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ABSTRACT 

This thesis takes a different approach to the classic distribution transformer topology. These 

transformers usually contain only two windings (input and output) and, for this reason, the 

addition of DC microgrids onto them requires additional planning and designing. This work 

aims to create a device in which a DC microgrid can be seamlessly integrated into the system. 

This device would be composed by two main components: 

 A three-winding transformer – instead of the classical two-winding transformer used in 

typical distribution transformers. 

 A bi-directional AC/DC converter which function is to interface between the DC 

microgrid and the transformer. 

The idea is that both primary and secondary windings of the transformer work as commonly 

known in a distribution transformer – power flows from the grid to the loads – while the terciary 

winding interconnects the AC/DC converter to the system.  

As mentioned above, the converter is bi-directional which means it can direct the power to the 

system itself (e.g.: vehicle-to-X topology) or to the DC microgrid (e.g.. charging an electric 

vehicle).  

Furthermore, the converter is also capable of working as an active power filter, softening the 

reactive power and harmonic content present in the grid, which is generated by the loads. 

 

 

KEYWORDS 

DC microgrid, Three-Winding Transformer, Active power filter, SVPWM





  vii 

RESUMO 

Esta tese procura estudar uma nova arquitetura para postos de transformação. Estes são, na 

grande maioria dos casos, constituídos por transformadores de apenas dois enrolamentos 

(entrada e saída) e, por essa razão, a implementação de microrredes DC requere planeamento e 

dimensionamento extra. Este trabalho procura criar um dispositivo que facilite a interligação 

de postos de transformação com microrredes DC. 

Este dispositivo é composto por dois componentes principais: 

 Um transformador de três enrolamentos – em vez do transformador de dois 

enrolamentos clássico, usualmente usado nos postos de transformação; 

 Um conversor AC/DC bidirecional que interliga a microrrede DC com o transformador. 

A ideia é que tanto o primário, como o secundário do transformador estão ligados como 

normalmente encontrado nos postos de transformação – a potência flui da rede para a carga – 

enquanto o terciário está ligado a ao conversor AC/DC (microrrede). 

Como referido anteriormente, o conversor é bidirecional o que significa que este pode 

direcionar a potência para o sistema (e.g.: veículo-para-X) ou para o microrrede (e.g.: 

carregamento de um veículo elétrico). 

Adicionalmente, o conversor também funciona como filtro ativo de potência, suavizando a 

potência reativa e o conteúdo harmónico presente na rede, gerado pelas cargas.  
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SIMBOLOGY 
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q Instantaneous reactive power [VAr] 
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𝑢𝑘 Instantaneous phase to neutral voltage of the kth phase [V] 
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ABBREVIATIONS 
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APF – Active Power Filter  

CLTF – Closed Loop Transfer Function 

DC – Direct Current 

DC/AC – Transformation from direct current to alternated current or vice-versa. 
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OLTF – Open Loop Transfer Function 
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PF – Power Factor 
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Chapter 1  

Introduction 

1.1 – Background and motivation 

In modern electrical power systems, the efficient distribution and utilization of energy play a 

pivotal role in ensuring reliability, sustainability, and optimal performance. Transformers are 

indispensable components within these systems, facilitating the transmission of electricity 

across different voltage levels. Among the various transformer configurations, the three-

winding transformer has gained significance due to its ability to interconnect multiple voltage 

levels within a single unit. This capability becomes particularly relevant when dealing with 

complex power distribution scenarios such as those found in microgrids.  

Microgrids, as localized energy distribution networks, have garnered attention as innovative 

solutions to address challenges posed by the integration of renewable energy sources and the 

need for improved power quality. Unlike conventional AC grids, DC microgrids offer 

advantages such as higher efficiency, reduced losses, and greater flexibility in incorporating 

renewable resources. 

Furthermore, the integration of renewable energy sources, such as solar and wind, while 

environmentally advantageous, introduces variability and intermittency into power generation. 

This integration, along with the proliferation of non-linear loads, have raised concerns about 

power quality [1]. Non-linear loads introduce harmonics and reactive power injection into the 

grid, leading to power quality degradation. The adverse effects range from equipment 

malfunctions to increased energy losses and reduced system efficiency. 

Active Power Pilters (APFs) have emerged as a powerful solution to mitigate power quality 

issues. APFs are dynamic devices that monitor the grid's current waveform and inject 

compensating currents to eliminate harmonics, correct power factor imbalances, and maintain 

voltage stability. Through advanced control algorithms and rapid response capabilities, APFs 

can significantly improve the quality of electrical power distribution, thereby enhancing the 

reliability and performance of both local microgrids and larger interconnected networks. 
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While the potential of active power filters is widely recognized, the integration of DC 

microgrids in distribution grids using three-winding transformers has not been extensively 

explored. The synergies between these technologies, such as coordinated control strategies and 

load sharing mechanisms, remain relatively unknown. The literature demonstrates a clear gap 

in understanding the interactions between these three subjects. By addressing this gap, this 

research aims to drive advancements in both power quality management and the effective 

integration of renewable energy in modern power distribution systems.  

This dissertation aims to address this gap by interconnecting an AC distribution grid and a DC 

microgrid using a three-winding transformer. The DC microgrid is connected to the AC system 

by a bi-directional DC/AC power converter which also functions as an active power filter. By 

doing so, relevant data can be taken from the synergy of these systems. 

1.2 – Objectives 

The objective of this thesis is to assemble, in a laboratory, a three winding transformer 

connecting the grid – with a stepped down voltage of up to 100 VRMS  with a series of loads and 

a DC microgrid which doubles as an active power filter. 

For the completion of this, it is necessary:  

a) To model the power converter and the power quality compensation system. 

b) To numerically simulate the system to assemble. 

c) To implement the obtained control algorithms in a microprocessor. 

d) Validate experimentally, the results obtained in the simulation. 

1.3 – Thesis’ structure 

This thesis is structured into six chapters which include this introduction. 

In the second chapter, a review of the literature is made where it is highlighted the current usage 

of DC microgrids and three-winding transformers as well as the current state of power quality. 

The third chapter is dedicated to the study of the active power filter where the current 

architectures to integrate APFs in power systems are reviewed and the dynamic models in 123, 
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αβ and dq coordinates of the converter are deduced. It is also explained how the reference 

currents for the converter are obtained, followed by the control loops design for both the DC 

voltage and the converter currents. After this, the switching algorithm, SVPWM, is described. 

In the fourth chapter, the numerical simulation in MATLAB/Simulink is described and the 

results obtained from the simulation are presented and commented on. 

The fifth chapter is dedicated to the experimental work done in the laboratory. Starting with 

referencing the hardware used and going on to the results obtained from the experiments 

conducted. 

The sixth chapter presents the final conclusions of these work as well as some improvements 

that can be implemented to the work done. 
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Chapter 2  

Literature Review 

2.1 – DC microgrid 

Semiconductor-based transistors, which are the building blocks of most consumer electronics, 

require DC power to function. Meanwhile, the shift towards sustainability has resulted in the 

widespread adoption of renewable energy sources, such as photovoltaics and fuel cells, that 

produce DC power. However, the current electrical power distribution infrastructure is based 

on AC power, so direct utilization of these renewable energy sources is not possible without 

incurring efficiency losses due to the DC-AC conversion. 

To overcome this mismatch, power converters are commonly used to convert AC power from 

outlets to DC power loads. This is achieved through rectifiers, which are typically built into 

consumer electronics. However, this conversion process is not without its drawbacks. A study 

conducted by the Lawrence Berkeley National Laboratory found that the average loss in 

external power supplies was 32% [2], highlighting the impact of this conversion process on 

overall energy efficiency.  

Since no adequate means of energy transportation currently exist within the grid, ideally, 

electricity is simultaneously produced and consumed. To accommodate the power demands of 

modern technology and the increased utilization of DC generation, the DC microgrid provides 

unique solutions to the present AC grid inefficiencies while simultaneously providing robust 

reliability without the need of phase synchronization [3]. 

