased penetration of power electronic converters and wider coverage of communi-

cation systems in power systems establishes a basis for research into smart grids. Smart 

grids aim to improve power system behavior by utilizing communication and control. Both 

introduce possibilities and challenges. Due to complex interactions between electric 

power grid components and implemented control strategies, it is beneficial to conduct 

sufficiently accurate simulations of electric networks with control possibilities. [9] 

This thesis is commissioned by VTT Technical Research Centre of Finland (VTT) to de-

velop a simulation model that is used with specific research project requirements in mind 

first and then developed further to meet general research needs later. For the purposes 

proposed by the research project, the voltage characteristics at the input and output of 

the ST are of interest. Since voltage and current are closely related, current signal will 
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also be analyzed. A simulation platform for detailed modelling of power electronic con-

verters and assessing the performance of the modelled converters from the power quality 

perspective is employed. The topology of the simulated power system is based on the 

goals of a specific research project but is not an exact replica.  

How are voltage and current signals distorted at the input and output terminals of the 

smart transformer, when analyzed from voltage level and harmonic content perspectives 

under various load conditions? To obtain results needed for this analysis, a simulation 

platform must be built. Components to automate the simulations and to automatically 

save simulation results are developed alongside with the smart transformer simulation 

model. 

1.2 Scope  

The scope of this thesis is narrowed to modelling of a small part of a power system in a 

real-time simulation environment and to apply a framework for external control of the 

simulation model. The power system simulation model includes a medium voltage 

feeder, a smart transformer, and a small low voltage load environment. The medium 

voltage feeder is based on a data set provided for the thesis by a Finnish DSO Caruna 

Networks Oy, later referred to as Caruna. The LV load and smart transformer topologies 

are based on specifications from MSc Electronics.  

Running the simulation model is automated to some degree with an external control 

script. The script is responsible for applying specified conditions in the simulation model 

by interacting with the power system components. 

Smart transformers have been studied extensively. In [10] a smart transformer was stud-

ied from system level benefit perspective by analyzing power flow of a network with ST 

and a conventional transformer. It was concluded in [10] that in the simulation case utili-

zation of STs enabled independent reactive power control which lowered power line and 

power generation related costs. The study was conducted by running simulations in an 

IEEE 39 bus reference system with varying number of smart transformers attached to 

busbars., The paper presents results showing that smart transformers can compensate 

reactive power in different busbars of the reference system. The results hint at possible 

optimal smart transformer deployment locations. Similar results regarding the flexibility 

of ST based on mathematical analysis were concluded in [11]. The paper compares a 

typical low frequency transformer to an ST. The analysis and simulation results indicate 

that an ST is an economical option for replacing LFT with a static var compensator 

(STATCOM) and on-load tap changer. ST provides faster control and complete isolation 
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of reactive power flow between LV and MV grids. By quickly reacting to voltage variation 

with reactive power adjustments, the ST can respond to rapid voltage fluctuation. A com-

mon topology for a smart transformer is presented in [8] along with [12]. 

Smart transformers have also been studied in real-time simulation environment with 

hardware-in-the-loop validation, such as in [12]. In the paper a mathematical model is 

developed and then verified.  

This thesis aims at implementing the already well researched STs into a RTDS simula-

tion environment and enabling external program control possibilities for researcher pur-

poses. The individual components of the smart transformer model power converters will 

not be covered in detail at hardware level since the simulation model can be built based 

on the topology and desired characteristics of the converters. The focus is on building 

an operational platform. 

The simulation results analysis is constrained to the input and output voltage wave forms 

and the DC-link voltage level in various load conditions. The voltage and current levels 

are also analyzed for their harmonic content. By analyzing the properties of the wave 

forms, the performance of the smart transformer can be observed on a technical level. 

Test cases, defined by creating various load conditions, concerning stepwise load in-

crease, steady state balanced and unbalanced load conditions were devised. At this 

preliminary state, the input and output voltages and currents should be acceptable, and 

results that could affect the power system the smart transformer is connected to, are 

sought after.  
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2 DISTRIBUTION GRID  

This chapter discusses and introduces relevant background information from the per-

spective of technical services the smart transformer can provide, and regarding the mod-

elling of the distribution grid. The topics are restricted to low- and medium-voltage net-

work phenomena, as it is the domain that smart transformers in general are deployed. 

The technical side considers both medium and low voltage grid operation. The ST is 

connected to a stepdown transformer on the low voltage side, but some disturbances 

from the power electronics could spread to the medium voltage side. Therefore, analysis 

of some power quality aspects is important. 

2.1 The structure of d istribution grid  

The technical purpose of a distribution grid is to transfer power from either a higher volt-

age transmission network or power plants to end users. As defined in Finnish power 

system context by [7], an area network operates at 110 kV and 45 kV, a medium voltage 

distribution network at 20 kV and a low voltage distribution network at 0.4 kV level. The 

grid discussed in this thesis is a part of a MV distribution grid operating at 20 kV level 

and a part of a LV grid at 0.4 kV level. 

Figure 1 displays a simplified diagram of a distribution network structure. The two trans-

formers (substation and distribution transformer) connect the area network, MV network 

and LV network to each other. Area network could have interconnected power supply in 

a mesh-like topology, whereas MV and LV networks are operated in a radial topology. 

MV network is operated as ground-isolated and LV network as grounded. These systems 

are reflected on the transformer windings. Radial configuration is used for simpler isola-

tion of disturbances, lower short-circuit currents, easier voltage control and simpler im-

plementation of protective devices compared to a meshed network. Medium voltage net-

works may be built in a ring topology but they are operated in a configuration where the 

ring is open at a switching station but can be closed if it is necessary to reroute power 

during outages or maintenance work. [7] 
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  Simplified presentation of a distribution network. 

2.1.1 Medium -voltage distribution network  
In context of this report, the MV and LV parts of the power system are the most relevant. 

The MV network part of the simulation model is based on a line segment data set pro-

vided by Caruna, of a partial segment of a MV network in Finland. The data is anony-

mous, and it cannot be used to identify the location or individual customers, but it can be 

used to find out the topology and various parameters of the line. 

The provided network data can be read with a simple graph algorithm. The graph that is 

navigated is a tree-structure graph (Figure 2a)). Iterations are made so that all end points 

of the branching network are used as starting points for the algorithm. Each iteration 

saves line segment parameters to be used in the simulation model. The algorithm steps 

of an iteration are described below. 

1. A starting point is chosen from a list of leaf nodes with a distribution transformer 
connection. 

2. A line segment �J that is connected to the leaf node is chosen. 

3. The line parameters, such as segment length and impedance values, of the line 
segment �J are saved. 

4. The next line segment towards the root of the tree structure (following the arrows 
in Figure 2 a)) �J
F�s is chosen and its parameters are saved. 

5. Bullet points 3 and 4 are repeated until the root node is reached.  

6. A different leaf node with a distribution transformer connection is chosen and the 
algorithm goes back to bullet point 1. 
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  MV network data in a tree structure (a) and equivalent MV network (b). 

A graphical presentation of a leaf-to-root path is presented in Figure 2 b). There is one 

distribution transformer in each fork (blue dots in Figure 2 a)). Each distribution trans-

former typically has several customers connected to it. The distribution transformer da-

taset includes nominal power and voltages, short-circuit impedance, load and no-load 

losses and each tra�Q�V�I�R�U�P�H�U�¶�V���L�Q�G�L�Y�L�G�X�D�O���K�D�V�K���,�'�����7�K�H���O�R�D�G��downstream from each trans-

former was obtained from the distribution line dataset. Usage and criteria of the distribu-

tion transformers are specified in 3.1. 

Distribution lines can be modelled as lengthwise impedances consisting of resistance 

and reactance. The resistance is directly proportional to the resistivity of the conductor 

material and line length. The resistance is inversely proportional to the area of the con-

ductor. The reactive component reflects the magnetic properties of the line which de-

pends on the distance between conductors and conductors and ground, and the fre-

quency. Since MV networks are operated as ground-isolated, the ground fault current 

will remain smaller than in grounded LV network. [7]. The anonymous network data re-

ceived from Caruna was used to create routes from the root to each leaf node using a 

graph algorithm. One path was chosen manually. 

Furthermore, equivalent circuits can be used to simplify the modelled network. A fre-

quently used equivalent circuit is the �è-equivalent circuit Figure 3 a), where the imped-

ance �<
L �4
E�F�: and the admittance �; 
L �s �<�¤ 
L �) 
E�F�$. Admittance consists of conduct-

ance �) and susceptance �$. As Finnish MV distribution grid is operated isolated from 
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ground in delta-configuration (no neutral or grounding wire), the admittance consists of 

capacitance between the conductor and the ground. Conductance can be ignored when 

the line operation voltage is �7 
O�t�t�r���G�8. Capacitance can be ignored at operation volt-

ages of �7 
O�v�w���G�8. As the modeled MV network section will not be used in fault analysis, 

it is reasonable to model the line as lengthwise impedance only (Figure 3 b)). [6][7] 

 

 Power line single phase �è-section circuit and lengthwise line impedance 
circuit. 

2.1.2 Low voltage  distribution network  
Finnish LV distribution network is operated as radial grounded network in Y-configura-

tion. As proposed in Chapter 2.1.1, the capacitive element of the LV line can be ignored. 

Opposite of MV networks, in LV networks the line-ground fault current will be high due 

to galvanic path between the line and ground. LV network lines can be modelled similarly 

to what is shown in Figure 3 b). [7]  

Topology of the low voltage environment considered in this thesis is presented in Figure 

4.Thre three-phase resistive loads can be connected to the LV busbar by operating the 

breakers 1-4 and the busbar to the ST output inverter by operating breaker 0. The loads 

are connected to the breakers by a 1 km overhead line that is modelled according to 

what was described in 2.1.1. Table values from [7] for AMKA overhead line are used for 

LV line model. The aluminium overhead line cross section is 35 mm2, impedance is �<
L

�:�r�ä�z�y
E�F�r�ä�s�r�;��
�•

�Þ�à
, the reactance being mainly inductive. 
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 Low voltage load topology. 

2.2 Smart transformer  

Transformers are used to step down or up the voltage between different sections of the 

electric grid. Generally, transformers have a winding on-load tap changer on the primary 

side to maintain the secondary side voltage at certain level [7]. To achieve higher degree 

of control over the network performance, the typical two-winding low frequency trans-

former can be replaced by a smart transformer (ST) that have power electronics imple-

mented in them. A smart transformer can provide the same functions as a regular power 

transformer but also more advanced functions that are enabled with the combination of 

power electronic converters. A typical use case for a smart transformer is to replace the 

distribution transformer between MV and LV grids, as shown in Figure 5.  

 

 Smart transformer in a distribution grid. 

Smart transformer topology can be a three-stage topology with an AC/DC rectifier inter-

facing with the medium voltage grid, medium to low voltage DC/DC converter and low 

voltage DC/AC inverter. Topologies with a step-down transformer between the MV-net-

work and the diode rectifier are also used. A step-down transformer is also used in the 
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simulation model that is described in this report, since all hardware components are low 

voltage components. There are two types of smart transformers, characterized by the 

input and output rectifier or inverter: grid forming and grid following. The grid forming ST 

is connected radially with the LV network that is fed. It can control the voltage amplitude, 

frequency and phase angle that is fed to the LV network. [8][10][11] 

In the context of this thesis, the smart transformer structure differs from the one shown 

in Figure 5. The ST is connected to a 400-volt low voltage grid via a diode rectifier. A 

DC/DC boost converter is required for maintaining the DC link voltage at a specified 

level. ST topology is presented in Figure 6, the measurement points highlighted in purple 

are explained in Chapter 4. Current and voltage ratings within the ST are based on the 

reference network for the simulation model, the specifications are presented in more 

detail in later chapters. 

