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Abstract 

 

Abstract 

 

Photovoltaic energy systems require power electronics interfaces to convert the energy 

generated and transfer it to the electrical grid. Depending on the power level,  grid connected 

PV systems can be grouped into four types of configurations: centralized, string, multistring 

and ac-module, which can be used based on the application and power rating of the PV 

installation. Most of large scale applications are based on centralized configurations with 

inverters of two or three voltage levels connected to hundreds of PV arrays. However, with 

the development of high power multilevel converters, new possibilities have come out to 

implement multilevel converters in PV systems with higher efficiency and power quality.  

One of the main challenges of using multilevel converter in PV applications are the 

appearance of leakage currents and high floating voltages in the PV panels. To solve this 

issue, high or low frequency transformers are required to provide galvanic isolation. The 

Cascaded H-Bridge converter with high frequency transformers in the dc side has been 

widely studied as a promising solution for large scale applications. However, the 

implementation of high frequency transformers require a second conversion stage. In an 

effort to integrate ac transformers to reduce the number of conversion stages by using 

medium or low frequency components, cascaded transformer multilevel inverters (CTMI) 

have been proposed. Such configurations are connected in series through the secondary 

windings of the transformers, satisfying required isolation requirements and providing 

winding connection options for symmetrical and asymmetrical configurations. Based on 

such approach, this PhD dissertation presents the Isolated Multi-Modular Converter, 

characterized by a cascaded configuration of two arms connected in parallel. The objective 

of the proposed configuration is to enable the integration of a multilevel converter with 

galvanic isolation and the capability of operating at different power levels. 
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First, an introduction of multilevel converters with dc and ac galvanic isolation is 

reviewed. This approach defines the basis of the converter proposed. Then, a mathematical 

analysis of  the IMMC for a single and three phase configuration is presented. This study 

demonstrates that the IMMC can be represented based on two electrical circuits whose 

purpose is to emulate the dynamic response of the output and circulating currents based on 

the current arms. Furthermore, the relationship between the power flow and the current arms 

is also revealed to define later the current references in the control loops. 

As the IMMC requires a dedicated control strategy to regulate the energy and the current 

signals, a central control architecture is addressed. This approach is essential for regulating 

the total energy per arm, giving rise to a proper converter operation. In order to provide a 

stable response in dynamic and steady state, the well-known crossover frequency and phase 

margin technique is used to determine the control parameters in the inner and outer control 

loops. 

As PV panels can operate at different conditions, they are prone to generate different 

power levels. Therefore, all power modules connected in series must provide a high 

flexibility to allow possible power imbalance scenarios. In this regard, two control strategies 

embedded in each module are evaluated. Through the amplitude and quadrature voltage 

compensation techniques, the converter demonstrates its functionality under power 

imbalances, while  fulfilling the required control objectives. Moreover, by combining both 

control strategies, it is possible to extend the operating range, enabling higher levels of 

power imbalances. 

The work presented in this PhD dissertation is supported by simulation results. 

Additionally, a complete experimental setup was built to endorse the conclusions. 

Simulation and experimental results include balance and imbalance power scenarios, 

demonstrating a flexible multilevel converter for PV applications. 
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 Chapter 

1. 

 

1 Introduction 
 

This chapter introduces the background of this PhD dissertation, including the state of 

the art and objectives. A review of photovoltaic power plants and their challenges are first 

revealed. Then, the power electronics technologies used and proposed in the literature for 

utility scales are summarized. This stablishes a framework for this thesis, which is addressed 

in the objectives. Finally, a brief description of each chapter is presented. 

 Background 

The new era of power generation is strongly driven by the awareness of environment 

problems and the importance of caring our planet. Social and economic progress have 

provided tools to develop clean energy sources highly reliable and efficient, capable to 

supply energy from small to large power levels. These energy sources also known as 

renewable energies can be classified as bioenergy, hydropower, geothermal, solar and wind 

energy. According to [1], the year 2019 a total of 2.537 gigawatts (GW) of renewable power 

capacity was installed, being the solar and wind energy the top of these energy sources. The 

annual global market for solar PV exceed the 580.15 GW at the end of 2019 [2], while the 

wind market exceed the 622.70 GW [3].  