In recent years, due to the wide utilization of direct current (DC) power sources, such as solar 

photovoltaic (PV), fuel cells, different DC loads, high-level integration of different energy 

storage systems such as batteries, supercapacitors, DC microgrids have been gaining more 

importance. 
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2.1.1 – Microgrids in photovoltaic power generation 

DC microgrid systems are especially fit to overcome the issues associated with transmitting 

electricity generated from large scale photovoltaic (PV) plants to demand sites [4]. The DC 

microgrid system enables the integration of multiple small-scale PV units near demand sites, 

thereby reducing transmission losses, improving grid stability and reliability, and reducing the 

cost of energy storage. 

The use of DC microgrid systems can help to address the economic efficiency issues associated 

with large scale PV plants in remote sites. By integrating multiple small-scale PV units near 

demand sites, the system reduces the need for large transmission and distribution systems, 

reducing the cost and complexity of the power transmission network. Furthermore, the ability 

to control the output of multiple PV units can provide grid stability and improve the reliability 

of the power supply [5]. 

While DC microgrid systems offer a promising solution for increasing the amount of 

photovoltaic generation, further research and development are needed to optimize the system 

performance and reduce costs. Additionally, standardization of the technology, interconnection 

standards, and regulations for DC microgrid systems are necessary to ensure widespread 

adoption and growth of the technology.  

2.2 – Multiwinding winding transformer 

Multiple winding transformers, also known as a multi-coil, or multi-winding transformer, 

contain more than one primary or more than one secondary coil on a common laminated core. 

Multi-winding transformers are beneficial when connecting three or more circuits with varying 

voltages. They are a more cost-effective and efficient solution compared to using multiple two-

winding transformers. This is because you can use a single multi-winding transformer instead 

of several two-winding transformers to achieve the same result.  

The way a multiple winding transformer operates is similar to that of a regular two-winding 

transformer. The calculation of primary and secondary voltage, current, and turns ratio remains 

the same [6]. 
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2.2.1 – Equivalent circuit 

The equivalent circuits of multi-winding transformers are more complicated than in the two-

winding case because they must consider the leakage impedances associated with each pair of 

windings. Typically, in these equivalent circuits, all quantities are referred to a common base, 

either by use of the appropriate turns ratios as referring factors or by expressing all quantities 

in per unit. The exciting current usually is neglected [7] (𝑍0 = ∞). 

 

Figure 2.1 – Equivalent circuit of a three-winding transformer [8]. 

Z1, Z2, Z3 are the impedances of each winding and can be determined from the data of three 

short-circuit tests performed on the transformer. 

2.2.2 – Drawbacks 

When using multi-winding transformers, several issues can arise that are associated with the 

effects of leakage impedances on voltage regulation, short-circuit currents, and the division of 

load among circuits [7]. 

The leakage impedances present in multi-winding transformers can affect voltage, leading to 

fluctuations in the output voltage. 

Another issue is the distribution of short-circuit currents, which occur when a fault or other 

malfunction causes the normal flow of current to be interrupted. If leakage impedances are not 
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properly managed in a multi-winding transformer, the short-circuit currents can cause damage 

to the transformer and other components. 

Finally, the division of load among circuits can also pose a challenge in multi-winding 

transformers. The multiple windings and their associated leakage impedances can result in 

unequal distribution of load, leading to imbalanced currents and reduced efficiency. 

2.2.3 – Applications 

Sometimes, Delta-connected tertiary windings are used on three-phase banks to provide a low-

impedance path for third harmonic components of the exciting current to reduce third-harmonic 

components of the neutral voltage [7], as shown in Figure 2.2. 

 

Figure 2.2 - Delta-Star-Delta transformer connection for 3rd harmonic reduction. 

Distribution transformers play a crucial role in the supply of electricity for residential use. These 

transformers may feature two secondary windings [7], each with a specific rated voltage. The 

secondary windings are connected in series, providing double the voltage for high power 

devices. Meanwhile, the individual windings are utilized to supply domestic low-powered AC 

loads. This design allows for efficient and effective distribution of electricity to meet the 

varying power requirements of domestic settings. 

Similarly, a large distribution system may be supplied through a three-phase bank of three-

winding transformers from two or more transmission/generation systems having different 

voltages [7], as shown in Figure 2.3. 
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Figure 2.3 – Example of a bank of three three-winding transformers. 

Furthermore, three-phase transformer banks utilized for interconnecting two transmission 

systems of differing voltages often incorporate a tertiary set of windings [7]. These tertiary 

windings serve a dual purpose, providing voltage for auxiliary power needs in substations or 

for the local distribution system. Additionally, static capacitors may be linked to the tertiary 

windings for the purpose of power factor correction or voltage regulation. This results in an 

enhanced and optimized power transmission system. 

Transformers with a primary winding and multiple secondary windings can also be utilized in 

multiple-output DC power supplies for electronic applications. This type of application 

provides a compact solution for galvanically isolation between different loads and the grid. 

Additionally, three-winding transformers are commonly employed in transportation traction 

systems, such as in trams. Usually, the primary and secondary windings are connected in star 

formation and the tertiary winding is connected in delta formation (Figure 2.4).  

 

Figure 2.4 - 12-pulse rectifier. 
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a 

 

b 

Figure 2.5 - Output voltages of a 6-pulse rectifier (a) and a 12-pulse rectifier (b). 

This configuration results in two 3-phase systems, phase shifted 30º. When paired with 3-phase 

bridge rectifiers, this system is called 12-pulse rectifier (Figure 2.4). These systems offer a 

bigger pulsation index than the common 6-pulse system (Figure 2.5). 

 

Figure 2.6 – a) Schematic of the association of a three-winding transformer and two three-

phase rectifiers; b) resulting rectified voltage and current in one phase of the rectifier [9]. 
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2.3 – Power quality of AC grids 

Power quality’s concept has evolved gradually the past 60 years. When it was first introduced, 

service continuity was the focus. However, voltage amplitude, frequency, phase unbalances and 

harmonic distortion quickly became important due to the proliferation of non-linear electronic 

devices. 

Ideally, the grid delivers the power to its loads while maintaining its voltage and frequency 

between a certain interval. Under the EN 50160 standard, for voltages under 1000 V, frequency 

and voltage must be comprised between the intervals shown in Table 2.1.  

Another standard utilized for power quality issues is the IEEE 519-2022. Among other things, 

this standard defines two requirements on harmonic content – an absolute maximum in voltage 

THD levels, and a variable maximum TDD level, as shown in  

Table 2.2 and Table 2.3. 

Table 2.1 - Acceptable voltage and frequency intervals under the EN 50160 standard [10]. 

Power Frequency 

Mean value of fundamental measured of ver 

10s: 

±1% deviation from nominal value for 99.5% 

of the week. 

-6%/+4% deviation from nominal value for 

100% of the week. 

Voltage magnitude variations 

Mean value of rms values for 10 minutes: 

±10% deviation from nominal value for 95% 

of the week. 

 

Table 2.2 – Voltage distortion limits under the IEEE 519-2022 standard [11]. 

Voltage interval Individual harmonic (%) THD (%) 

≤ 1 kV 5.0 8.0 

1 kV to 69 kV 3.0 5.0 

69 kV to 161 kV 1.5 2.5 

≥161 kV 1.0 1.5 
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In Europe, nominal values of voltage and frequency are 230/400 V and 50 Hz, respectively. 

The main problems Power Quality (PQ) faces are: 

o Interruptions – grid unavailability; 

o Voltage drops – mainly caused by isolation defects or large power consumption; 

o Overvoltage – mainly caused by atmospheric discharge; 

o Voltage flicker – mainly caused by voltage fluctuations in lighting devices; 

o Phase unbalances – power is not distributed heavenly between phases; 

o Harmonic distortion – mainly caused by non-linear electronic devices; 

In this dissertation, current harmonic distortion, phase balancing and power factor correction 

are the focused subjects. 