 

  The smart transformer topology with voltage and measurement points 
highlighted in purple. 

The diode rectifier rectifies the voltage to DC, the boost converter keeps the DC-link 

voltage at desired level and the inverter produces near-sinusoidal output voltage.  Indi-

vidual power electronic converters, as they will be realized in the simulation model, will 

be introduced next. 

2.2.1 Diode rectifier  
The smart transformer input is connected to a line-commutated three-phase full-bridge 

diode rectifier, in which the commutation process is dictated by the AC-network fre-

quency and voltage amplitude [3]. Diode rectifiers are uncontrolled, and power can only 

flow from the feeding AC network to the DC-link through it. Diode rectifiers cause current 

ripple in the feeding network. A three-phase rectifier is preferrable to a one-phase rectifier 

due to its smoother output waveform and higher power throughput capability. [2]  

 

In the simulation model built for the thesis, the rectified voltage is divided in two as a 

bipolar DC-link. Positive and negative halves of the total rectified voltage, relative to 

ground, are separated by using capacitors. In the figure of the rectifier circuit diagram 
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below, Figure 7, �.�Ù is a filtering inductance, �%�Ù are filter capacitors used to maintain rip-

ple-free output DC voltage, �0 is ground. Points marked by blue circles are measurement 

points in the simulation model.  

 

  Three-phase line-commutated full-bridge diode rectifier circuit diagram. 

2.2.2 DC/DC boost converter  
A boost converter can be used to increase and maintain DC voltage at specific level. The 

boost converters in the simulation model are connected to the positive and negative 

halves of the rectified DC-voltage halves. The boost converters aim at maintaining the 

average DC voltage at certain minimum level of at least �7�½�¼���â�è�ç
L 
§�6

�7
�7�Å�Å, so that the 

DC/AC converter can output alternating voltage that has the amplitude matching typical 

�7�Å�Å
L �v�r�r���8 nominal distribution grid voltage. A circuit diagram of a boost converter is 

shown in Figure 8. 

 

 DC/DC boost converter circuit diagram. 

The input to the converter is nearly constant DC voltage, with small amount of ripple, 

from the diode rectifier. Boost converter increases the output voltage �7�½�¼���â�è�ç to a higher 

level than the input voltage �7�½�¼���Ü�á. The ratio between input and output levels depends on 

duty ratio �& of a valve �R�5. Duty ratio consists of switching time interval which includes on 

and off times, �6�æ
L���P�â�á
E�P�â�Ù�Ù. By managing the on- and off-state duration, the average 
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output voltage �7�½�¼���â�è�ç of the instantaneous output voltage �Q�½�¼���â�è�ç can be controlled. A 

carrier-based pulse width modulation (PWM) is used to control the valve state and sub-

sequently, the duty ratio. A separate control circuit, that is introduced later, is responsible 

for maintaining the desired voltage level. 

2.2.3 Inverter  
The DC/AC converter used in the model of this thesis can be characterized as a pulse-

width-modulated voltage sourced converter, as the inverter is controlled by PWM and it 

is an inverter type voltage-sourced converter (VSC). In a voltage-sourced converter, the 

DC-side voltage always has the same polarity, and the power flow is dictated by the 

current polarity. The inverter also assumes the role of a grid-forming inverter that pro-

duces required active and reactive power to maintain specified output voltage frequency 

and amplitude. A circuit diagram of the inverter is shown in Figure 9. [2][3][13] 

 

  Smart transformer three-phase inverter circuit diagram. 

The inverter is controlled in the simulation by calculating a modulation index that is re-

quired to maintain the specified output voltage level. Firing pulses are generated by a 

control circuit in the simulation model for the valves on each leg. The firing pulses are 

generated based on the calculated modulation index, the switching frequency can be 

controlled by adjusting the triangle carrier wave frequency. Capacitors �%�Ù on the DC input 

side of the inverter circuit diagram help maintain a constant voltage level. The output 

inductances �. acts as low-pass filter to filter out the noise in the voltage signal caused 

by the inverter valve switching. Blue circles are output voltage measurement points. 

2.3 Nonlinear  loads and electric power quality  

Electric power quality can be analyzed from various perspectives. In this work the anal-

ysis is constrained to the signals captured at input and outputs (Figure 6) of the smart 

transformer. Harmonics of voltage and current and voltage level are analyzed.  
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The term harmonics is often used to describe distortion in the power system voltage and 

current. Harmonics are periodic distortions in the sinusoidal wave forms and categorized 

as having a frequency different from the system fundamental frequency. The frequency 

can differ by integer, or fractional, multiples of the fundamental frequency [14]. 

Non-sinusoidal current waveform can be expressed mathematically as Fourier series, 

which is a sum of fundamental integer multiple frequency signals. 

Harmonics introduce problems to power system analysis due their inherent incompatibil-

ity with averaged power values, that rely on sinusoidal wave forms, for example. Har-

monics can be analyzed by various computational tools, one of them being Fourier anal-

ysis, more specifically fast Fourier transform (FFT), employed in the result analysis of 

this thesis. An example of distorted wave form and its Fourier series is presented in 

Figure 10. [5] 

 

 Distorted wave form and its Fourier series representation [5]. 

Nonlinear devices connected to the power system are the main reason for harmonic 

distortion. Nonlinear loads draw non-sinusoidal currents from the electric grid, which flow 

through impedances and cause voltage harmonics within the electric power system. 

[5][15]  

 

Power quality comprises also of voltage balance and level. The Finnish national public 

distribution system PQ standard SFS-EN-50160 defines that the root mean square 

(RMS) voltage in a grounded LV network should remain at the nominal voltage of �7�á 
L

�t�u�r���8 [16]. If one or more phases has their voltage amplitude fall below the nominal 

amplitude, or if the displacement angles between phases are not equal to 
�6��

�7
, the system 
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can be considered unbalanced or asymmetrical [15]. Balanced, unbalanced, and dis-

torted unbalanced three-phase systems are presented in Figure 11. The voltage level in 

a low voltage network should remain within ± 10 % of the rated voltage.  

 

 (a) balanced voltages, (b) unbalanced voltages, (c) distorted and 
unbalanced voltages [15]. 
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3 NETWORK MODEL AND USE CASES 

A detailed description of the modelled network is given in this chapter.  A general topol-

ogy and the main components of the modelled network are presented in Figure 12. There 

are 7 MV busbars in the MV network and they have distribution transformers connected 

with LV consumers behind them. Line impedances are modelled between each MV bus-

bar as detailed in 2.1.1. 

  

 Simulated network topology. 

The following design parameters are considered: 

�x Voltage levels at input, DC-link and output terminals of the ST. 

�x Power electronic converter types. 

�x Medium voltage grid line impedance. 

�x Distribution transformer step-down ratio, load and no-load losses and rated 

power. 

The simulated network can be roughly divided in three main sections: the MV grid, the 

smart transformer, and the LV loads. The division is based on there being effectively 

three entities that can be considered as separated parts of the power system. 

Apart from the main components defined by the physical system, the simulation model 

can be divided into two environments that have different simulation time steps. The time 

step length effectively determines the resolution of the simulation, shorter time step en-

ables higher frequency electromagnetic transients to be captured. The time steps em-

ployed in this work are described in 3.1. 
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3.1 RTDS simulation environment and network modelling  

The network simulation was conducted by using RTDS real-time simulator. RTDS con-

sists of simulation software and special purpose hardware. The software, RSCAD, is 

used as graphical user interface (GUI) to build simulation models by using components 

that represent elements of power systems and to analyze the results. The main compo-

nents, RSCAD and RTDS are presented in Figure 14. RSCAD is used as a GUI that 

sends the simulation model to RTDS, which houses the hardware (NovaCor), and the 

results can be shown in the GUI and/or sent to the hardware connected to the RTDS 

interface cards. The RTDS rack is shown in Figure 13, NovaCor being the unit near the 

top of the rack and the hardware interfacing expansion cards are visible throughout the 

rack. 
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 RTDS hardware in the VTT laboratory. 

 

 RTDS simulation architecture simplification.  

The actual simulation is computed on a central processing unit called NovaCor, a spe-

cialized computer that can run calculations in parallel. As the model is run in real time, it 

is necessary to keep the time-step short enough so that the network model can be solved 

in near real-time. This time constraint is the main difference between off-line and on-line 

simulation tools. [17-19] 

The requirement for short enough network solution time introduces topics that should be 

kept in mind while modelling a network on RTDS. Large networks can be solved at the 

expense of simulation time step and higher resolution modelling requires shorter simu-
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lation time step. The simulation environments used in this thesis are substep and main-

step. Mainstep can be thought of as an environment for large networks that have their 

network solution computed less frequently and the substep environment can be thought 

of as higher resolution environment for small networks with high frequency network so-

lution. All the power electronics are modelled in the substep environment. The feeding 

network and loads are modelled in the mainstep environment. 

3.2 Medium voltage n etwork model  

The medium voltage section of the model is based on concepts introduced in 2.1. Further 

details are presented in this chapter. The complete medium voltage feeder model is 

shown in Appendix 1. The feeder consists of a 110 kV area network source, a main 

transformer, line impedances, and distribution transformers.  

The area network feeding the 20 kV network (Figure 1) is modelled as a 110 kV infinite 

source in RSCAD, its magnitude, phase, and frequency will not change in response to 

events in the network the source feeds. These values can be changed dynamically, if 

necessary, but in this work the 110 kV network is steady-state power supply supplying 

symmetrical voltage. [19] 

The 110 kV source SRC1 and the main transformer Main_trafo are shown in Figure 15 

below. The source component produces 110 kV sinusoidal three-phase AC voltage be-

hind an impedance. The bus component, labelled BUS1 displays the voltage amplitude 

in per-unit scale and is scaled to the source output voltage. The main transformer and 

distribution transformer parameters are shown in Table 1 below. The main transformer 

has a tap changer with its default tap position set to the fifth position of the ten available. 

 

 RSCAD source component and the main transformer. 

The transformer data was provided by Caruna. Six distribution transformers are distrib-

uted along the MV line.  
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 Simulation model transformer parameters. 

Role Identifier IDHASH 
SNOM 
(MVA) 

UNOM1 
(kV) 

UNOM2 
(kV) 

Rk 
(%) 

Zk 
(%) P0 (p.u.) Pcu (W) 

Main trans-
former Main_trafo   40 110 21 0,508 11,6     

Distribution 
transformer dis_trafo1 2666479376 1,0 20,5 0,41 0,072 5,82 0.000669 0.007181 
Distribution 
transformer dis_trafo2 2725508764 0,5 20,5 0,4 0,11 4 0.00102 0.011 
Distribution 
transformer dis_trafo3 3863673921 0,5 20 0,4 0,11 4,9 0.00178 0.011 
Distribution 
transformer dis_trafo4 1792085476 0,8 20 0,41 0,105 4 0.000813 0.0105 
Distribution 
transformer dis_trafo5 2562118727 0,5 20 0,4 0,1 5 0.00138 0.01 
Distribution 
transformer dis_trafo6 3907850837 0,5 20 0,4 0,11 4,8 0.00172 0.011 

Where 

�x �5�0�1�/ is the nominal apparent power in MVA 

�x �7�0�1�/���s���¬���t are the nominal primary (1) and secondary (2) winding voltages in 

kV 

�x �4�G���¬���<�G are the short-circuit resistance and impedance, respectively, in percent-

age 

�x �2�r���¬���2�?�Q are the no-load losses and under-load losses, respectively, in W 

The MV distribution grid lines are modeled with lengthwise resistance and reactance as 

explained in 2.1.1. RSCAD requires a ground connection, a shunt capacitor component 

with a small capacitance was used due to the distribution network being in delta-winding 

connection. This way the admittance matrix compiled by RSCAD is not singular. Singular 

admittance matrices result in an error in RSCAD. A small capacitance value is used to 

maximize the reactance so that minimal current flows through it to the ground, as per 

 
�Ž�‹�•
�¼�\ �4

�: �:�Œ�ñ�; 
L �Ž�‹�•
�¼�\ �4

�s
�F�ñ�%

��
L �» ( 1 ) 

A small part of the MV network is shown below, refer to Appendix 1 for an overall view 

of the MV network. The part of the network in Figure 16, includes two line segment im-

pedances, a busbar and a distribution transformer that has a load connected to its low 

voltage side.   
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 Section of the MV network RSCAD simulation model. 