The significant deployment of renewable energies around the world is triggered in part 

by the rapid declines in the generation costs. In fact,  it is expected that the increasing 

economies of scale and further technological improvements will continue to reduce the cost 

of photovoltaic energies. According to [2], the levelized cost of electricity (LCOE) in 
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photovoltaic energy drastically fell in 77% from 2010 to 2018 that means 0.37 USD per 

kWh to 0.085 USD per kWh, and the projection of the average falling energy by 2030 is 

expected to be 0.02 USD per kWh and 0.05 USD per kWh by 2050. 

This accelerated deployment of renewable energies would reduce in 90% the carbon 

dioxide emission (CO2) by 2050, in which photovoltaic energy would lead significant 

reductions, representing 21% of the total emission mitigation [2]. This will come with the 

fast growing of photovoltaic energy expected for the next 30 years. By 2050 photovoltaic 

energy would represent the second largest power generation source, just behind wind 

energy, generating a quarter of total electricity needs with a capacity power of 2840 GW by 

2030 and 8519 GW by 2050. That means six times and eighteen times the power capacity 

installed in 2018.  

In Fig. 1.1 and Fig. 1.2 is illustrated the power capacity installed worldwide between 

2010-2018 and its projection for the next 30 years. The global capacity installed in 2010 

was 40 GW with an annual deployment of 17 GW. Similarly, in 2018 the global capacity 

installed was 480 GW with an annual deployment of 94 GW. Leaving Asia as the continent 

with the largest PV production, followed by Europe in the second position and North 

America in the third position. By 2030, it is expected that the global market will continue 

to be driven by Asia with a global capacity of 1860 GW, but North America will take the 

second position with a power capacity of 437 GW. By 2050 the power installed will 

continue to grow, with Asia representing more than half of the addition capacity with 4.837 

GW. The second largest photovoltaic market will be led by North America with 1.728 GW, 

followed  by Europe with 891 GW. This huge different between each continent is mainly 

given by the investment levels. According to [2], it is expected that Asia invests 113 USD 

billion per year from now until 2050, followed by North America with an investment of 37 

USD billion per year and Europe with 19 USD billion per year. 

Due to the policies and financial support provided by several countries, most of this 

power increase comes from grid connection systems, mainly utility scale PV plants. The 

size and the number of large PV plant projects  during 2018 rounded about 235 with power 

levels above 50 MW, which are distributed in at least 37 countries [3]. Considering the 

significant market potential and cost competitiveness, it is expected that utility-scale 

projects will still predominate by 2050. Nonetheless, distributed generations such as rooftop 

technologies, electric vehicles (EV) and building integrated PV(BIPV) systems would have 

a huge impact on power generation levels. 
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Fig. 1.1 Photovoltaic power capacity installed per continent and its projection for the next 30 

years [2]  
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Fig. 1.2 Photovoltaic power capacity and power deployment per GW installed and its projection 

for the next 30 years [2] 

The industry would need to be prepared for such a significant power increase over the 

next 30 years. Therefore, better technological solutions and more innovations are expected 

to integrate the rising shares of photovoltaic power generation. These new innovations are 

focused on providing new markets to use this energy source, designing more efficient 

technologies in PV panels, providing more flexible power systems to integrate variable 

renewable energy sources and developing new configurations of power converters to 

manage large amount of power levels. Having in mind the requirements of new 
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configurations of power converter to deal with the future power generation levels, this thesis 

study a multilevel configuration to be used in PV applications. 

1.1.1 Utility scale photovoltaic power plants 

Grid connection of PV power plants are based on three different configurations: central, 

multistring and string topologies. The choice of one over another will depend on several 

aspects such as: power level, location, cost and reliability which are summarized in [4]–

[11]. In this section, a review of each of them is described, including their main features and 

advantages.   