Table 2.3 – Current harmonic distortion limits under the IEEE 519-2022 standard [11] 

 Maximum THD for each harmonic order, h, interval  

Maximum 

current 

2 ≤ h < 11 11 ≤ h < 17 17 ≤ h < 23 23 ≤ h < 35 35 ≤ h < 50 TDD 

<20 4.0 2.0 1.5 0.6 0.3 5.0 

20<50 7.0 3.5 2.5 1.0 0.5 8.0 

50<100 10.0 4.5 4.0 1.5 0.7 12.0 

100<1000 12.0 5.5 5.0 2.0 1.0 15.0 

>1000 15.0 7.0 6.0 2.5 1.4 20.0 

 

2.3.1 – Harmonic components 

For the voltage and current waveforms to follow perfect sinusoidal shapes, harmonic 

components induced in the grid by, for example, the switching transients in power electronic 

controllers should not be present [12].  

Simply put, harmonics are voltages or currents which frequencies are multiples of the 

fundamental component and are classified by order, frequency, and sequence. The Table 2.4 

depicts an example of harmonic components for a 50Hz power grid. 
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Table 2.4 - Harmonic classification. 

Order Fund. 𝟐𝐧𝐝 𝟑𝒓𝒅 𝟒𝒕𝒉 𝟓𝒕𝒉 𝟔𝒕𝒉 … 𝒏𝒕𝒉 

Frequency (Hz) 50 100 150 200 250 300 … n x 50 

Sequence   0   0 … … 

Sequence is related to the direction of the rotating field created by the respective harmonic 

relatively to the fundamental component’s magnetic field. This is particularly important in 

induction motors since: 

 harmonics with direct sequence (+) induce magnetic fields in the same direction of that 

of the fundamental component producing torque. These harmonics circulate between 

phases; 

 inverse harmonics (-) induce magnetic fields in the opposite direction of that of the 

fundamental component producing opposing torque. These harmonics circulate between 

phases; 

 homopolar harmonics (0) induce magnetic fields that cancel each other. These 

harmonics circulate between phases and neutral. 

In summary, voltage unbalance in a three-phase system can cause an opposing torque, 

proportional to the inverse sequence voltage component. Figure 2.7 illustrates a case in which 

the 7th harmonic torque can cause problem during start-up, where the characteristic torque and 

the braking torque curves cross. 

Usually, harmonics with odd orders are more significant than those with even orders. Even 

order harmonics are mainly results of asymmetry caused by the presence of a DC component. 
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Figure 2.7 - Influence of asynchronous torque produced by harmonics on the main torque 

characteristic of an asynchronous motor [10]. 

Using the Fourier series, we can decompose currents or voltages into a summatory of sinusoidal 

currents or voltages which frequencies are multiples: 

 0
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 (2.2) 

The RMS values of each harmonic component are given by: 

 2 21

2RMSn n nS a b   (2.3) 

And the total RMS value by: 



Three-Winding Transformer with DC Microgrid and Active Power Filter 

 

  15 

 2

1
RMSRMS n

n

S S




   (2.4) 

 

To quantify harmonic distortion, Total Harmonic Distortion (THD) was introduced. THD 

corresponds to the fraction between RMS values of harmonic content and the RMS value of the 

fundamental component: 

 

2

12

RMS

RMS

n

n

S
THD

S





   (2.5) 

To visualize the significance of each harmonic, we can plot the harmonic spectrum. 

 

Figure 2.8 - Example of a harmonic spectrum. 

The harmonic spectrum, represented in Figure 2.8, refers to the distribution of harmonic 

frequencies present in an alternating current waveform. In other words, it is the spectral 

representation of the harmonic content in a periodic waveform. The harmonic spectrum can be 

obtained using a Fourier analysis, which decomposes a periodic waveform into its constituent 

sine and cosine components. The harmonic spectrum shows the relative magnitudes of the 

harmonics present in the waveform and provides a mean of assessing the level of harmonic 

distortion in the system. 
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2.3.2 – Power factor and its correlation with harmonic distortion 

Power factor is defined by the fraction between apparent power (S) and active power (P): 

 
P

PF
S

  (2.6) 

For voltages which are perfectly balanced and contain no harmonic content, apparent power is 

the resulting vector of the summatory of the active power, reactive power (Q) and deformed 

power (D) vectors. 

      2 22 2 2 2 2 2 2
2 3 4cos sin ...S P Q D UI UI U I I I           (2.7) 

This equation can be represented in a three-axis diagram (Figure 2.9). 

 

Figure 2.9 - Power tetrahedron [13]. 

For a power system where voltage and current follow perfect sinusoidal waves (𝐷 = 0), power 

factor is equal to the cosine of the angle between apparent power of the fundamental component, 

𝑆𝑓, and P – cos(Φ). This angle represents phase shift between voltage and current. 

The presence of harmonic content in the power system will increase vector D, causing apparent 

power to also increase, decreasing power factor.
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Chapter 3  

Active Power Filter – Mathematical Model and Design 

3.1 – Introduction 

In an attempt to increase power quality in electrical energy grids, passive filters were 

introduced. Passive filters consist of inductance, capacitance and resistance elements 

configured and tuned to control specific harmonic components. Although fairly simple and 

cheap, the passive filter inherits several downsides. The filter components can be very bulky 

because the harmonics that need to be suppressed are usually of low order. Furthermore, the 

compensation characteristics of these filters are influenced by the source impedance and, as 

such, the filter design is highly dependent on the power system in which it is connected to. 

Passive filters are also known to cause resonance, thus affecting the stability of the power 

system. In addition, frequency variation of the power system and tolerances in components 

values can affect the filtering characteristics. As the regulatory requirements become more 

stringent, the passive filters might not be able to meet future revisions of a particular standard 

and, in the worst-case scenario, it may be required a retrofit of new filters. 

On the other hand, remarkable progress in power electronics has spurred interest in Active 

Power Filters (APF) for harmonic distortion mitigation. The basic principle of APF is to utilise 

power electronics technologies to produce specific currents components that cancel the 

harmonic currents components caused by the load. The information regarding the harmonic 

currents and other system variables are passed to the compensation current/voltage reference 

signal estimator. The compensation reference signal from the estimator drives the overall 

system controller. This in turn provides the control for the gating signal generator.  

APFs have a number of advantages over the passive filters. First of all, they can suppress not 

only the supply current harmonics, but also the reactive currents. Moreover, unlike passive 

filters, they do not cause harmful resonances with the power distribution systems. 

Consequently, the APFs performances are independent on the power distribution system 

properties. On the other hand, APFs have some drawbacks. Active filtering is a relatively new 
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technology, practically less than four decades old. There is still a need for further research and 

development to make this technology well established. An unfavourable but inseparable feature 

of APF is the necessity of fast switching of high currents in the power circuit of the APF. This 

results in a high frequency noise that may cause an electromagnetic interference (EMI) in the 

power distribution systems. In order to mitigate this interference, passive filters are often used 

at the output of the APF. APFs can be connected in several power circuit configurations. In 

general, they are divided into three main categories, namely shunt APF, series APF and hybrid 

APF. 

3.2 – Typical APF architectures 

The most widely used topology for APFs is parallel active filters. This class of filters is highly 

significant and commonly used in industrial processes [14]. These filters are connected to the 

main power circuit and serve the purpose of eliminating any harmonic distortions caused by the 

load current that is fed to the power supply. These filters can also help in balancing and 

compensating for the reactive power in three-phase currents. It is possible to connect multiple 

filters in parallel to handle higher currents, making them suitable for a broad range of power 

ratings. In this configuration (Figure 3.1), the usual name is shunt active filter, SAF [15]. 

 

Figure 3.1 – Shunt APF [16]. 