The busbar component BUS4 divides the line into segments and the RL series imped-

ance models the resistance and reactance obtained from the dataset according to 2.1.1. 

In Figure 16, the blue annotations provide additional information about the modelled 

components.  

The constant load is an impedance with constant resistive and inductive elements. The 

resistive and inductive elements are in parallel in wye-configuration with common the 

point connected to ground (reference point of zero value in RSCAD). The constant loads 

are set to match 10 % of their maximum recorded active power to establish some base 

load in the MV network. 

3.3 Low voltage environment model  

The low voltage part of the simulation model contains resistive loads that can be con-

nected or disconnected from the smart transformer inverter output. The loads are con-

nected to the ST output inverter via a 1 km long feeder. The line parameters for this 

purpose are described in 2.1.2. The loads connected to the ST are described in more 

detail in this chapter. 

3.3.1 Low voltage l oads  
The test setup includes mainly resistive loads in different configurations. While large 

purely resistive loads may not accurately represent individual household loads, they can 
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be thought to represent an aggregated set of loads, such as heating. The loads are mod-

elled using resistor components from RSCAD component library. The resistors are mod-

elled between phases and ground in Y-connection, shown below in Figure 17. 

 

 Resistive load component (left) and the connection diagram (right) 
in RSCAD. 

Load presentation in Figure 17 is a generalized view of how the loads are modelled and 

connected. Figure 18 presents a screenshot from RSCAD displaying a resistive load, the 

busbar it is connected to. The resistive load has two resistors, that consume power �2�Ë�5 
L

�2�Ë�6 
L �z���G�9 and thus �2 
L �2�Ë�5 
E�2�Ë�6 
L �s�x���G�9. 

 

 Resistive load connection and control in RSCAD. 

The breaker in Figure 18 is used to connect and disconnect loads to the load busbar, 

rather than to mimic a real low voltage network. The breaker is operated by issuing sig-

nals to the breaker. The control circuit is shown in Figure 19. Name of the wire label 

component is attached to the breaker operation and issuing binary signals to the wire 

label operates the breaker. Pushing pushbutton BRK3_CLOSE sends binary signal 1 to 

S-R flip flop, which sets binary value of wire label named BRK3_OC to 1, which closes 

Breaker3. Similar operations are employed throughout the simulation model controls. 
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 Breaker 3 open and close controls in RSCAD. 

3.4 The smart transformer  

An integral part of the low voltage part of the simulation model is the smart transformer. 

It is built using both ready-made components of the RSCAD library and some custom 

combination of components. The ST is modelled in a substep environment for higher 

fidelity modelling enabled by the shorter time steps, located between the three-level in-

terface component stacks in Figure 20.  

 

 Interface between the Mainstep and the Substep environments of 
the ST in RSCAD. 

The leftmost stack of the three interface transformer components, used to separate the 

mainstep and substep environments, act as a 20/0.4 kV delta-wye stepdown transformer 

with a common ground at the secondary (wye) side. The rightmost stack of 3 interface 

components acts as 0.4/0.4 kV wye-wye transformer with common grounding points at 

both sides of the transformer. An overview of the Substep environment, where the ST is 

modelled, is shown in Figure 21. The Mainstep / Substep interface components at the 

top of the figure are secondary side to the leftmost interface components in Figure 20, 

the rightmost interface component secondary side in Figure 20 is at the bottom of Figure 
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21. Between the interfacing components are the power electronic components that are 

modelled with shorter simulation time step. The Substep components are covered in 

3.4.1, 3.4.2, and 3.4.3. 
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 Simulation model Substep environment. 
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3.4.1 Diode rectifi er 
After being interfaced with ST through the interface transformer to the Substep environ-

ment, the AC voltage is rectified by a line commutated diode rectifier. The rectifier, as 

modelled in RSCAD, presented in Figure 22. The diodes, like many other switches in 

RSCAD, are modelled as low resistances in their on-state and as high resistances in 

their off-state. The diodes in the rectifier are not controlled in any way and the rectification 

process is entirely dependent on the voltage wave forms of the AC supply. As presented 

in 2.2.1, the rectified DC voltage consists of the positive and negative amplitudes of the 

AC network, compared to a common ground that is considered an absolute zero refer-

ence point in RSCAD. 

The capacitors between the positive and negative voltages and ground are used as a 

filter to reduce output voltage ripple. As the rectifier output voltage over the capacitor 

increases, the capacitor is charged. When the output voltage drops, the capacitor is dis-

charged, providing energy to the DC-link and thus maintaining the voltage over the peri-

ods when the feeding AC amplitude is below the capacitors charged voltage. Adding 

inductance in series on the feeding phases improves the current wave form. In the model, 

some inductance is included within the transformer windings. [2] 

 

 Smart transformer diode rectifier in RSCAD. 

3.4.2 Boost converter s 
The next component in the smart transformer topology are the boost converters (Figure 

23). In the model there are two boost converters, one for maintaining the positive DC-

voltage and one for maintaining the negative DC-voltage, as well as control circuits for 

both.  



26 
 

 

 ST boost converters in RSCAD. 

The boost converters are the first controlled components within the ST. The control is 

realized by PWM scheme, that was introduced in 2.2.2. Since there are two boost con-

verters maintaining positive and negative side voltages separately, two control circuits 

are employed. The control components are located within the blue hierarchy box called 

Boost converter control. The boost converter control block diagram in Figure 24, the 

control circuit calculates the modulation index m that is compared to the triangle carrier 

wave of the PWM control. 

 

 Block diagram of the boost converter PWM scheme modulation 
signal control. 

Where �7�½�¼
�Û  is the voltage setpoint, �7�½�¼���ã�â�æ��and �7�½�¼���á�Ø�Ú are the measured positive and 

negative DC-link voltages, �7�½�¼���» is used to scale the voltage to per-unit, �A�ã�â�æ and �A�á�Ø�Ú 

are the error signals between reference and measured signals. Error signals are pro-

cessed by a proportional-integral (PI) controller, which outputs the control signal �Q�ã�â�æ 

and �Q�á�Ø�Ú to the saturation block, that limits the modulation signals �I �Õ�â�â�æ�ç���ã�â�æ and 

�I �Õ�â�â�æ���á�Ø�Ú to �r�ä�r�s��
Q���I ��
Q�r�ä�{�{. The switching commands are generated by comparing 
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the modulation signal to a constant amplitude and constant frequency sawtooth carrier 

signal. The switching commands are simplified into the process blocks �2�ã�â�æ�:�P�; and 

�2�á�Ø�Ú�:�P�;. 

The control circuit in RSCAD is shown in Figure 25, it follows the control scheme speci-

fied in Figure 24, excluding the process blocks and the feedback signal. The DC-link 

voltage is set to 750 V. Therefore, base voltage �7�»�4�½�¼
L �y�w�r���8 was specified for scaling 

the voltage signals. �7�½�¼�4�å�Ø�Ù is set to 
�Î �³ �4�µ�´

�6

L �u�y�w���8 because there are two boost convert-

ers maintaining positive and negative voltages at the desired level, so that �+�7�Õ�â�â�æ�ç�4�ã�â�æ�+
E

�+�7�Õ�â�â�æ�ç�4�á�Ø�Ú�+
L ���y�w�r���8. This way the ST output inverter can output symmetrical amplitude 

voltage for the positive and negative halves of the AC signal. 

 

 Boost converter modulation signal control circuit in RSCAD. 

The components used to generate the firing pulses for the DC boost converters are pre-

sented in Figure 26. The actual switching signals are generated in the component called 

FIRING PULSE GENERATOR. The component uses the sawtooth carrier signal �R�Ö�4�Õ�â�â�æ�ç, 

the modulation signals �I �Õ�â�â�æ�ç�4�ã�â�æ, and �I �Õ�â�â�æ�ç�4�á�Ø�Ú and a deblock signal �������� �4�„�‘�‘�•�–�s��as 

inputs. The block and deblock signals either block or deblock the FIRING PULSE GEN-

ERATOR output signals and controls the switches to stay open. 
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 Boost converter firing pulse generation in RSCAD. 

3.4.3 Inverter  
After the DC-voltage has been increased to, and maintained at, the desired level, the 

voltage is converted to AC voltage by the output inverter, shown in Figure 27. By con-

necting the valves in each leg, voltages 
G
�Î �µ�´

�6
  are applied to the output. The positive and 

negative halves are in respect to the zero-ground reference of the DC-link (point O in 

Figure 27) in RSCAD.  
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 ST output inverter in RSCAD. 

The firing pulse generation is done in a similar fashion as for the DC/DC boost converter. 

A minor difference being that the deblock signal is multiplied by 63 (Figure 26), as the 

firing pulse generator outputs 64-bit firing pulse word. The modulation index �I �4�E�J�R�A�N�P�A�N�s 

is controlled by a simple circuit in the simulation, shown in Figure 28.  

 

 Inverter modulation index control circuit in RSCAD. 

 

 Inverter modulation index control block diagram. 

Where �7�» is the base voltage for the low voltage loads.  
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 �7�» 
L���¾�t 
H�t�u�r���8 ( 2 ) 

In this configuration, the control circuit adjusts the modulation index of the modulation 

waves described so that the inverter output voltage amplitude can be maintained at �7�». 

3.5 Simulation model automation  

To automate running the simulation in various load conditions, an external control script 

written in Python is implemented. In addition to connecting and disconnecting loads, the 

control script could be expanded (alongside with the simulation model itself) to cause 

faults in the network, assign reference values for the low level converter controls and  to 

even coordinate multiple smart transformers. The control script controls the loads and 

enables or disables the power electronic converters. All interactions, including from the 

control script, with the simulation model in RSCAD are conducted by using the pushbut-

tons described throughout Chapter 3. This chapter describes the main components and 

methods used in communication and control between RSCAD and the Python script.  

3.5.1 Communication  between RSCAD & Python  
RSCAD has a built-in script function, and language similar to C, that can be used to 

automate tasks during the simulation. An especially useful command for this thesis is the 

�µ�/�L�V�W�H�Q�2�Q�3�R�U�W�����¶���F�R�P�P�D�Q�G�����,�W���H�Q�D�E�O�H�V���5�6�&�$�'���F�R�P�P�X�Q�L�F�D�W�L�R�Q with an external program, 

a socket client, through TCP/IP socket communication. �2�Q�F�H���µ�/�L�V�W�H�Q�2�Q�3�R�U�W�����¶-command 

is run, RSCAD becomes a TCP and a socket server. The command listens for an incom-

ing connection request through a designated port number that is passed to the ListenOn-

Port()-command as a function parameter. [21] 

The connection pipeline between the Python script and RSCAD can also be made bidi-

rectional �E�\�� �X�V�L�Q�J�� �F�R�P�P�D�Q�G�� �µ�/�L�V�W�H�Q�2�Q�3�R�U�W�+�D�Q�G�V�K�D�N�H�����¶���� �,�W�� �H�Q�V�X�U�H�V�� �V�\�Q�F�K�U�R�Q�L�V�P�� �E�H��

tween the external program and RSCAD by exchanging a token string. The synchronism 

is achieved by making sure that the preceding commands before this command are ex-

ecuted. This token string can send simulation results to the socket client, for example. A 

simple diagram of the communications between Python, RSCAD and RTDS is illustrated 

in Figure 30 below. [21]  
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  Communication between Python, RSCAD and RTDS. 