1.1.1.1 Utility scale configurations 

a. Central  

Central configuration illustrated in Fig. 1.3.a is the most common configuration used for 

large PV applications. This topology interconnects several PV panels to one inverter. The 

disposition of the panels is grouped into hundreds of arrays which have hundreds of PV 

strings connected in parallel. Similarly, these strings have several PV panels connected in 

series to reach the proper voltage level in the dc side. In the case of large power plants, 

several central inverters are connected to medium voltage collectors through low to medium 

voltage transformers (LV-MV), and then a medium - high voltage (MV-HV) transformer is 

used to connect the power plant to the transmission line [10]. 

b. String  

String configuration illustrated in Fig. 1.3.b connects one PV string to one individual 

inverter. This modularity provides independent MPPTs, increasing the efficiency of power 

generation over the central configuration when partial shading happens.  

To eliminate leakage currents and avoid voltage levels beyond the maximum level 

allowed in the PV panels, power converters with galvanic isolation and two conversion 

stages may be implemented. Typically, dc-dc with high frequency transformers or dc-ac 

converters with low frequency transformers can be used [12]–[15]. 

c. Multistring  

Multistring configuration shown in Fig. 1.3.c combines the architecture of string and 

central configurations described before. It contains string of PV panels connected to 

individual dc-dc converters, which are connected to a common central inverter [16]. In this 

sense, independent MPPTs are also possible, increasing the maximum power generated over 
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the central configuration. Additionally, dc-dc converters can boost the dc voltage, creating 

a medium voltage collector between the dc-dc converters and the inverter.   
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Fig. 1.3 PV power plant configurations. (a) Central, (b) String, (c) Multistring 

configuration 

A comparative analysis of all configurations is described in the following section. 

1.1.1.2 Comparative analysis between central, string and multistring configurations 

Based on the analysis introduced in [4], the three different configurations are evaluated 

according to: robustness, reliability, flexibility, power losses and cost. In Table 1.1 is 

illustrated the impact of each category, where it can be seen how the central configuration 

has the highest robustness compared to the string and multistring configurations. This is 

because one central inverter manages the power of hundreds of PV arrays at the same time. 

However, this structure reduces considerably the flexibility, in contrast to string topology, 

which connects individual PV string to each inverter, making it the configuration with the 

highest flexibility and reliability. 

According to the power losses category, power mismatches trigger to large impacts on 

central configurations. These losses are inevitable in any PV array and they depend on 

uneven degradation, shading and MPPT efficiency. The dc losses are also high in central 

inverters since many strings are connected in parallel to the same dc bus. However, this 

configuration has small ac losses, as LV-MV transformers are connected to create a 
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common collector inside the PV plant. In the case of string and multistring topologies, the 

dc losses are less than central configurations because they can step up the dc voltages if a 

dc-dc stage with galvanic isolation is used. Nevertheless, more electronics components are 

required to achieve this purpose. 

The last category considers maintenance and installation cost. The comparison shows 

that central configuration is by far the cheapest technology in contrast to string and 

multistring. This characteristic makes central topology very appealing for large  PV projects. 

Summarizing, central configuration has the following characteristics: high robustness, 

low flexibility, high losses due to power mismatches and dc cables, low losses in the ac side 

and low maintenance and installation costs. On the other hand, string and multistring are 

highly flexible and reliable, low dc side losses and high maintenance and installation cost 

when power levels increase. 

Table 1.1 Comparative between central, string and multistring configurations 

  Central String Multistring 

Robustness       
 

    
 

    
 

Flexibility      
 

    
 

    
 

Reliability      
 

    
 

    
 

Power losses 

Switching      
 

    
 

    
 

Mismatching     
 

    
 

    
 

dc side     
 

    
 

    
 

ac side      
 

    
 

    
 

Cost 
Maintenance     

 

    
 

    
 

Installation     
 

    
 

    
 

1.1.2 Multilevel converters in photovoltaic applications 

Multilevel converters come up to overcome the limitation faced in the traditional 2L-

VSC converter. The ability to provide more than 2 levels in the ac side brings several 

favorable advantages in many industrial applications such as those described in [12], [15].  

In the classical two-level converter illustrated in Fig. 1.4.a, the output voltage is always 

switched between the maximum and the minimum dc voltage level, giving rise to high dv/dt 

and high electromagnetic interference (EMI), especially with high switching frequency 

operation. Besides that, low frequency harmonic components in the ac current caused by 
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the voltage waveform in the converter terminals requires high ac filters to reduce harmonics, 

increasing cost and size of the converter. 