Similar to shunt APF, there is the series APF. In this configuration (Figure 3.2), the APF is 

connected in series to the power system through a transformer. The inverter is still working as 

in the previous configuration, but the interfacing is done through a transformer rather than with 
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a short-circuit. Because this configuration is mounted in series with the power system, it is best 

suited for correcting voltage-related harmonic distortion. 

 

Figure 3.2 – Series APF [16]. 

This work uses the shunt APF but with a three-winding transformer interconnecting the three 

branches of the system. 

3.3 – Dynamic model of the power converter in the 123 reference frame 

The dynamic model of the three-phase power electronic converter is obtained from the circuit 

of Figure 3.3. By assuming the semiconductors are ideal, we can relate the switching variables, 

and the state variables. 

 

Figure 3.3 - Schematic of the power converter. 
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The signals kT and 'kT control the semiconductors and are the opposite. This means that when 

kT is ON, 'kT  is OFF and vice versa. Knowing this, we can define a new variable kf : 

 
1 ' 01

0 ' 10

k k

k

k k

T T
f

T T

   
 

   
  (3.1) 

Considering the relation between the voltages ku and the commutation variables kf we have: 

 
1

, {1,2,3}
00

dc k

k

k

U f
u k

f

 
 

 
  (3.2) 

By applying the Kirchoff’s law on the AC side we get: 

 
k

k k k

di
u Ri L e

dt
     (3.3) 

Assuming only passive loads, 0ke  , the state model is obtained as: 

 
k k kdi Ri u

dt L L
     (3.4) 

For the DC side, if we apply Kirchhoff’s joint law on the DC side on the A node we get: 

 C dc oi i i    (3.5) 

The capacitor’s current is defined by: 

 
dc

C

dU
i C

dt
   (3.6) 

We can also relate the DC current with the phases’ currents: 

 1 1 2 2 3 3dci f i f i f i     (3.7) 

Joining (3.5), (3.6) and (3.7) we get the state model from the DC side: 

 
1 1 2 2 3 3dc odU f i f i f i i

dt C

  
   (3.8) 

With (3.3) and (3.8) we can obtain the full state space model of the converter in the 123 

reference frame: 



Three-Winding Transformer with DC Microgrid and Active Power Filter 

 

  21 

 1 1 1

2 2 2

3 3 3

0

31 2

1
0 0 0 0 0 0

1
0 0 0 0 0 0

1
0 0 0 0 0 0

1
0 0 00

dc dc

d R
i i u

dt L L
i i u

R
i i u

L L
U U iR

L L

ff f

CC C C

   
           

        
                 
        
         

   
   
   

  

  (3.9) 

3.4 – Dynamic model of the power converter in the αβ reference frame 

In this sub-section, the power converter’s state model in the  reference is obtained. In other 

words, the 123 reference frame state model – which is a model where voltages and currents 

constitute a three-phase, balanced system – is transformed in a model where the variables 

represent a two-phase equivalent system. This transformation is called Clarke transformation 

and is defined by the relation below: 

 123 αβ αβX = C X   (3.10) 

Where: 

 

1
1 0

2

2 1 3 1

3 2 2 2

1 3 1

2 2 2

 
 
 
 
 
 
 
  
 

αβ
C =   (3.11) 

The AC side of the model in (3.9) can be simplified in: 

 
1d

dt
123 123 123

123 123

R
X = X U

L L
  (3.12) 

Using (3.10) we get: 

 
1d

dt
 αβ αβ αβ αβ αβ αβ

123 123

R
C X C X C U

L L
  (3.13) 

Because this is an orthogonal matrix, the transpose and inverse of it are equal: 
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 T -1
αβ αβC = C  (3.14) 

Advantage can be taken from this, adding T
αβC to both sides of (3.13): 

 
T T Td 1

dt
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From which the result is: 
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Where: 
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Which results in: 
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Therefore, the state model in  is given by: 
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3.5 – Dynamic model of the power converter in the dq reference frame 

A time-independent model is only achieved through a Park transform. Park transforms are 

defined by: 

 αβ dq dqX = C X  (3.20) 

The matrix dqC is defined by: 
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sin( ) cos( ) sin cos
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dqC  (3.21)  

Because this is an orthogonal matrix, the transpose and inverse of it are equal.  

 T -1
dq dqC = C  (3.22)  

By applying (3.20) to the (3.16) model, we can rewrite into:  
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Developing the left term of this equation we get: 

    
d d
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In order to be possible to multiply these matrixes, it is necessary to increase T
dqC . By developing 

(3.24) we get: 
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Adding this to (3.23): 

  
1d

dt
dqdq dq dq dq dq dq

αβ αβ

R
XWX + C = C X + C U

L L
 (3.26) 

Rearranging this equation in the form of x = Ax + Bu we get: 
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The term dq dq dq
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By attributing this matrix the name F , we can rewrite (3.27) into: 

 
d 1

dt
dq dq dq dq

αβ

C X = F + C U
L

  (3.29) 

By multiplying T
dqC  on both sides of the equation: 

 
1d

dt

T T T
dq dq dq dq dq dq dq

αβ

C C X = C F + C C U
L

  (3.30) 

Where: 

 

0

0

0

1
0 0

1
0 0

1
0 0
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q

dcqd

d

q

o

R

L i
R

i
L

Uff

C C

L U

U
L

i

C





 
 

  
     
    

 
  

 
 

  
       
    

 
 

T
dq dq

dq

T
dq dq dq dq

αβ dq

R
C F = X

L

1 1
C C U U

L L

  (3.31) 

Jointing the equations of (3.31) with (3.30), the model in the dq reference frame is obtained: 
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1

0 - 0 0

1
0 0 - 0

1
0 00

d d d

q q q

dc dc o

qd

d R
i i U

dt L L
i i U

R
U U i

L L

ff

CC C





   
          

        
                     

   
   
    

  (3.32) 

Having the dynamic model of the power converter in the dq reference frame, PID controllers 

can now be designed. 

3.6 – Active power filter 

The active power filter decreases harmonic penetration and increases power factor on the grid 

side by injecting active and reactive power which will cancel unwanted components on the load 

side by superposition. We can think of it as if the filter is sourcing the load with the harmonic 

components and reactive power it needs so that the grid doesn’t have to. 

Furthermore, the active power filter can also direct power onto the grid when the available 

power in the DC microgrid side is enough. 

3.6.1 – Reference current determination 

In order to control active and reactive power, the electrical signals must be transformed into a 

reference frame that makes it easier to analyse and control the power flow. One such reference 

frame is the rotating dq reference frame, which is a coordinate system that rotates with the same 

frequency as the fundamental component of the electrical signal.  

In a system with no harmonic components and a unitary power factor, the direct-quadrature 

components of voltages and currents will be constant over time – we can think of it as a DC 

approximation of a three phase AC system. 

However, in practical power systems, there are often harmonic components present, which 

cause fluctuations in the voltage and current waveforms. Additionally, the power factor may 

not be unitary, meaning that the power is not being consumed optimally. These distortions can 

cause instability in the system and reduce efficiency. 
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To mitigate these effects, the active filter described in this dissertation is used to control both 

the active and reactive power. The active filter is designed to cancel out the harmonic 

components and improve the power factor by injecting signals into the system that counteract 

the distortions.  

Active and reactive power in the dq plane can be obtained from the instantaneous power p-q 

theory [17]: 

 p u i u i      (3.33) 

 q u i u i      (3.34) 

From here, we can apply equation (3.20): 

 
  

  

cos sin cos sin

sin cos sin cos

d q d q

d q d q

p u u i i

u u i i

   

   

   

 
 (3.35) 

 
  

  

sin cos cos sin

cos sin sin cos

d q d q

d q d q

q u u i i

u u i i

   

   

   

 
 (3.36) 

 From which we can simplify into (3.37) and (3.38): 

 0 02d d q qp u i u i u i     (3.37) 

 d q q dq u i u i     (3.38) 

Because we are assuming voltages in the system do not contain harmonic components and are 

all phased 120º, the quadrature and zero components of the voltages are null. 