The script used to control the simulation by interacting with RSCAD can be simplified to 

the flow chart shown in Figure 31. The chart describes actions taken by the Python script. 

The script does not accept user inputs while it is running and only runs once through its 

predetermined course of actions per simulation case. 

 

 Simulation control script flow chart. 

Connecting from the script to RSCAD through socket communication is enabled by run-

ning ListenOnPort() -function in RSCAD, as described in 3.5.1. The control actions are 

push button presses that are sent to the simulation as text based commands. The push 

buttons control the loads described in 3.3.1 and the block and deblock states of the power 

electronic converters. During a block state, firing pulse generation for the converters is 
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blocked, during deblock state, the firing pulse generations is allowed. RTDS computation 

results are updated automatically in the plot views after a load state change caused by 

the controls occurs. Simulation data from measurement points is saved to comma sep-

arated values (CSV) format for analysis. 

3.5.2 Running the simulation  
The performance of the smart transformer is assessed by connecting loads to the ST 

through the low voltage busbar and analyzing the voltage and current at various meas-

urement points of the modelled smart transformer shown in Figure 6. Specifically, the ST 

output and input voltage and current characteristics are analyzed. The voltage and cur-

rent characteristics should be acceptrable from technical perspective of the power sys-

tem operation.  The effects of the following use cases with different load conditions trig-

gered by connecting loads to the low voltage busbar are investigated: 

�x no-load  

�x balanced step-change load  

�x balanced steady state load  

�x unbalanced load  

The voltage and current are measured in specific points in the simulation model. The 

measurement points are specified in Figure 6. The following measured values are cap-

tured from RSCAD and analyzed in each of the test cases: 

�x ST diode rectifier input voltage and current, 

�x ST inverter output voltage and current, 

�x DC-link voltage. 

The simulation is operated by a Python script is used to control the simulation to have 

consistency between tests. The script interacts with the graphical user interface by send-

ing text-based commands, that effectively operate push buttons and sliders in the graph-

ical user interface. In each test configuration the voltage and current values listed in the 

previous chapter are captured. The Python script saves graph values from RSCAD to 

.csv files, which are then analyzed. 
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4 SIMULATION RESULTS 

This chapter presents the results obtained by running the simulation model in different 

scenarios. The use cases are categorized by different load conditions that are applied to 

the low voltage bus bar by connecting certain loads. Each tested load condition has its 

own subchapter after presented results dedicated for analysis of each specific case in 

more detail. All measurements are presented in following order from top to bottom for 

each use case: 

�x Input voltage at the diode rectifier terminals 

�x Input current to the diode rectifier 

�x Output voltage at the inverter terminals 

�x Output current from the inverter 

�x DC-link voltage 

All measurements, except the DC-link voltage, are three-phase measurements. The 

nominal input and output three-phase phase-to-phase RMS is 400 V, the nominal DC-

link voltage at 750 V. Harmonic content of the measurements is presented afterwards 

following the same order as the current and voltage measurements.  

The harmonic analysis was done by using fast Fourier transform (FFT) on the measured 

voltage and current signals. The amplitude of the harmonic spectrum is not scaled to per 

unit values, therefore the scale of the units should be noted when observing the results. 

The complete analyzed harmonic spectrum includes frequencies between 0 Hz and 20 

kHz. The graph of the energy content at each frequency forms two identical sets of val-

ues, mirrored at halfway point of the frequency (10 kHz). Furthermore, the most signifi-

cant distorting harmonics appeared well below 10 kHz. To highlight this, harmonic cur-

rent content of the smart transformer output inverter under no-load condition is shown in 

Figure 32. The signal amplitude is smaller than in most test cases in this work, but the 

same behavior occurred during other load conditions as well.  

The harmonics that can be captured in this analysis are also restricted by the frequency 

resolution of the power system simulation. 
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 The entire frequency range of the harmonic spectrum of the output 
inverter current during no-load condition, the amplitudes are mirrored at 10 kHz. 

Due to this, the frequency range of the results was restricted to 10 kHz. The harmonic 

contents of each phase are superimposed, so if the harmonic content is the same in all 

phases, only one color is visible. The  relative amplitude of voltage harmonics to the 

nominal phase-to-neutral voltage at the smart transformer rectifier and inverter terminals 

are compared to limits for a LV network presented in [16]. The listed values are propor-

tional to the nominal phase-to-neutral voltage amplitude �Q�á 
L �¾�t ��
H�t�u�r���8 in percentage. 

The comparison is limited to 25th order of harmonic, as is in [16]. The total harmonic 

distortion (THD) of the voltage is calculated for each phase at the input and output ter-

minals of the smart transformer. The full tables of the relative harmonic amplitudes are 

found in Appendices 4 �± 7. 

The three-phase phase-to-phase RMS voltage was also compared to the nominal value 

of �7�á 
L �v�r�r���8. Calculated error median, mode, minimum and maximum are shown in 

this chapter, as well as error graph, which highlights the occurrence of error in a popula-

tion of samples visible in the graph window. The error graph shows the deviation of the 

raw, unfiltered, RMS signal from the reference signal. The resolution in the graph error 

percentages is 0,1 %. The voltage error is compared to standard SFS-EN-50160, which 

specifies that the supply voltage of the low voltage network should be within ± 10 % of 

the nominal voltage under normal operation conditions. This specification also includes 

that the voltage level is tested so that over one-week period, 95 % of 10-minute RMS-

values should be within ± 10 % of the nominal voltage. Since a simulation model is highly 

deterministic system and random variation is not included in this study, the measure-

ments are analyzed with 100 % of their samples. [16] 

The limits and test methods described for voltage levels above do not apply to networks 

�W�K�D�W�� �D�U�H�� �Q�R�W�� �I�H�G�� �I�U�R�P�� �D�� �W�U�D�Q�V�P�L�V�V�L�R�Q�� �J�U�L�G�� �R�U�� �W�R�� �³�V�S�H�F�L�D�O�� �U�H�P�R�W�H�� �Q�H�W�Z�R�U�N�� �X�V�H�U�V�´���� �Z�K�L�F�K��

could include the smart transformer in this work [16]. However, to have clear limits for 

relative harmonic voltage and voltage supply levels, and for comparison to already im-

plemented solutions, the reference values, and limits of SFS-EN-50160 will be used as 

a baseline in the results. 
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The current harmonics are compared to a table presented in [22]. The values are per-

centage of the maximum measured current amplitude under balanced load �+�á 
L �s�s�v���#. 

Total demand distortion (TDD) is also based on this value. The current harmonics are 

analyzed up to the 50th integer harmonic, as per [22]. The full tables can be found in 

Appendices 8 �± 11. 

The results are compared to a reference simulation case where the smart transformer is 

removed, and the low voltage loads are connected to a regular two winding transformer. 

The test setup and the use cases are otherwise the same as when the smart transformer 

was included. 

The results from the reference case are far more linear than the measurements taken 

during smart transformer connected loading. Thus, only the key performance indicators 

from the reference simulation are presented instead of including the wave forms of the 

simulation, for example. The smart transformer numeric results are compared to the ref-

erence case measurements. 

4.1 Reference simulation  

To give context for the obtained results, below are some samples from a reference sim-

ulation, where the smart transformer was replaced with a typical two-winding distribution 

transformer. The simulation model network topology with the smart transformer omitted 

is shown in Figure 33. Since all the loads are linear and the smart transformer power 

electronics do not introduce nonlinearities to the network, it is expected to find harmonics 

or other negative effects to the electric power quality absent.  

As an example of the pure sinusoidal wave forms and absent harmonics, a loading sce-

nario with transient load condition is shown. The output voltage, measured at LV busbar 

in Figure 33, and the output current, measured flowing through the LV busbar to the LV 

loads, are shown in Figure 34 and Figure 35, respectively.  
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 Simulation model network topology with the smart transformer 
omitted. 

 

 Transformer output voltage during steady-state load condition. 

 

 Transformer output current during steady-state load condition. 

The harmonic frequency content is shown in Figure 36 and Figure 37. The dominant 

frequency component is the fundamental component with frequency of 50 Hz. No other 

harmonics are observed, apart from some harmonics that could be observed during the 

switching transient in the transient load scenario. The results are similar in all other test 

cases.  
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 Transformer output voltage harmonics during steady-state load 
condition. 

 

 Transformer output current harmonics during steady-state load 
condition. 

4.2 No-load  

In no-load test case, no loads are connected to ST output inverter through the LV bus 

bar. Both the boost converter and the inverter have their firing pulse generation un-

blocked, so that they will react to excitation. Simulation results are shown in Figure 38 

below. 

4.2.1 Voltage and current wave forms  
The input voltage of the ST is nearly purely sinusoidal, some distortion can be observed 

at the peaks of the voltage wave form when zooming in. The input current consists of 

low amplitude spikes. The input voltage amplitude also exceeds the nominal value. The 

output voltage wave form is significantly distorted by a high frequency signal. The output 

current is very low, containing only some minor variation. The DC-link voltage is higher 

than the rated 750 V and is steady throughout the measurement.  
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 No-load condition voltage and current simulation results from 
RSCAD. 

The results can be compared to the reference simulation without the smart transformer, 

shown in Figure 39. The input voltage on the primary windings of the transformer is 

higher than the input voltage of the smart transformer due to the primary windings being 

connected to the 20 kV network and the smart transformer being interfaced through a 

step-down transformer. The input current contains no spiking, contrary to the smart trans-

former input current that causes spiking in the current even under no load. The input and 

output voltage are purely sinusoidal.  
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 No-load condition voltage and current simulation results from 
RSCAD without the smart transformer. 

4.2.2 RMS voltage and variation  
The RMS voltages at rectifier input and inverter output are presented with the nominal 

RMS value in Error! Reference source not found. . The reference signal is plotted as 

a straight, dashed line at 0.4 kV level on the y-axis. The orange signal is the raw meas-

ured signal, and the purple signal is the measurement signal filtered with a ten-sample 

moving average filter.  
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The three-phase RMS voltage level at the input terminals noticeably above the nominal 

reference signal, but within the limits proposed by [16]. The raw measurement signal has 

noticeable spiking in it, even though the wave form in Figure 38 looks nearly sinusoidal.  

The output voltage is centered to the reference and has some symmetry on both sides 

of the reference. The output inverter can track the reference well during no-load condi-

tion, as is evident from the purple moving average filtered signal in Figure 40. The high 

signal distortion visible in the output voltage wave form is also visible in the RMS voltage 

measurement. 

 

 Three-phase RMS voltage at the smart transformer rectifier input 
and inverter output terminals, a filtered signal, and a reference signal during no-

load condition. 

The proportional number of samples deviating by proportional amount from the reference 

signal, shown in Figure 41, gives some insight into the error profile. The y-axis indicates 

how large portion of the measurement samples deviate from the nominal reference 

(dashed line in Error ! Reference source not found. ) by a relative amount indicated by 

the x-axis value.  

The most significant portion (27 %) of the input voltage measurement data points differ 

from the reference signal by 4,6 %. This is how much higher the measured signal is 

compared to the reference signal for a bit over one fourth of the signal measurement 

time. The high peaks visible in Figure 40 exceed the nominal reference voltage by 6 % 

and occur in only 0,23 % of the samples. 

The three-phase RMS measurement of the output voltage deviates from the reference 

in larger spread but contains higher peaks. 
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 Three-phase rectifier input and inverter output RMS voltage pro-
portional deviation from the reference value during no-load condition. 