Another limitation of two-level converters is the voltage rating of semiconductor devices 

available in the market [17]–[20]. Because most of high-power applications operate at 

medium or high voltage levels [13], [21], the voltage ratings of semiconductor devices have 

to be large enough to withstand high dc voltage levels. Therefore, semiconductor 

components are series-connected in order to reach the desired voltage level. As a result, the 

reliability of the converter is affected due to the increase in the number switches connected. 

Unlike two-level converters, multilevel converters split the dc voltage in several 

modules, and as the blocking capability of the switching device is determined by the dc 

capacitor rather than the full dc link voltage, the voltage stress in each semiconductor is 

considerably reduced. Additionally, the capability of providing an output voltage with 

multiple stepped levels aids to improve the quality waveform, thus reducing harmonic 

components.  

Some of multilevel converters used in the industry have been implemented in many 

applications such as: motor drives, fans, traction and high power transmission systems [12], 

[14]. These multilevel converters can be classified into two main families: single dc source 

converters and multicell topologies. The early multilevel converters are those based on 

single dc sources and are described as configurations with a single dc-link capacitor or a 

series connection of capacitors connected to the pole-to-pole dc side. The most common 

topologies belonging to this family are the neutral point clamped [22]–[25] and the T-Type 

converter [26]–[28] illustrated in Fig. 1.4.b and Fig. 1.3.c, which generate three output 

voltage levels. They can be typically found in central configurations of PV power plants. 

Additionally, other configurations can be found in the literature [29]–[32]. The number of 

voltage levels is generally limited by the number of dc-link capacitors connected and they 

cannot be easily extended to high levels. Hence, their application is mainly oriented to low 

and medium voltage range.  

Compared to the single dc source family, multicell converters are able to operate at 

higher voltage levels. The series connection of converters also referred as modules reduces 

the complexity of increasing the stepped voltage levels, since modules are connected to 

independent dc supplies which can be easily added or removed. Among the most popular 

multicell converters we can find: the cascade multilevel converter based on H-bridge 

modules (CHB) [33]–[37], the modular multilevel converter (MMC) [38]–[40] used for 

HVDC systems and the matrix converter [41]–[43]. However, the use of multilevel 
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converter for PV applications is limited due to insulation constraints in PV panels [44], 

which is defined by the maximum voltage level allowed in their terminals. In order to solve 

this problem, converters with galvanic isolation in the dc or ac side are used. In the next 

subsection we introduce some of the multicell configurations found in PV applications. 

(a) (b)

(c)
 

Fig. 1.4 (a) 2 Level voltage source converter used in central inverters, (b) Neutral point clamped, 

(c) T-Type converter 

1.1.2.1 Multicell converters with dc isolation 

One of the most common multicell converters introduced for PV applications is the 

cascaded H-bridge converter (CHB) illustrated in Fig. 1.5. This configuration appeared first 

in 1988 [45], but it was during the 90’s when gained more attention [46]. Nowadays, the 

main application of this topology is in medium voltage, high-power drives and  PV systems. 

The CHB is formed by the series connection of H-bridge cells, where each of them is 

connected to independent dc sources. In the case of PV application, a dc-dc stage with high 
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frequency isolation is used to avoid high floating voltages [47]. A generalized three phase 

CHB multilevel converter with equal dc voltage distribution and k modules generate 2k+1 

output voltage levels. One of the strong points of this topology is its modularity, which 

permits the connection of unlimited modules, increasing the power level and power quality. 

dc dc
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dc dc
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dc dc

acdc

dc dc

acdc
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dcv

acv
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Fig. 1.5 Cascaded configuration with dc-dc stage. (a) Cascaded H-Bridge converter, (b) Multi-

Modular cascaded dc-dc converter 

CHB can be used with equal and unequal dc sources. In equal dc sources all modules 

generate the same voltage. For instance, four modules in series connection will generate up 

to 9 voltage levels. On the other hand, CHB based on unequal dc sources also known as 

hybrid or asymmetric CHB inverter [48]–[50] operates at different dc voltage levels. The 

use of asymmetric input voltages reduces the redundancy of voltage levels, maximizing the 

number of different levels generated by the inverter. Therefore, this topology can achieve 

the same output voltage quality but with less number of modules. In the case of four modules 

in series connection, the converter is able to generate up to 81 voltage levels.  However, the 

main drawback is the fact that different power rating of modules are required, which force 

to special designs. 