 00; 0qu u    (3.39) 

Simplifying (3.37) and (3.38) we get: 

 d dp u i   (3.40) 

 qdq u i    (3.41) 
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Grid synchronization 

The first step for the current control method is to synchronize the inverter’s reference frames 

with the grid’s reference frame (ϴS). The grid’s reference frame is detected applying Clarke 

transformation to its voltages (Figure 4.1).  

 1

2

3

1 1
1

2 2

2 3 3
0

3 2 2

1 1 1

2 2 2

GG

G G

GG

uu

u u

uu









 
                         

 
 

G αβ G123αβγ
u C u

  (3.42) 

  

Because we are assuming voltages on the grid side are all balanced, phased perfectly and have 

no harmonic components, we can assume that the sum of all phases is null. 

 
1 2 3

0G G Gu u u     (3.43) 

Therefore, the gamma component is also null. 

 0Gu

   (3.44) 

The grid’s reference frame can then be obtained through the following expression. 

 arctan [ , ]
G

G
G

v

v





  
 
    
 
 

  (3.45) 

G  now represents where the system is in the αβ reference frame, as showcased in Figure 3.4. 
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Figure 3.4 – abc, αβ and G in a balanced system. 

For the active power filter to be able to control harmonic penetration and power factor, d and q 

components of the load’s current must be calculated, Ld
i  and Lq

i respectively.  

The dq reference frame components of currents are defined by the expression below. 

 
cos( ) sin( ) 0

sin( ) cos( ) 0

0 0 1

d

q

d

i i

i i

ii







 

 

 

    
    

     
        

dq0 αβγi Pi

  (3.46) 

Where components α, β and γ of the current are calculated the same way as done in (3.42). 

  T
αβγ αβ abci C i   (3.47) 

Power factor correction 

Simplifying the schematic in Figure 4.1, Figure 3.5 is obtained. 
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Figure 3.5 - Schematic simplification of the full system. 

Generalizing, the currents in all the transformer’s windings can be related through the following 

expression.  

  1
k kkG CLi i i

r
    (3.48) 

Where r is the winding ration between the primary winding and the other windings (secondary 

and tertiary). 

We can rewrite (3.41) with: 

  1

Gq

G C

i

qqLdq u i i
r

     (3.49) 

For power factor to be unitary, reactive power must be null. For reactive power to be null, the 

converter must follow the quadrature components of the load. 

 0C GqqLi i q     (3.50) 

Harmonic content mitigation 

In the direct-quadrature frame, current harmonic content represents itself in an alternating 

component in the direct component. 

There are now two components of 𝑖𝑑, a constant one which is related to the “clean” active 

power, 𝑖𝑑̅, and an alternating other which is related to the harmonic components, 𝑖𝑑̃. 
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  𝑖𝑑 = 𝑖𝑑̅ + 𝑖𝑞̃   (3.51) 

By applying (3.48) we get 

  
1

d d dG C Li i i
r

     (3.52) 

 𝑖𝐺𝑑
=

−𝑖𝐶𝑑
+𝑖𝐿𝑑

̅̅ ̅̅̅+𝑖𝐿𝑑̃

𝑟
  (3.53) 

By observing the equation (3.53), it is possible to conclude that, in order for the grid to only 

source the active power-related component of the current in the load, 𝑖𝐿𝑑
̅̅̅̅ , the converter must 

follow the alternating component of the direct component of the current in the load, as show 

cased in the equation (3.54). 

 𝑖𝐶𝑑
= 𝑖𝐿𝑑̃

⇒ 𝑖𝐺𝑑
=

𝑖𝐿𝑑
̅̅ ̅̅̅

𝑟
  (3.54) 

3.6.2 – DC voltage control 

Considering the model of the converter in the dq reference frame (3.32) for the state variable

dcU . 

 
qd o

dc d q

ff id
U i i

dt C C C
     (3.55)  

From here results Figure 3.6. 

 

Figure 3.6 – Equivalent circuit converter in the dq reference frame. 



Three-Winding Transformer with DC Microgrid and Active Power Filter 

 

  31 

Considering the power factor is unitary ( 0qi  ) and oi  is the current which results from a 

resistor, ,R placed in parallel with the capacitor: 

 dc
o

U
i

R
   (3.56) 

With this simplification, it is possible to rewrite (3.55) into: 

 
d dc

dc d
f Ud

U i
dt C RC

   (3.57) 

From here, the equivalent circuit of the converter in the dq reference frame is obtained (Figure 

3.7). 

 

Figure 3.7 - Equivalent circuit of the converter in the dq reference frame. 

Applying the Laplace transform and rearranging the equation above: 

 
1

dc d

dref

U f R

i RCs



  (3.58) 

 

Figure 3.8 – Block diagram of the correlation between dcU and drefi . 

Considering a statistical delay, dT , associated to the switching of the semiconductors. 
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1

dref
d

d

i
i

sT



  (3.59) 

 

Figure 3.9 - Block diagram of the correlation between dcU and drefi , with di  delay. 

Because we intend to control the dcU voltage, a controller is included in the block diagram: 

 

Figure 3.10 – Block diagram in a closed-loop of the DC voltage control system. 

 

1

( )

p
i

ii
u p

k
k s

kk
C s k

s s

 
 

     (3.60) 

If a PI controller – with its transfer function given by (3.60), where 𝑘𝑝 and 𝑘𝑖 are the 

proportional and integral gains – the open loop transfer function is given by: 

 
  

1

1 1

p
i d

i
dc

d

k
k fs

k
OLTF

sTs RCs

 
 

 
 

  (3.61) 

The controller’s zero is placed in order to cancel the most dominant pole of the transfer function, 

−1/(𝑅𝐶). 

 
p

i

k
RC

k
   (3.62) 

The closed loop transfer function for this system is given by: 
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2
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( )

i d

dc d

i ddcref

d d

k f R

U s T

k f RsU s
s

T T



 

  (3.63) 

From here we obtain the following correlations: 
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

  

 

   
 
  

 
  

  (3.64) 

The controller is designed around the dampening factor  2 .   The natural frequency is then 

obtained 
-15000 rads .n   

In order to determine a value for df , it is assumed that the power flowing through the AC and 

the DC side of the converter are the same  AC DCP P : 

  dc o d dU i U i   (3.65) 

By applying Kirchhoff’s joint law in the node A of Figure 3.3, the equation below is obtained: 

 d d o cf i i i   (3.66) 

For mean values, it is assumed that the current in the capacitor is null  0ci  . Joining the two 

previous equations, df  is determined: 

   122.5
1.225

130

dc o d d d
d

dcd d o

U i U i U
f

Uf i i

  
  

 

 (3.67) 

The value of the direct component of the voltages on the converter side, 𝑈𝑑, is obtained from 

assuming phase to neutral voltages on the 123 reference frame on the grid side to be 100 VRMS 

and ideal which, transformed via a transformer with a Dy configuration and 2:1 winding ratio, 

will result to be 122.5 V. 

For control purposes, dT  is defined as half the commutation period. 
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1 1

10000 50
2 2

c
d

f
T    μs (3.68) 

The capacitance is defined according to what is used on the laboratory, 410 mF, and the 

resistance is defined as 2 kΩ. This resistor is not used on the laboratory and are only used in 

the simulation. 

The controller’s parameters are then obtained: 

 

28.76

0.04

p

i

k

k




  (3.69) 

3.6.3 – Converter current control 

Considering the model of the converter in the dq reference frame (3.32) for the state variables 

di  and .qi  

 

d
d d q

q
q q d

Ud R
i i i

dt L L

Ud R
i i i

dt L L






   


    


  (3.70) 

For control design purposes, it is supposed the currents in both axes are independant

 0 .d qi i    

 

d
d d

q
q q

Ud R
i i

dt L L

Ud R
i i

dt L L


  


   


  (3.71) 

Applying the Laplace Transform to the equations above and rearranging them 
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d

d

q

q

i

U sL R

i

U sL R


 


 
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  (3.72) 

Considering a delay, ,uT  between the reference voltages and the real voltages. 
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
 
 

  (3.73) 

Because the transfer function for both axes is the same, the controller used in each of the axes 

is the same, 𝐶𝑖  (s). 