Some numerical values of the measured RMS voltage error compared to the reference 

values are shown in Table 2. The numbers are rounded to two most significant numbers. 

In [16], the allowed deviation from the nominal voltage in a low voltage network is ±10 

%. The limit is not reached in this short time window during no-load condition. 

 Numerical error values of voltage variation during no-load condition.  

  
Error 

median (%) 
Error mode 

(%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,5 4 3,6 6,1 
Output: 4,9 0,015 0,015 9,3 

The deviation of the measured phase-to-phase RMS voltage at the transformer primary 

and secondary winding in the reference simulation are shown in Table 3. 

 Reference numerical error values of voltage variation during no-load condition. 

  

Error 
median 

(%) 
Error 

mode (%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,9 4,9 4,9 4,9 
Output: 4,9 4,9 4,9 4,9 

 

4.2.3 Harmonic content  
The harmonic frequency content of the measured no-load voltage and current measure-

ments are presented in Figure 42.  
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The voltage at the input terminals under no load is free of harmonics. This result concurs 

with the nearly sinusoidal input voltage. The current harmonic content at the input termi-

nals occurs mostly at the low-end frequencies, the bulk of them before 1 kHz. As the 

harmonic frequency increases, the harmonic current amplitude decreases. this can be 

seen from the input current wave form; the high amplitude, low frequency harmonic cur-

rents distort the wave form more than the low amplitude, high frequency harmonic cur-

rents. Note that even the highest amplitude harmonics are well under 2 amperes in am-

plitude. 

In Figure 38, the output voltage has an overall silhouette of a sinusoidal signal but is 

distorted by high frequency component or components. Those components can be found 

in Figure 42 at 900 Hz and 5900 Hz (18th and 118th harmonics). The harmonic compo-

nents have some significantly weaker signal components around them. 

The output current wave form is almost flat due to the output not having loads attached 

to it, but there are still some low amplitude harmonic present. The dominating wave form 

oscillates at 5900 Hz, and the second highest amplitude component at 900 Hz. The fun-

damental 50 Hz component has the third highest amplitude in the spectrum. Unlike in 

the input current, most of the harmonic content of the output current occurs after 1 kHz. 
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 No-load condition harmonic spectrum of the voltage and current 
measurements. 

The THD of individual phase voltages are presented in Table 4. None of the table values 

exceed the limit  of 8 % set in [16]. The output voltage distortion is much more significant 

than the input.  

 Per-phase voltage THD during no-load condition. 

 Individual phase THD (%) 

  
Phase 

A 
Phase 

B 
Phase 

C 
Input 0,36 0,36 0,36 

Output 7,2 7,8 7,8 
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The relative harmonic voltage amplitudes, up to the 25th harmonic, at the rectifier and 

inverter terminals are presented in Appendix 4. Values exceeding the standard reference 

values in [16] are highlighted in red. The values are rounded to two of the most significant 

numbers. In no-load condition, the following harmonics exceeded the standard refer-

ences values: 

�x Relative amplitudes of 18th harmonic at the inverter output terminals are �Q�5�<�º 
L

�y���¨ , �Q�5�<�» 
L �y�ä�y���¨  and �Q�5�<�¼
L �y�ä�y���¨ . The allowed maximum is 0.5 % for all 

phases. 

�x Relative amplitudes of 20th harmonic at the inverter output terminals are �Q�6�4�º 
L

�r�ä�{���¨ , �Q�6�4�» 
L �r�ä�x�s���¨  and �Q�6�4�¼
L �r�ä�x�u���¨ . The allowed maximum is 0.5 % for all 

phases. 

The reference simulation model does not produce any harmonics due to the linear nature 

of the components in the simulation model. None of the relative amplitude levels of the 

standard are exceeded. The THD of the reference simulation is presented in Table 5. 

 Per-phase voltage THD of the reference simulation during no-load condition 

 Individual phase THD (%) 

  
Phase 

A 
Phase 

B 
Phase 

C 

Input 1E-07 1E-07 1E-07 
Output 1E-07 1E-07 1E-07 

 

4.3 Balanced step-change load  

In balanced step-change load, all loads (4 x 16 kW of resistive loads) are connected to 

the ST output inverter simultaneously as a stepwise load change. Measurement results 

from the simulation model are presented in Figure 43 below. The graph trigger captures 

the transient caused by the load change at 0.05 seconds, it is most visible in the output 

current graph.  

4.3.1 Voltage and current wave forms  
After the load change, the ST input voltage wave form changes its appearance. The input 

current spike amplitude increases in size. The output voltage is visibly less distorted after 

the load change. The output current is nearly distortion free after the load change. The 

DC-link voltage stays close to the rated value and remains stable through the load 

change. 
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 Step change loading condition voltage and current simulation re-
sults from RSCAD.  

Comparing the measurements from the smart transformer case to the one without a 

smart transformer further highlights the fundamental differences between the configura-

tions, caused by the power electronics. The measurements from the test case without 

the smart transformer are shown in Figure 44. As in the previous test case results, it is 

also evident here that the voltage and current are sinusoidal. Furthermore, the input volt-

age wave form is not distorted to have flat tops and the output voltage does not exhibit 

changes between the two states of having the load connected or disconnected to the 

load busbar. The most significant changes between the measurements from the simula-

tion model that includes the smart transformer and the model that does not include the 
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smart transformer can be seen in the current wave forms. The two-winding transformer 

does not cause any spikes in the input current as the smart transformer does. The current 

amplitude is also much lower. The output current is similar in both cases. 

 

 Step change load condition voltage and current simulation results 
from RSCAD. 

 

4.3.2 RMS voltage and variation  
The RMS voltages at rectifier input and inverter output are presented with the nominal 

RMS value in Figure 45. The reference signal is plotted as a straight, dashed line at 0.4 
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kV level on the y-axis. The orange signal is the raw measured signal, and the purple 

signal is the measurement signal filtered with a ten-sample moving average filter.  

The input voltage has the same spiking effect on it as during no-load condition and is 

also noticeably higher than the nominal reference signal. After the loads are connected 

to the low voltage busbar, the voltage spikes increase in amplitude. The output voltage 

is filtered better after the load is applied, seen as reduced variation in the RMS voltage. 

Similar effect was observed in the output voltage wave forms. 

 

 Three-phase RMS voltage at the smart transformer rectifier input 
and inverter output terminals, a filtered signal, and a reference signal during 

balanced step-change transient load condition. 

The proportional number of samples deviating by proportional amount from the reference 

signal, shown in Figure 46, gives some insight into the error profile. The y-axis indicates 

how large portion of the measurement samples deviate from the nominal reference 

(dashed line in Figure 45) by a relative amount indicated by the x-axis value.  

The output voltage error has a few samples that have an error up to 36 %.  
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 Three-phase rectifier input and inverter output RMS voltage pro-
portional deviation from the reference value during balanced step transient load 

condition. 

Some numerical values of the measured RMS voltage error compared to the reference 

values are shown in Table 6. The numbers are rounded to two most significant numbers. 

In [16], the allowed deviation from the nominal voltage in a low voltage network is ±10 

%. The limit is not reached in this short time window during no-load condition. The most 

frequently occurring voltage variation is very low. The maximum variation is above the 

allowed limits in both input and output voltages. 

 Numerical error values of voltage variation during balanced step transient load condition. 

  
Error 

median (%) 
Error mode 

(%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,3 0,0034 0,0034 14 
Output: 0,85 0,37 0,000088 36 

The reference simulation RMS voltage deviation from the nominal is presented in Table 

7. 

 Reference numerical error values of voltage variation during balanced step change load 
condition. 

  

Error 
median 

(%) 
Error 

mode (%) 
Minimum error 

(%) 
Maximum 
error (%) 

Input: 4,9 4,9 4,2 4,9 
Output: 4,7 4,7 1,7 38 

The switching transient that occurs as the loads are connected is visible in Figure 47. 
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 Three-phase RMS voltage at the transformer primary and second-
ary windings during transient load condition. 

4.3.3 Harmonic content  
The harmonic frequency content of the measured stepwise load change voltage and 

current measurements are presented in Figure 48. The harmonics are centered around 

odd integer multiples of the fundamental but have lower magnitudes. The low amplitude 

harmonics around the integer multiple spikes are amplified. The output current harmonic 

at 900 Hz measured in the previous test case has disappeared. 
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 Step-change load condition harmonic spectrum of the voltage and 
current measurements. 

The THD of individual phase voltages are presented in Table 8. None of the table values 

exceed the limit of 8 % set in [16]. The input distortion increased by approximately 2 % 

across all phases. The output distortion decreased by over 7 % in all phases. 

 Per-phase voltage THD during balanced step-change load condition. 

 Individual phase THD (%) 

  Phase A Phase B Phase C 

Input 2,4 2,3 2,4 

Output 1,4 1 1,1 
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The relative harmonic voltage amplitudes, up to the 25th harmonic, at the rectifier and 

inverter terminals are presented in Appendix 5. Values exceeding the standard reference 

values in [16] are highlighted in red. The values are rounded to two of the most significant 

numbers. In balanced step transient condition, the following harmonics exceeded the 

standard references values: 

�x Relative amplitudes of 18th harmonic at the inverter output terminals are �Q�5�<�º 
L

�r�ä�{���¨ , �Q�5�<�» 
L �r�ä�x�s���¨  and �Q�5�<�¼
L �r�ä�x�u���¨ . The allowed maximum is 0.5 % for all 

phases. 

�x Relative amplitudes of 20th harmonic at the inverter output terminals are �Q�6�4�º 
L

�r�ä�x�x���¨ , �Q�6�4�» 
L �r�ä�u�w���¨  and �Q�6�4�¼
L �r�ä�t���¨ . The allowed maximum is 0.5 % for all 

phases. Harmonic content exceeds the allowed limits in phase A. 

�x Relative amplitudes of 22nd harmonic at the inverter output terminals are �Q�6�6�º 
L

�r�ä�x�v���¨ , �Q�6�6�» 
L �r�ä�w�s���¨  and �Q�6�6�¼
L �r�ä�w�z���¨ . The allowed maximum is 0.5 % for all 

phases. 

The reference simulation is void of almost all harmonics. Any that may be present are 

due to the switching transient from connecting the load to the transformer. The per-phase 

voltage THD is presented in Table 9. 

 Per-phase voltage THD of the reference simulation during balanced step change load con-
dition 

 Individual phase THD (%) 

  Phase A Phase B Phase C 

Input 0,00084 0,00099 0,0017 

Output 0,078 0,024 0,083 

 

4.4 Balanced s teady -state load  

In steady-state condition, the ST was under balanced load-state and the voltages and 

currents were captured from RSCAD Runtime plots.  

4.4.1 Voltage and current wave forms  
Resulting waveforms are presented in Figure 49. The rectifier input voltage is heavily 

distorted. The input current peaks align with the flat peaks of the input voltage. The in-

verter output voltage and current are mostly distortion-free. The DC-link voltage stays at 

its rated value throughout the measurements. 
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 Steady-state balanced loading condition voltage and current simu-
lation results from RSCAD. 

The measurements from the simulation model where the smart transformer is replaced 

by a two-winding transformer are presented in Figure 50. The input voltage is not dis-

torted by the input current. The input current amplitude of the two-winding transformer is 

very low and lacks the spikes that are evident in the smart transformer input current. On 

the output side, the differences are minor. The output voltage amplitude is lower when it 

is supplied by the output inverter of the smart transformer than when it is supplied by the 

secondary winding of the two-winding transformer. 
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 Steady-state balanced loading condition voltage and current simu-
lation results from RSCAD without the smart transformer. 