The block diagram that correlates di and drefU is defined by 

 

Figure 3.11 - Block diagram of the correlation between the currents ,di qi and the voltages 

,dU  qU . 

Because we intend to control the currents di and qi , a controller is included in the block 

diagram: 

 

Figure 3.12 – Closed-loop block diagram of the current control system. 
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Assuming a PI controller with the (3.74) transfer function, the open loop transfer function is 

given by: 
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  (3.75) 

The controller’s zero is placed in order to cancel the most dominant pole of the transfer function, 

−𝑅/𝐿. 

 
p

i

k L

k R
   (3.76) 

The open-loop transfer function (3.75) can then be simplified into 

 
 1

i
i

u

k
OLTF

sTsR



  (3.77) 

The closed-loop transfer function can now be obtained: 

 
2

i
i

u i

k
CLTF

T Rs Rs k


 
  (3.78) 

Comparing the system’s closed-loop transfer function (3.78) with the standard closed-loop 

transfer function (3.79): 
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 (3.79) 
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  (3.80) 

From here we obtain the following correlations: 
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 
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  (3.81) 

The controller is designed around the dampening factor  3 .   The natural frequency is then 

obtained 
-13333.3 rads .n   
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For control purposes, dT  is defined as half the switching period. 

 

1 1

10000 50
2 2

c
d

f
T    μs (3.82) 

The inductance is defined as 3 mH, and the resistance is defined as 20 mΩ. These components 

are not used in the laboratory and are only used in the simulation. 

The resistor and inductance are defined as: 

 
20 mΩ

3 mH

R

L

 




 (3.83) 

The controller’s gains are then obtained: 

 

74.07

11.11

p

i

k

k




  (3.84) 

3.7 – SVPWM applied to three-phase power electronic converter 

The currents generated by the AC/DC converter are obtained with Space Vector Pulse Width 

Modulation (SVPWM). This method is based on the concept that it is possible to represent a 

three-phase system in a 2D plane. This plane is created with 2n vectors – with n being the 

number of legs of the converter, considering the two states (on and off) for each semiconductor. 

The studied system possesses 3 switched states and, therefore, 8  (23)vectors. 

 

Figure 3.13 - Space-Vector Plane. 
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Having Figure 3.3 and Figure 3.12 in mind, Table 3.1 is obtained. 

Table 3.1 – Phase to phase and phase to neutral voltages of each vector. 

State 
1f  2f  3f  Au  Bu  Cu  1u  2u  3u  12u  23u  31u  

1V  
1 0 0 

dcU  
0 0 2

3
dcU  

1

3
dcU  

1

3
dcU  dcU  

0 
dcU  

2V  
1 1 0 

dcU  dcU  
0 1

3
dcU  

1

3
dcU  

2

3
dcU  

0 
dcU  dcU  

3V  
0 1 0 0 

dcU  
0 1

3
dcU  

2

3
dcU  

1

3
dcU  dcU  dcU  

0 

4V  
0 1 1 0 

dcU  dcU  
2

3
dcU  

1

3
dcU  

1

3
dcU  dcU  

0 
dcU  

5V  
0 0 1 0 0 

dcU  
1

3
dcU  

1

3
dcU  

2

3
dcU  

0 
dcU  dcU  

6V  
1 0 1 

dcU  
0 

dcU  
1

3
dcU  

2

3
dcU  

1

3
dcU  dcU  dcU  

0 

7V  
0 0 0 0 0 0 0 0 0 0 0 0 

8V  
1 1 1 

dcU  dcU  dcU  
0 0 0 0 0 0 

 

Where  
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 (3.85) 
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A B

B C
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u u u

u u u

u u u

 


 
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 (3.86) 
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Table 3.2 - Phase to neutral and αβ voltages of each vector. 

 

 

Each of the reference voltages in the plane represent one of the switching states represented in 

the Table 3.2. 

Because the reference values for the converter are obtained in the rotating frame dq, these values 

are then reconverted into Cartesian   and then into a polar value (defined by magnitude, 

,mag  and angle, ) :C  

 

2 2

C

mag U U

U
arctg

U

 








 


  
  
  

 

 (3.87) 

State 
1u  2u  3u  u  u  

  

1V  
2

3

dcU
 

3

dcU
  

3

dcU
  

2

3

dcU
 

0 0º 

2V  
3

dcU
 

3

dcU
 

2

3

dcU
  

3

dcU
 

4

7

dcU
 

60º 

3V  
3

dcU
  

2

3

dcU
 

3

dcU
  

3

dcU
  

4

7

dcU
 

120º 

4V  2

3

dcU
  

3

dcU
 

3

dcU
 

2

3

dcU
  

0 180º 

5V  
3

dcU
  

3

dcU
  

2

3

dcU
 

3

dcU
  

4

7

dcU
  

240º 

6V  
3

dcU
 

2

3

dcU
  

3

dcU
 

3

dcU
 

4

7

dcU
  

300º 

7V  0 0 0 0 0 N/A 

8V  0 0 0 0 0 N/A 
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For computational purposes, mag cannot be used as represented in the equation above. As a 

result, the modulation index, [0,1]m , is introduced. Because the maximum value of mag is 

2

3

dcU
, we obtain: 

 

2 2
3

2 2

3
dc dc

U Umag
m

U U

 
   (3.88)
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Chapter 4  

Simulation  

4.1 – Introduction 

To prove the concept of this work, a simulation was made in Matlab/Simulink. The simulation, 

schematized in Figure 4.1, comprises the grid bus, Simulink’s three phase three-winding 

transformer model (with a Dy11 configuration), DC microgrid (represented as a DC current 

source), and a range of linear and non-linear loads. 

 

 

Figure 4.1 – Global schematic of the simulation. 

Instantaneous voltages from the grid are measured and transformed to αβ in order to find the 

position of the system in the referential, 𝛳𝐺
′ . At the same time, instantaneous values of currents 
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from the loads (𝑖𝐿1
, 𝑖𝐿2

, 𝑖𝐿3
) and the converter (𝑖𝐶1

, 𝑖𝐶2
, 𝑖𝐶3

) are also obtained and transformed 

into αβ and then into dq (using 𝛳𝐺
′ , which is the position of the voltages in the grid shifted 30º 

due to delay caused by the transformer which is connected in a Dy11 configuration) in order to 

determine the reference currents for the converter to inject/be injected with. These values are 

then fed into a control loop managed by a processor unit. 

 

 

Figure 4.2 – Processor unit’s schematic. 

The processor unit’s (Figure 4.2) function is to generate the gate signals of the semiconductors 

using the signals above. Firstly, the direct-axis current from the loads, 𝑖𝐿𝑑
, is subtracted to its 

mean value (see sub-chapter “Harmonic content control”), obtained over a running window 

with an interval of 10 ms. To this value, the current generated by the DC voltage control loop 

(see sub-chapter “DC voltage control”) is subtracted. The value resulting from this, aswell as 

the quadrature-axis current from the loads, 𝑖𝐿𝑞
, are then subtracted by their converter’s currents 

counterparts, 𝑖𝐶𝑑
and 𝑖𝐶𝑞

, in order to be fed into the controllers, 𝐶𝑖(𝑠) (see sub-chapter 

“Converter current control”). Past this, reference voltages, 𝑈𝑑𝑟𝑒𝑓
 and 𝑈𝑞𝑟𝑒𝑓

, are obtained. These 

voltages are then reconverted back into αβ values and then transformed in a polar value. The 

module of the polar value is then manipulated as described in the sub-chapter “SVPWM applied 

to three-phase power electronics”. Having the polar value of the voltages for the converter to 

apply it is fed into the SVPWM algorithm and the gate signals are generated. 
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4.2 – Simulation results  

The simulation results below show the currents in all the transformer arms during 

compensation. The results also show the voltages, currents, active power, reactive power and 

harmonic spectrum of one phase’s current before and after the compensation. It is also shown 

the progression of the DC voltage when there is a step up of the microgrid current and the switch 

of flow of power when the power injected by the DC microgrid exceeds the power consumed 

by the load.  

All of the experiments shown were taken with the following parameters: 

 DC bus at 130 V 

 Phase to phase voltage of the grid at 100 VRMS. 

4.2.1 – Experiment 1 – Balanced RL load 

For the first experiment, a balanced RL load was added to the system (R=20 Ω/phase;  

L=23 mH/phase; lag=20º). 

 

Figure 4.3 – Schematic of the load used in the first and second experiment. 

 

Figure 4.4 - Current (smaller) of a RL load and grid voltages (bigger). 
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a) Before Compensation 

 

b) After Compensation 

Figure 4.5 – Grid voltages (bigger) and currents (smaller) before (a) and after (b) 

compensation for a RL load. 

From Figure 4.5, it is possible to see the controller can correct the phase of the current in each 

phase in the grid but adds ripple, which is more significant when any two phases cross each 

other. 

 

Figure 4.6 – Currents (smaller) generated by the power converter for a RL load and grid 

voltages (bigger). 
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a) Before compensation 

 

b) After compensation 

Figure 4.7 – Harmonic spectrum of grid current in one phase before (a) and after (b) 

compensation of a RL load. 

Table 4.1 – THD of the current in one phase of the grid, active and reactive power on the 

grid before and after compensation of a RL load. 

 Before compensation After compensation 

Grid active power (W) 300 350 

Grid reactive power (var) 150 3 

Grid current THD (%) 0.01 1.99 

From observing Figure 4.7 and Table 4.1, it is noticeable that, for RL loads, the converter can 

almost correct power factor but adds significant harmonic distortion due to its switching 

characteristics. 

4.2.2 – Experiment 2 – Unbalanced RL load 

The second experiment was conducted with the same configuration for the load as seen in the 

precious experiment, in Figure 4.3, but with different values for each phase (R1=10 Ω;  

R2=30 Ω; R3=100 Ω; L1=10 mH; L2=30 mH; L3=100 mH).  
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Figure 4.8 - Current (smaller) of an unbalanced RL load and grid voltages (bigger). 

 

a) Before Compensation 

 

b) After Compensation 

Figure 4.9 - Grid voltages (bigger) and currents (smaller) before (a) and after (b) 

compensation for an unbalanced RL load. 
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As previously observed, the converter is able to significantly reduce the reactive power present 

in the grid but adds ripple to the current. 

 

Figure 4.10 - Currents (smaller) generated by the power converter for an unbalanced RL load and 

grid voltages (bigger). 

 

 

a) Before compensation 

 

b) After compensation 

Figure 4.11 – Harmonic spectrum of grid current in one phase before (a) and after (b) 

compensation of an unbalanced RL load. 
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Table 4.2 - THD of the current in one phase of the grid, active and reactive power on the grid 

before and after compensation of an unbalanced RL load. 

 Before compensation After compensation 

Grid active power (W) 293 350 

Grid reactive power (var) 134 3 

Grid current THD (%) 0.01 1.92 

4.2.3 – Experiment 3 – Rectified resistive load with an input impedance 

The third experiment was conducted for a balanced, rectified R load with an input inductance 

(R=50 Ω; L=15 mH). 

 

Figure 4.12 – Schematic of the load used in the third experiment. 

 

Figure 4.13 – Current (smaller) of a rectified RL load and grid voltages (bigger). 

From observing Figure 4.14 and as previously stated, the converter is able to significantly 

reduce the reactive power present in the grid. The converter is also able to eliminate most of 

the harmonic content. 
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a) Before Compensation 

 

 

b) After Compensation 

Figure 4.14 - Grid voltages (bigger) and currents (smaller) before (a) and after (b) 

compensation for a rectified RL load. 

 

Figure 4.15 – Currents (smaller) generated by the power converter for a rectified RL load 

and grid voltages (bigger). 
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From observing Figure 4.16, it is noticeable that the converter could eliminate most of the 

harmonic content generated by the rectified RL load, namely the fifth, seventh, eleventh and 

thirteenth harmonic orders. In Table 4.3, we can observe that, for a rectified RL load, the 

converser is able to significantly reduce THD levels in the current of the grid as well as the 

reactive power injected by the grid. 

 

a) Before compensation 

 

b) After compensation 

Figure 4.16 – Harmonic spectrum of grid current in one phase before (a) and after (b) 

compensation of a rectified RL load. 

Table 4.3 – THD of the current in one phase of the grid, active and reactive power on the 

grid before and after compensation of a rectified RL load. 

 Before compensation After compensation 

Grid active power (W) 212 266 

Grid reactive power (var) 107 2 

Grid current THD (%) 17.76 2.85 

4.2.4 – Experiment 4 – Unbalanced rectified resistive load with an input 

impedance 

The load used in the fourth experiment is the same as the one used in the third experiment but 

with a disconnected phase. 
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Figure 4.17 – Schematic of the load used in the fourth experiment. 

 

Figure 4.18 – Current (smaller) of an unbalanced rectified RL load and grid voltages 

(bigger). 

 

a) Before Compensation 
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b) After Compensation 

Figure 4.19 – Currents (smaller) generated by the power converter for an unbalanced 

rectified RL load and grid voltages (bigger). 

 

Figure 4.20 – Currents (smaller) generated by the power converter for an unbalanced 

rectified RL load and grid voltages (bigger). 

Similarly to what was observed in experiments one and two, for an unbalanced rectified RL 

load, the converter is able to synchronize the currents with the voltages in the grid, reducing the 

reactive power significantly but adding ripple and worsening THD levels. 
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a) Before compensation 

 

b) After compensation 

Figure 4.21 – Harmonic spectrum of grid current in one phase before (a) and after (b) 

compensation of an unbalanced rectified RL load. 

Table 4.4 – THD of the current in one phase of the grid, active and reactive power on the 

grid before and after compensation of an unbalanced rectified RL load. 

 Before compensation After compensation 

Grid active power (W) 140 190 

Grid reactive power (var) 38 2 

Grid current THD (%) 0.01 3.75 

4.2.5 – Experiment 5 – DC voltage control 

In the following experiment, the loads were disconnected from the system and the DC current, 

𝑖𝑑𝑐, was increased by 0.5A (from 0.5A to 1A) in order assess the DC voltage control 

functionality. 
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Figure 4.22 – DC voltage control for a step of 0.5A in the DC current 

As it is possible to notice, for a step of 0.5A, the DC voltage overshot for about 0.7V but 

returned to the set point value in around 250 ms. 

4.2.6 – Experiment 6 – Power flow  

For the last experiment, the DC current was increased by 2A (from 2A to 4A) in order to 

visualize the power flow direction change from grid-system to system-grid. 

 

Figure 4.23 - Grid voltages (bigger) and currents (lower) before and after a step of 7 A in the 

DC current, for a 100 Ω resistive load. 

From the image above, it is possible to visualize the change in position of the currents in relation 

to their respective voltages, signalling the shift in power flow after the step up of current. 
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Chapter 5  

Laboratorial implementation 

Due to the high number of mathematical operations, it was only possible to make some 

preliminary tests in the laboratory: 

 A closed-loop inverter controlled by SVPWM, at the image of the main project’s 

system; 

 With the grid connected to different loads via the transformer, it was also possible to 

produce reference currents very similar to the ones obtained via simulation. 