4.4.2 RMS voltage and variation  
The RMS voltages at rectifier input and inverter output are presented with the nominal 

RMS value in Figure 51. The reference signal is plotted as a straight, dashed line at 0.4 

kV level on the y-axis. The orange signal is the raw measured signal, and the purple 

signal is the measurement signal filtered with a ten-sample moving average filter.  

The output voltage is not centered around the reference anymore but is lower. 
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 Three-phase RMS voltage at the smart transformer rectifier input 
and inverter output terminals, a filtered signal, and a reference signal during 

balanced steady-state load condition. 

The proportional number of samples deviating by proportional amount from the reference 

signal, shown in Figure 52, gives some insight into the error profile. The y-axis indicates 

how large portion of the measurement samples deviate from the nominal reference 

(dashed line in Figure 51) by a relative amount indicated by the x-axis value.  

 

 Three-phase rectifier input and inverter output RMS voltage pro-
portional deviation from the reference value during balanced steady-state load 

condition. 

Some numerical values of the measured RMS voltage error compared to the reference 

values are shown in Table 10. The numbers are rounded to two most significant num-

bers. In [16], the allowed deviation from the nominal voltage in a low voltage network is 
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±10 %. The limit is not reached in this short time window during no-load condition. The 

most frequently occurring voltage variation is very low. The maximum variation is above 

the allowed limits in both input and output voltages. 

 Numerical error values of voltage variation during balanced steady-state load condition. 

  
Error 

median (%) 
Error mode 

(%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 3 0,068 0,000013 14 

Output: 0,73 0,00012 0,00012 2,9 

Reference simulation voltage variation in Table 11. 

 Reference numerical error values of voltage variation during balanced steady-state load 
condition. 

  

Error 
median 

(%) 
Error 

mode (%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,9 4,9 4,9 4,9 
Output: 4,7 4,7 4,7 4,7 

 

4.4.3 Harmonic content  
Harmonic content of each measurement is displayed in Figure 53. There are some low 

amplitude frequency components in the ST input voltage measurements, more signifi-

cant frequency components in the input current measurements, but otherwise the signals 

contain no observable harmonic components. 

Despite being noticeably distorted in Figure 49, there are only very low amplitude har-

monics in the input voltage signal. The highest amplitude ones occur before at frequen-

cies lower than 1 kHz, but there is a congestion of low amplitude harmonics at around 3 

kHz frequency.  

The input current harmonics have the strongest amplitudes at 150 Hz and 250 Hz, the 

3rd and the 5th harmonics. The harmonics decrease exponentially and disappear com-

pletely soon after 1 kHz.  

Both the output voltage and current are almost free of harmonics, save for some that 

have their amplitudes in the volt-range at around 1 kHz and 6 kHz. 
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 Steady-state balanced loading condition harmonic spectrum of the 
voltage and current measurements. 

The THD of individual phase voltages are presented in Table 12. None of the table values 

exceed the limit of 8 % set in [16]. The input distortion increased by approx. 1,4 % from 

the step change load condition. The output voltage distortions decreased slightly. 

 Per-phase voltage THD during balanced steady-state load condition.  

 Individual phase THD (%) 
  Phase A Phase B Phase C 

Input 4,9 4,8 4,9 
Output 1,2 1 1 
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The relative harmonic voltage amplitudes, up to the 25th harmonic, at the rectifier and 

inverter terminals are presented in Appendix 6. Values exceeding the standard reference 

values in [16] are highlighted in red. The values are rounded to two of the most significant 

numbers. In balanced steady-state condition, the following harmonics exceeded the 

standard references values: 

�x Relative amplitudes of 18th harmonic at the inverter output terminals are �Q�5�<�º 
L

�r�ä�x�z���¨ , �Q�5�<�» 
L �r�ä�v�{���¨  and �Q�5�<�¼
L �r�ä�v�{���¨ . The allowed maximum is 0.5 % for all 

phases. Harmonic content exceeds the allowed limits in phase A. 

�x Relative amplitudes of 20th harmonic at the inverter output terminals are �Q�6�4�º 
L

�r�ä�w�{���¨ , �Q�6�4�» 
L �r�ä�u�w���¨  and �Q�6�4�¼
L �r�ä�u�w���¨ . Harmonic content exceeds the allowed 

limits in phase A. 

�x Relative amplitudes of 22nd harmonic at the inverter output terminals are �Q�6�6�º 
L

�r�ä�w�{���¨ , �Q�6�6�» 
L �r�ä�w�x���¨  and �Q�6�6�¼
L �r�ä�w�x���¨ . The allowed maximum is 0.5 % for all 

phases. 

The reference measurement THD in individual phases is presented in Table 13. 

 Per-phase voltage THD of the reference simulation during balanced steady-state load con-
dition. 

 Individual phase THD (%) 
  Phase A Phase B Phase C 

Input 1E-07 1E-07 1E-07 
Output 9E-08 1E-07 1E-07 

 

4.5 Unbalanced loading  

The unbalanced loading condition was created by closing phase A of the breaker 4 in 

Figure 4. Results presented in Figure 54.  

4.5.1 Voltage and current wave forms  
The input voltage is nearly purely sinusoidal, the input current has low amplitude spikes 

spread between the three phases. ST output voltage has significant distortion in two of 

the three phases, the phase under load is nearly distortion-free. 
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 Unbalanced load condition voltage and current simulation results 
from RSCAD. 

The measurements from the two-winding transformer simulation model are shown in Fig-

ure 55. The most immediate difference can be seen in the output voltage as only one 

phase is cleared of the high-frequency noise. Zooming in on the transformer primary side 

input current reveals that the unbalanced load causes some phase shift between the 

phases (Figure 56). 
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 Unbalanced load condition voltage and current simulation results 
from RSCAD without the smart transformer. 

 

 Unbalanced load condition input current simulation results from 
RSCAD without the smart transformer. 

4.5.2 RMS voltage and variation  
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The RMS voltages at rectifier input and inverter output are presented with the nominal 

RMS value in Figure 57. The reference signal is plotted as a straight, dashed line at 0.4 

kV level on the y-axis. The orange signal is the raw measured signal, and the purple 

signal is the measurement signal filtered with a ten-sample moving average filter.  

 

 Three-phase RMS voltage at the smart transformer rectifier input 
and inverter output terminals, a filtered signal, and a reference signal during 

balanced unbalanced load condition. 

The proportional number of samples deviating by proportional amount from the reference 

signal, shown in Figure 58, gives some insight into the error profile. The y-axis indicates 

how large portion of the measurement samples deviate from the nominal reference 

(dashed line in Figure 57) by a relative amount indicated by the x-axis value. 
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 Three-phase rectifier input and inverter output RMS voltage pro-
portional deviation from the reference value during unbalanced load condition. 

Some numerical values of the measured RMS voltage error compared to the reference 

values are shown in Table 14. The numbers are rounded to two most significant num-

bers. In [16], the allowed deviation from the nominal voltage in a low voltage network is 

±10 %.  

 Numerical error values of voltage variation during unbalanced load condition. 

  
Error 

median (%) 
Error mode 

(%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,5 4,5 4,1 5,3 
Output: 3,4 0,00052 0,00052 8,6 

Numerical results from the reference simulation in Table 15. 

 Reference numerical error values of voltage variation during unbalanced steady-state load 
condition. 

  
Error 

median (%) 
Error 

mode (%) 
Minimum 
error (%) 

Maximum 
error (%) 

Input: 4,9 4,9 4,9 4,9 
Output: 4,8 4,8 4,7 5 

 

4.5.3 Harmonic content  
Harmonic content of the measurements is shown in Figure 59. The harmonic content in 

the input and output currents are close to the harmonic content of the no-load condition 

currents. The phase A harmonic content of the input current has a noticeable amplitude 

difference compared to the other two phases. 

The input voltage during the unbalanced loading scenario is free of harmonics.  
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The input current has the most harmonics in 2 kHz range. The harmonics have very low 

amplitude, but significant enough compared to the fundamental component, that the cur-

rent appears distorted. The amplitudes of the harmonics rapidly decrease as the fre-

quency increases. 

The output voltage is nearly sinusoidal-free. There are some low amplitude voltage har-

monics at 900 Hz and 5900 Hz (the 18th and 118th order) harmonics.  

Due to the unbalanced load, only one phase on the output side carries current. This is 

visible as only phase A having a near-nominal value fundamental component. Phases B 

and C have many distorting components but their amplitude is so small they are barely 

noticeable. The harmonics occur at 900 Hz and 5900 Hz. 

The harmonic content and the wave forms of the input voltage exhibit similar behavior 

under no-load and unbalanced loading scenarios. The input voltage is free of harmon-

ics.The input current in no-load and unbalanced load scenarios also behave in a similar 

manner.  



63 
 

 

 Unbalanced load condition harmonic spectrum of the voltage and 
current measurements. 

The THD of individual phase voltages are presented in . None of the table values exceed 

the limit of 8 % set in [16]. The distortion in the input voltages is the same. The unbal-

anced loading is visible in the output voltage distortion. Phase A is connected to the load, 

and its distortion is on the same level as in balanced steady-state load condition. The 

output voltage distortion is close to the unloaded condition. 

 Per-phase voltage THD during unbalanced steady-state load condition. 

 Individual phase THD (%) 
  Phase A Phase B Phase C 

Input 0,17 0,17 0,17 
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Output 1,4 7,9 7,9 

 

The relative harmonic voltage amplitudes, up to the 25th harmonic, at the rectifier and 

inverter terminals are presented in Appendix 7. Values exceeding the standard reference 

values in [16] are highlighted in red. The values are rounded to two of the most significant 

numbers. In unbalanced steady-state condition, the following harmonics exceeded the 

standard references values: 

�x Relative amplitudes of 18th harmonic at the inverter output terminals are �Q�5�<�º 
L

�r�ä�z�u���¨ , �Q�5�<�» 
L �y�ä�z���¨  and �Q�5�<�¼
L �y�ä�z���¨ . The allowed maximum is 0.5 % for all 

phases. The amplitude of the harmonic signal on phase A is significantly lower 

than in the rest of the phases. 

�x Relative amplitudes of 20th harmonic at the inverter output terminals are �Q�6�4�º 
L

�r�ä�{�x���¨ , �Q�6�4�» 
L �r�ä�y�z���¨  and �Q�6�4�¼
L �r�ä�y�z���¨ . The allowed maximum is 0.5 % for all 

phases. 

The voltage THD in individual phases in the reference simulation is presented in Table 

17. 

 Per-phase voltage THD of the reference simulation during unbalanced steady-state load 
condition. 

 Individual phase THD (%) 
  Phase A Phase B Phase C 

Input 1E-07 1E-07 1E-07 
Output 9E-08 1E-07 1E-07 
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5 ANALYSIS OF  THE SIMULATION RESULT S  

This chapter discusses the results from the previous chapter and their possible implica-

tions of the performance of the smart transformer compared to a two-winding distribution 

transformer. The analysis in this section is based on the results presented in Section 4.  

Relative amplitudes of the harmonics are compared numerically to the maximum allowed 

limits in SFS-EN-50160. The frequency range covers harmonics up to 25th integer multi-

ple of the fundamental frequency. The FFT transform of the current and voltage signals 

are graphically shown until 10 kHz.  

The voltage levels at the input and output of the smart transformer, and the transformer, 

are also analyzed. The measured phase-to-phase RMS voltage is compared to a nomi-

nal reference voltage.  

Harmonics and abnormal voltage level can introduce various problems to the distribution 

grid, but if a device such as the smart transformer covered in this work was to be con-

nected to a distribution grid, it would need to meet the requirements of the standard. 

Even though the measurement requirements set in the standard are not met, a compar-

ison with a standard establishes a good base for the bare minimum expected perfor-

mance from the smart transformer. The standard expects much longer measurement 

period (a week) than what was used in this work (300 milliseconds), but since the simu-

lation is a deterministic system, similar results should occur if the simulation was run for 

a week. 