5.1 – Hardware used 

The experimental system’s architecture was obtained from the simulations schematic (Figure 

4.1). In the laboratory, the grid’s voltages are given by an autotransformer which was fixed at 

30 VRMS. The autotransformer is connected to the primary winding of the three-winding 

transformer. The other two windings are each connected to the loads and the converter. The 

primary winding has double the number of turns as the other two windings, resulting in a 2:1 

winding ratio. 

In order to measure both the voltages from the grid and the currents from the load, an isolated 

voltage and current sensing module is used. This module is fitted with multiple USM-3IV from 

Taraz Technologies which condition the signal. This data is then sent to the microcontroller 

unit – the STMicroelectronics’ NUCLEO-G491RE – via 5V unipolar outputs. The DC voltage 

and the converter’s currents are all measured locally in the three-phase power electronic 

converter – STEVAL-IHM023V3 from STMicroelectronics – and sent for the MCU via 5V 

unipolar outputs. 

All the values sent to the MCU can then be visualized on a computer, at a frequency of 10 kHz, 

through a designated graphical interface in STMicroelectronics’ STMStudio. 
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Figure 5.1 - Global schematic of the laboratory's setup. 

 

Figure 5.2 – Picture of the laboratorial implementation. 
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5.2 – Software implementation 

The control algorithm for the active power filter, obtained in Chapter 3 , was implemented in 

the STMicroelectronics’ microprocessor in C++ which files are in Attachment A. Table 5.1 

summarises all the source and header files and their function. 

Table 5.1 – Summary of the software files. 

File name Function 

app.h Declaration of variables and structures for app.c 

app.c Main file which contains the control algorithm 

ctrl_lib.h Declaration of variables and structures for ctrl_lib.c 

ctrl_lib.c Definition a low pass filter and a PI controller 

defs.h Attribution of definitions to the system’s constants, inputs 

and outputs 

irq.h Declaration of variables and structures for irq.c 

irq.c Function calling for interrupt requests 

SVPWM.h Declaration of variables and structures for SVPWM.c 

SVPWM.c Definition of the SVPWM algorithm 

trans.h Declaration of variables and structures for trans.c 

trans.c Definition of the transformations between 123, αβ, and dq 

reference frames 
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5.3 – Experimental results 

5.3.1 – SVPWM algorithm and current control loop 

In order to test the switching algorithm and the control methods, a DC/AC inverter was 

implemented. A controlled voltage source was connected at the DC side of the converter, at 

60V. The inverter’s currents are controlled by a closed-loop control system and the setpoint of 

current was established at 0.5 Apk. 

 

Figure 5.3 – Schematic of the system used to test the switching algorithm and current control 

loop. 

 

Figure 5.4 – Closed loop currents from the inverter for a RL load with a set point of 0.5 A of 

amplitude. 

Noticeably, the controller is able to generate three currents acceptably phased from each other 

and with minimal error of amplitude. 

5.3.2 – Active Power Filter 

The system was also tested for its APF capabilities where the reference currents from the 

simulation were compared to the ones determined by the MCU. The reason for this is to find 
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out if the MCU can produce the reference currents. For these tests, voltage at the grid side was 

50 VRMS. 

On the other hand, to verify the operation of implemented APF control system on MCU, the 

grid currents are emulated through the sum of the instantaneous values of the load currents with 

the load currents. 

Load 1 – Unbalanced RL load 

For the first load, phase 3 was disconnected and phases 1 and 2 with an inductance of 250mH 

and different resistances of 7Ω and 10Ω.  

 

Figure 5.5 – Schematic of the unbalanced RL load. 

 

Figure 5.6 – Grid voltages and load currents in an unbalanced RL load, measured in the 

laboratory. 
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Figure 5.7 - Grid voltages and the reference currents for an unbalanced RL load, determined 

by the microprocessor. 

 

Figure 5.8 - Grid voltages and the reference currents for an unbalanced RL load, obtained via 

simulation. 
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Figure 5.9 – Grid voltages and the instantaneous summation of the currents in the load and 

the reference currents for an unbalanced RL load, obtained by the microprocessor. 

Load 2 – Rectified RL load 

For the second load, a rectifier was used with an input inductance of 2.5 mH and a resistor of 

10 Ω. 

 

Figure 5.10 – Schematic of the rectified RL load. 
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Figure 5.11 – Grid voltages and load currents in a rectified RL load, measured in the 

laboratory. 

 

Figure 5.12 - Grid voltages and the reference currents for a non-linear R load, determined by 

the microprocessor. 
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Figure 5.13 - Grid voltages and the reference currents for a non-linear R load, obtained via 

simulation.  

 

Figure 5.14 – Grid voltages and the instantaneous summation of the currents in the load and 

the reference currents for a rectified RL load, obtained by the microprocessor. 

Load 3 – Unbalanced rectified RL load 

For the unbalanced and non-linear R load, phase 3 was disconnected from the load. 



Chapter 5: Laboratorial implementation 

 

64 

 

Figure 5.15 – Schematic of the unbalanced rectified load. 

  

Figure 5.16 – Grid voltages and load currents in an unbalanced rectified RL load, measured 

in the laboratory. 

 

Figure 5.17 - Grid voltages and the reference currents for an unbalanced and non-linear R 

load, determined by the microprocessor. 
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Figure 5.18 – Grid voltages (top) and the reference currents (bottom) for an unbalanced and 

non-linear resistive load, obtained via simulation. 

 

Figure 5.19 – Grid voltages and the instantaneous summation of the currents in the load and 

the reference currents for an unbalanced rectified RL load, obtained by the microprocessor. 

From the results obtained, it is possible to visualize that the microprocessor can generate very 

similar reference currents to the ones obtained through the simulation. From Figure 5.9, Figure 

5.14 and Figure 5.19 it is also possible to notice that the instantaneous summation of the 

reference currents with the load currents result in a set of three currents with a delay of around 

30º (1.67 ms) which is related to the delay caused by the transformer as these currents are 
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obtained for the corrected angle, ϴ’G.  Thus, these current waveforms can be seen as the grid 

currents, after their amplitudes are corrected by the transformer turn ratio and phase shift.
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Chapter 6  

Conclusions and future work 

6.1 – Conclusions 

The principal motivation for this work was to demonstrate the viability of connecting a DC 

microgrid – which also has the function of an active power filter – onto a three-winding 

transformer in order to make the installation of DC microgrid into distribution transformer 

simpler and therefore faster while adding the benefits of having less “polluted” energy. 

In this work, a mathematical model of the converter was obtained, 2 control loops for the DC 

voltage and for the converter currents were designed, the SVPWM switching technique was 

implemented, reference currents determined, and a simulation developed where the items above 

were tested. In this simulation, it was possible to test multiple loads connected to the system, 

while DC voltage is maintained and power flow from the grid inverted (system-grid). It was 

concluded that, for low harmonic distortion currents, the converter can worsen the THD levels 

– with the minimum THD value being 2% after compensation. Although the converter injects 

some harmonic content onto the system, it can keep it at standard-acceptable values – even for 

high harmonic distortion currents, where, in one case, THD was dropped from 17.76% to 2.85% 

– while significantly decreasing the reactive power (to below 5 Var) injected by the grid, 

increasing the power factor. 

Experimentally, the objective was to build a prototype where simulation and real scenarios 

would be compared but the integration of the somewhat heavy algorithm posed some 

difficulties. Instead, there were two scenarios studied: one where SVPWM was tested for a 

DC/AC inverter in a closed loop and another for the active power filter capabilities of the 

converter when connected to unbalanced, non-linear loads. In these experiments, it was possible 

to verify the capability of the microprocessor to handle both the SVPWM algorithm in a closed 

loop as well as the reference current determination. 
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6.2 – Future work 

Some suggestions for future work are also given: 

 A different method for grid-synchronization can be beneficial to lower the flicker 

present when two phase voltages cross each other. 

 Update the control algorithm in order to encompass voltage deregulation.  

 Test a multi-level converter in order to reduce harmonic distortion injected. 

 Implementation of a microprocessor which has more computational capacity. 
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ctrl_lib.h 
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