5.1 No-load condition  

No load condition simulation results are presented in Section 4.2. The input voltage wave 

forms are identical between the smart transformer and two-winding transformer meas-

urements. The input current exhibits differences between the two, the smart transformer 

causes minor peaks in the input voltage. Since there is no load connected to the smart 

transformer output, the current peaks are due to interactions between the power elec-

tronic components within the smart transformer. The output voltage exposes one of the 

drawbacks of the power electronic conversions: The output voltage is synthesized with 

digital controls and is noticeably distorted by the switching actions. The secondary wind-

ing voltage and current of the transformer are not distorted. 

During no-load scenario, the output is barely within the limits set in SFS-EN-50160, as 

can be seen in Table 4. The RLC filter at the inverter output is not in full effect before 



66 
 

current start running through the filtering inductance. Considering this, the smart trans-

former output inverter would not be sufficiently distortion free to be used in a real low-

voltage network. However, some consideration should be given towards how often the 

smart transformer would be run without any load and therefore one could question if no-

load condition is relevant to practical use of the smart transformer. 

As presented in Section 4.2.3, some of the higher order harmonics produced by the in-

verter exceed the allowed limits by a lot. Even though the simulation model is built as 

symmetric, the harmonics are not the same in all phases. In the reference simulation, 

the harmonics are non-existent due to the lack of harmonic-producing equipment. 

In numerical comparison of the RMS values of voltage variation between the reference 

and the smart transformer simulations in Table 2 and Table 3, it can be seen that when 

the voltage varies more when the smart transformer is connected to the network. The 

median, mode, minimum and maximum error are the same when the two-winding trans-

former is connected to the network. The smart transformer causes voltage issues. 

5.2 Load transient  

The load transient can be considered a transition phase between the no-load and steady-

state conditions. Hence, some phenomena can be observed developing. Comparing the 

smart transformer voltage and current (Figure 43) wave forms to those of the two-winding 

transformer (Figure 44), the most significant differences are in the input current and out-

put voltage. The smart transformer input current in Figure 43 increases in steps and very 

slowly, compared to the otherwise very fast dynamics of power electronics in general. 

The input voltage wave form deteriorates as the current spikes increase in amplitude. 

The output voltage of the smart transformer inverter is improved after the loads are con-

nected. The two-winding transformer does not exhibit any abnormal characteristics, 

there is only a minor dip in the output voltage as the loads are connected.  

The current drawn from the feeding network begins developing similar characteristics 

that are found in generalized results presented in [13].  

Comparison of the numerical values between the reference simulation and the smart 

transformer yields similar result, with an exception in the output maximum error. The 

recorded transient deviates 38 % from the nominal (the dip in voltage in Figure 47), this 

is an outlier and the median and mode offer a better representation of the overall perfor-

mance of the transformer. After the loads are connected to the secondary winding of the 

transformer, the output voltage is reduced. This is due to the transformer being unable 

to adjust its output voltage. The problem could be circumvented by using an on-load tap 
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changer, the ratio of the windings after the tap change would determine the new voltage 

level. This issue also persist in the smart transformer output voltage due to unsophisti-

cated control scheme of the inverter. 

5.3 Balanced s teady -state load  

The balanced steady-state loading condition presented in 4.4.1, highlights the most se-

vere loading related phenomena at the smart transformer input and output terminals: The 

input voltage displays the worst distortion in any load condition, and the input current 

spikes match the flat tops of the input voltage. The output voltage and current are very 

sinusoidal, since the reactor at the output inverter terminals is in full effect and acting as 

a low-pass filter.  

There is a difference between the smart transformer and regular transformer output volt-

age, the regular transformer can output pure sinusoid signal while the smart transformer 

outputs synthesized voltage distorted by harmonics. 

During steady-state load condition (Figure 49), the developing effects from the transient 

load change condition are in full effect. The input current is heavily distorted, and it dis-

torts the input voltage as a result. Introduction of harmonics is characteristic problem with 

power electronic converters, the harmonics should be reduced of eliminated as much as 

possible before deploying equipment such as the smart transformer covered in this thesis 

in a real network. The flat tops of the input voltage align with the nominal phase-neutral 

amplitude, demonstrated in Figure 60. 

 

 Zoomed in view of the ST input voltage distortion, the flat tops of 
the wave form align with the nominal amplitude of the phase-neutral voltage. 

The harmonic content is like the previous test case; according to fast Fourier transform 

analysis, the input voltage is harmonics free, even though it is clearly distorted, and the 

input current has the most substantial harmonics. There is also potential for damage 

caused by the triplen non-odd integer harmonics summing up in the neutral point of a 

wye-winding transformer. 

Inverter output voltage and current have some ripple, but their overall appearance follows 

the sinusoidal reference signal of the control circuit well. 



68 
 

5.4 Unbalanced load  

Unbalanced loading condition measurements are presented in Figure 54. The results 

from this load condition have similar results to what was observed in 4.2 and 4.4. One 

highlight apparent upon close inspection of the measurements is that the input and out-

put effects are decoupled, i.e. the unbalance cannot be seen from the input side. The 

unbalance might create a condition where too much current is flowing through a single 

leg of the power electronic converter on the input and output side since the boost con-

verters and the DC-link are designed to carry more current than an individual converter 

leg. In a real converter, care should be taken to implement sufficient protection schemes 

to protect the conductors and the switching devices within the converter.  

During the unbalanced loading condition (Figure 54), the ST input voltage is nearly si-

nusoidal with some minor flattening effects at the peaks of the voltage waveform, the 

same as in no-load condition. The input current waveform also resembles the measure-

ments taken when under no-load condition. However, the amplitudes of the input current 

spikes differ; during the no-load condition, the amplitude was approximately 14 A and 

during unbalanced load condition, the amplitude is approximately 6 A, even though dur-

ing unbalanced load more load was connected to the output inverter. 

Furthermore, the ST output voltage and current display the load unbalance; the voltage 

is less distorted in phase A, which also is the only phase which carries current. These 

observations are akin to results shown in Figure 43. These affects are not visible in the 

input side (Figure 54). The input voltage nor current show any signs of unbalance, de-

spite its effects being clear on the output side. Phase unbalance isolation is most likely 

not significant enough advantage to warrant the investment cost and the power quality 

issues caused by the smart transformer. 
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6 DISCUSSION 

The purpose of this thesis was to create a real-time simulation model of a smart trans-

former and to make some preliminary assessments of its performance. The performance 

assessment includes technical performance details regarding the waveforms and har-

monics. This section discusses the key findings and summarizes implications of the re-

sults. 

6.1 Discussion about the simulation results  

6.1.1 Key findings  
The results obtained from the high-resolution measurements from the real-time electro-

magnetic transient simulation were analyzed for their power quality. It is clear from the 

measured simulation results that the characteristics of the input voltage and current are 

worse than their output counterparts. The characteristics of the input voltage are de-

graded by the current drawn by the line-commutated rectifier, which should be upgraded 

to a force commutated rectifier to give the concept more advanced control possibilities 

and to improve its performance.  

Output voltage is filtered effectively by the output inductance and is free of nearly all 

distortion. The implemented output inverter control scheme is too simple for considera-

tion in a real-world application, as the output voltage level is reduced under heavy load 

(Section 4.4.2, Figure 51). 

6.1.2 Result interpretation  
Modelling the smart transformer in a real-time simulation environment enables detailed 

inspection of the electromagnetic transients in the system. The power electronic con-

verter models in this thesis are solved every 2 microseconds by using a 50 microsecond 

Mainstep environment and 25 times faster Substep environment. The Substep enables 

analysis of frequencies of at least 50 kHz. In addition to the measurements presented 

and discussed in this paper, other electromagnetic transients within the smart trans-

former can be also thoroughly investigated. 

It becomes evident from the results displayed here that the resolution of the measure-

ments from the simulation model is enough for detailed analysis of fast transients such 

as those caused by power electronic switching. Judging by the results, if the modelled 

smart transformer was built in the state that it is presented in this paper, the technical 
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performance, power quality wise, towards the grid could cause issues in the low voltage 

distribution grid. The uncontrolled rectifier draws heavily distorted current from the LV 

distribution grid and causes the voltage to distort. Based on this observation, the rectifi-

cation process should be a force-commutated process or the input current could be fil-

tered by means of using a passive filter. As first observed in 4.2, the DC-link voltage 

increases inadvertently during no-load or light load conditions, the effect is visible in Fig-

ure 38. In order to find out the underlying reason, more detailed analysis is necessary; 

possible reason for the aforementioned DC-voltage rise could be in the control circuit of 

the boost converters.  

The output voltage and current characteristics have less distortion than the input char-

acteristics. This may be due to a filtering of the signals and controllability of the output 

inverter. However, the output inverter feeds linear loads and by introducing nonlinear 

loads the output current and voltage performance would likely degrade. The output in-

verter control scheme is also a simple open loop control that does not measure the output 

voltage at the low voltage busbar, the control is essentially based on maintaining a spe-

cific ratio between half of the DC-link voltage and the nominal peak amplitude of the low 

voltage loads. The control scheme cannot reliably reach the reference value i.e. the volt-

age in the LV bus is not guaranteed to be the nominal voltage, even in normal operation. 

This problem is amplified by the problems regarding the DC-voltage rise discussed ear-

lier.  

The simulation model is analyzed from a relatively narrow scope of electric power quality 

at certain points of the smart transformer. Even though Chapter 1.2 specifies that the 

measurement results are analyzed from the power quality perspective, it is only one an-

gle of approach to ascertaining the technical feasibility of the smart transformer in a real-

world trial. As such, the results shown in this thesis paint only a part of the technical 

requirements set for the smart transformer.  

6.1.3 Result implications and limitations  
Based on the simulation results shown in this report, the rectification process should not 

be only line commutation-based process, due to the significant voltage quality deteriora-

tion. Unfortunately, at the time of writing, the simulation results could not be validated 

with measurements from the physical test environment. Due to the simulation model be-

ing a rough topological replica of the physical power electronic converter topology, the 

lack of verified results significantly reduces the credibility of the measurements and their 

reflection to their real-world effects. Furthermore, the measurements are taken at the ST 

input and output terminals, so propagation of the observed power quality effects cannot 
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be evaluated based on the results shown in this report. The FFT method used in this 

thesis considers the whole measurement time window. Due to this, the Fourier analysis 

of the transient load condition measurements could be faulty. 

Even though the project this thesis is attached to has its research goals, perhaps the 

most significant result is the experience gained in working with RTDS environment. 

RTDS offers highly detailed simulation results that are very useful as the amount of 

power electronics is increasing the electric power systems, so there is incentive to be-

come adept user of such platform.  

After a steep learning curve, using RSCAD to build models will become easier and the 

customer connection between the user and RTDS Technologies is excellent. They are 

very clear in their future plans and organize user group meetings to discuss the latest 

and upcoming features, as well as to listen to gripes from the user.  

Overall, this thesis has been an excellent learning experience. During the thesis, It has 

become clear how complex process transferring parameters of a physical system to a 

simulation environment for digital twin modelling is. This point also highlights the neces-

sity of understanding fundamental physics of electricity. Even though there are very so-

phisticated ready-made components and software, without sufficient understanding of 

technology-independent methods like circuit analysis and mathematics, it is difficult to 

develop simulation models. It has also become evident that a much narrower scope 

should have been considered for this thesis. In fact, most of the difficulties in this thesis 

can be traced back to the scope being far too wide. It would have been more beneficial 

for the writer to only focus on the power electronics, or even only one converter. This 

way, even better understanding of the converter in question could have been developed, 

along with more systematic approach to converter simulation model development. A 

more thoroughly thought-out research question would also have helped with this thesis, 

a valuable lesson for an aspiring researcher. 

6.2 Future work  

The most immediate work regarding the simulation model should be focused on improv-

ing the power electronic converters and their controls In an ideal case, the ST could be 

deployed as a standalone unit in multiple parts of a distribution network. Building a sys-

tem for coordination between the smart transformer for higher level use cases would 

prove valuable for future research. To reach the goal of independently controllable smart 

transformers in a distribution grid, the following technical requirements should be met;  

�x the disruption to power quality of the distribution grid should be minimized 
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�x the converter should be bidirectional  

�x the BESS should be implemented 

Each of these changes requires further attention into the converters and the controls 

within the smart transformer. The first two could likely be solved by using more advanced, 

controlled rectification process. The third point requires looking into the battery and its 

converter. Inclusion of the battery energy storage system enables the ST to be an instru-

ment to interesting research such as islanding microgrid operation and enabling a col-

lection of multiple STs to participate in a frequency reserve markets, for example.  

During and after fixes to the main converter elements, more advanced testing methods 

should also be devised. Including other load types, such as induction motors or electric 

vehicle charging stations, on the output inverter side would prove necessary for analyz-

ing the performance of the ST in a more realistic scenario. To better analyze the evident 

power quality deteriorating effect propagation from the input rectifier terminals, expan-

sion of the feeding MV network would prove interesting. 
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7 CONCLUSION 

The admittedly loosely defined research question of building a simulation model of a 

smart transformer and related controls was achieved in this thesis. The simulation model 

is a complete, working entity that can be further developed. Additionally, it is interfaced 

with an external Python script that enables detailed and highly customizable control of 

the simulation model. There is also incentive to keep developing the simulation model 

so that it can be used in further research projects. The simulation technical performance 

was analyzed with measurements from the simulation model. The results indicate poten-

tially significant distortion caused by harmonics at the smart transformer input rectifier 

terminals and less distortion at the output inverter terminals. The amount of distortion at 

the rectifier input terminals is negatively affected by the load applied on the smart trans-

former output terminals.  

The results displayed in this thesis should be thought of as a proof-of-concept for the 

simulation model and the external scripts, rather than a guideline for how to conduct the 

physical pilot.  
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APPENDIX 1: RSCAD MAINSTEP ENVIRONMENT 
MV NETWORK 
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APPENDIX 2: RSCAD MAINSTEP ENVIRONMENT 
SMART TRANSFORMER AN D LV LOADS  
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APPENDIX 3: RSCAD SUBSTEP ENVIRONMENT 
SMART TRANSFORMER 
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APPENDIX 4: RELATIVE VOLTAGE HAR MONIC 
PER-PHASE AMPLITUDES  AT THE RECTIFIER 
INPUT AND INVERTER OUTPUT TERMINALS. 
NO-LOAD CONDITION. 

  Relative amplitudes (%) 

Order 
f 

(Hz) Input A Input B Input C 
Output 

A 
Output 

B 
Output 

C 
1 50 100 100 100 100 100 100 
2 100 0,00016 0,00056 0,00015 0,0024 0,0027 0,0027 
3 150 0,043 0,043 0,042 0,00092 0,00037 0,00038 
4 200 0,00031 0,0005 0,00028 0,0022 0,0014 0,0014 
5 250 0,07 0,07 0,069 0,001 0,0013 0,0013 
6 300 0,00043 0,00039 0,0004 0,0082 0,0033 0,0033 
7 350 0,092 0,092 0,092 0,0012 0,0063 0,0063 
8 400 0,00051 0,00025 0,00048 0,018 0,011 0,011 
9 450 0,11 0,11 0,11 0,039 0,038 0,038 
10 500 0,00056 0,00013 0,00052 0,031 0,026 0,026 
11 550 0,12 0,12 0,12 0,082 0,08 0,08 
12 600 0,00058 0,00012 0,00054 0,024 0,006 0,006 
13 650 0,13 0,13 0,12 0,017 0,016 0,016 
14 700 0,00055 0,00024 0,00052 0,064 0,016 0,016 
15 750 0,12 0,12 0,12 0,17 0,16 0,16 
16 800 0,0005 0,00035 0,00047 0,24 0,097 0,097 
17 850 0,12 0,12 0,12 0,74 0,53 0,53 
18 900 0,00047 0,00045 0,00043 7 7,7 7,7 
19 950 0,11 0,11 0,11 0,27 0,48 0,48 
20 1000 0,00043 0,00051 0,0004 0,77 0,79 0,79 
21 1050 0,09 0,089 0,089 0,21 0,14 0,14 
22 1100 0,00043 0,00053 0,0004 0,058 0,15 0,15 
23 1150 0,076 0,076 0,076 0,16 0,11 0,11 
24 1200 0,00047 0,00053 0,00043 0,062 0,13 0,13 
25 1250 0,062 0,062 0,062 0,061 0,083 0,083 
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APPENDIX 5: RELATIVE  VOLTAGE HARMONIC 
PER-PHASE AMPLITUDES  AT THE RECTIFIER 
INPUT AND INVERTER OUTPUT TERMINALS. 
BALANCED TRAN SIENT LOAD CONDITION. 

  Relative amplitudes (%) 

Order 
f 

(Hz) 
Input 

A 
Input 

B 
Input 

C 
Output 

A 
Output 

B 
Output 

C 
1 50 100 100 100 100 100 100 
2 100 0,025 0,015 0,026 0,069 0,054 0,064 
3 150 1,1 1,1 1,1 0,033 0,015 0,031 
4 200 0,041 0,024 0,019 0,044 0,023 0,037 
5 250 1,4 1,3 1,4 0,035 0,0063 0,024 
6 300 0,042 0,025 0,018 0,037 0,017 0,031 
7 350 1,2 1,2 1,2 0,011 0,021 0,012 
8 400 0,03 0,018 0,024 0,036 0,02 0,021 
9 450 0,73 0,73 0,73 0,061 0,032 0,047 
10 500 0,017 0,012 0,026 0,03 0,014 0,033 
11 550 0,34 0,35 0,34 0,025 0,022 0,0057 
12 600 0,015 0,011 0,023 0,02 0,011 0,033 
13 650 0,32 0,32 0,32 0,052 0,061 0,065 
14 700 0,016 0,0095 0,018 0,1 0,025 0,012 
15 750 0,32 0,32 0,32 0,12 0,098 0,07 
16 800 0,012 0,0053 0,014 0,18 0,16 0,2 
17 850 0,23 0,23 0,23 0,092 0,12 0,18 
18 900 0,0091 0,0012 0,01 0,9 0,61 0,63 
19 950 0,17 0,16 0,16 0,29 0,095 0,25 
20 1000 0,011 0,0018 0,0047 0,66 0,35 0,2 
21 1050 0,18 0,17 0,17 0,19 0,11 0,17 
22 1100 0,011 0,0044 0,0012 0,64 0,51 0,58 
23 1150 0,15 0,15 0,14 0,11 0,057 0,062 
24 1200 0,0082 0,0082 0,0054 0,29 0,26 0,28 
25 1250 0,12 0,11 0,1 0,044 0,088 0,077 

 
  



81 
 

APPENDIX 6: RELATIVE  VOLTAGE HARMONIC 
PER-PHASE AMPLITUDES  AT THE RECTIFIER 
INPUT AND INVERTER OUTPUT TERMINALS. 
BALANCED STEADY -STATE LOAD CONDITION. 

  Relative amplitudes (%) 

Order 
f 

(Hz) 
Input 

A 
Input 

B 
Input 

C 
Output 

A 
Output 

B 
Output 

C 
1 50 100 100 100 100 100 100 
2 100 0,018 0,021 0,04 0,0083 0,011 0,01 
3 150 1,8 1,8 1,8 0,0039 0,0028 0,0027 
4 200 0,028 0,02 0,06 0,0058 0,0055 0,0054 
5 250 2,2 2,2 2,2 0,0061 0,0058 0,0059 
6 300 0,025 0,019 0,054 0,00083 0,002 0,0022 
7 350 1,8 1,8 1,8 0,023 0,023 0,024 
8 400 0,017 0,022 0,039 0,0016 0,008 0,0081 
9 450 1,1 1,1 1,1 0,037 0,034 0,034 
10 500 0,014 0,022 0,039 0,0096 0,018 0,018 
11 550 0,61 0,61 0,6 0,0068 0,014 0,014 
12 600 0,015 0,021 0,041 0,018 0,0044 0,0045 
13 650 0,66 0,68 0,66 0,038 0,055 0,055 
14 700 0,013 0,022 0,034 0,056 0,034 0,034 
15 750 0,57 0,58 0,57 0,093 0,075 0,075 
16 800 0,0078 0,022 0,027 0,19 0,15 0,15 
17 850 0,38 0,39 0,38 0,039 0,1 0,1 
18 900 0,0056 0,021 0,026 0,68 0,49 0,49 
19 950 0,35 0,36 0,35 0,041 0,089 0,089 
20 1000 0,0046 0,021 0,022 0,6 0,35 0,35 
21 1050 0,34 0,35 0,34 0,095 0,099 0,099 
22 1100 0,001 0,021 0,015 0,59 0,56 0,56 
23 1150 0,26 0,27 0,27 0,11 0,055 0,055 
24 1200 0,0031 0,02 0,012 0,25 0,26 0,26 
25 1250 0,22 0,23 0,23 0,058 0,095 0,095 
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APPENDIX 7: RELATIVE  VOLTAGE HARMONIC 
PER-PHASE AMPLITUDES  AT THE RECTIFIER 
INPUT AND INVERTER OUTPUT TERMINALS. 
UNBALANCED STEADY -STATE LOAD 
CONDITION. 

  Relative amplitudes (%) 

Order 
f 

(Hz) Input A Input B Input C 
Output 

A 
Output 

B 
Output 

C 
1 50 100 100 100 100 100 100 
2 100 0,00004 0,000034 0,00009 0,0021 0,0025 0,0026 
3 150 0,013 0,013 0,013 0,00085 0,00031 0,00032 
4 200 0,000082 0,00007 0,000089 0,0025 0,0012 0,0011 
5 250 0,022 0,022 0,022 0,0014 0,0014 0,0014 
6 300 0,00012 0,0001 0,000085 0,0081 0,003 0,003 
7 350 0,03 0,03 0,03 0,0013 0,0071 0,0071 
8 400 0,00015 0,00012 0,000078 0,018 0,012 0,012 
9 450 0,036 0,036 0,036 0,037 0,039 0,039 
10 500 0,00017 0,00015 0,000075 0,03 0,025 0,025 
11 550 0,043 0,043 0,043 0,077 0,079 0,079 
12 600 0,00019 0,00016 0,000064 0,024 0,008 0,008 
13 650 0,048 0,048 0,048 0,02 0,02 0,02 
14 700 0,0002 0,00017 0,000052 0,05 0,014 0,014 
15 750 0,05 0,05 0,05 0,13 0,15 0,15 
16 800 0,00021 0,00017 0,000044 0,17 0,097 0,097 
17 850 0,053 0,053 0,053 0,33 0,52 0,52 
18 900 0,00021 0,00017 0,000029 0,83 7,8 7,8 
19 950 0,054 0,053 0,053 0,27 0,49 0,49 
20 1000 0,0002 0,00016 0,000015 0,96 0,78 0,78 
21 1050 0,051 0,051 0,051 0,27 0,14 0,14 
22 1100 0,00019 0,00015 0,000012 0,086 0,16 0,16 
23 1150 0,051 0,05 0,05 0,18 0,11 0,11 
24 1200 0,00018 0,00015 0,000016 0,066 0,12 0,12 
25 1250 0,047 0,047 0,047 0,066 0,079 0,079 
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