A second multicell topology proposed for large scale PV applications is the Multi-

Modular Cascaded dc-dc (MMC dc-dc) converter presented in [51] and illustrated in Fig. 

1.5.b. This converter is composed by several modules with two dc-dc converter stages. The 
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first stage isolates the PV string, eliminating leakage currents and high floating voltages. 

The second stage is connected in series to the other modules, increasing the dc voltage level. 

Compared to the Modular Multilevel Converter (MMC), the MMC dc-dc converter does 

not require line inductances [51]. Additionally, multiple legs can be used for multiterminal 

HVDC systems, in which several converters are connected to the same dc transmission line.  

In CBH and MMC dc-dc configurations, the high frequency galvanic isolation provided 

by the first stage can be implemented with different configurations of dc-dc converters. In 

Fig. 1.6 is illustrated two common dc-dc converters widely used in the industry, which are 

connected to an H-bridge module. The Flyback illustrated in Fig. 1.6.a is a configuration 

based on the buck-boost converter [52]–[54]. It is composed of an isolated transformer, a 

switch in series to the primary side of the transformer, a diode and an output filter. The 

second dc-dc converter shown in Fig. 1.6.b is based on a full bridge configuration, which 

has a diode rectifier connected to the secondary side of the transformer to generate the dc 

voltage level.  

ov

ov

dcv

dcv

(a)

(b)
 

Fig. 1.6 Dc power module for dc-dc stage with high frequency isolation. (a) Flyback, (b) Full 

bridge configuration  

Multiple flybacks and full bridge modules can be used in parallel to generate an 

interleaved circuit, which enable the current distribution among all converters, allowing an 

increase in the apparent switching frequency and thus a reduction of the HF transformer. 
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1.1.2.2 Multicell converters with ac isolation 

A second family of multicell converters with galvanic isolation used in PV applications 

are based on low frequency transformers. These group of converters called cascaded 

transformer multilevel inverters (CTMI) connect several modules in series through the 

secondary side of the transformer, while the primary side is connected to the converter 

terminals [55]. In this sense, a stepped voltage level is achieved, while providing isolation 

to each module. In Fig. 1.7.a is illustrated the classical single-phase configuration of a CTMI 

[56]. This configuration was first proposed for a single dc source, where several H-bridge 

converters are connected in parallel. Note that, the connection to a single dc source 

eliminates energy imbalances due to power mismatches in PV panels [35], [57], [58]. 

The amplitude of the output voltage in the secondary side of the transformer is defined 

by the dc voltage and the turn ratio of the transformer. The possibility of using equal or 

unequal number of turn ratios results in two different CTMI classifications: symmetrical 

and asymmetrical configurations. Traditional CTMIs use equal number of turn ratios, giving 

rise to an output voltage with 2k+1 number of levels [59]. For instance, a CTMI based on 

three modules generates up to 9 voltage levels. On the other hand, asymmetrical 

configurations can considerably increase the number of voltage levels. In [60] a study of  an 

asymmetrical CTMI has presented that by using binary geometric progression in the turn 

ratio, it is possible to reach up to 12 1k+ − voltage levels. Similarly, using ternary geometric 

progression, the number of levels obtained is 3N
. For instance, considering a converter with 

three modules, an asymmetric binary ratio 1:2:4 generates up to 15 levels and in the case of 

a ternary ratio of 1:3:9, we obtain up to 27 levels. However, this asymmetric ratio trigger to 

an unbalanced power distribution [61], demanding special designs. 

Other configurations of CTMI with reduced number of switches have been proposed 

based on single dc sources [55], [62]–[65]. They take benefit from the transformer isolation 

and connect several H-bridge and half bridge modules in parallel. In this sense, a similar 

number of voltage levels can be achieved but with less number of switches. An example of  

CTMI with reduced number of switches is illustrated in Fig. 1.7.b. The converter consists 

of four legs with two of them connected to each transformer and adjacent to each other. 

Additionally, one transformer terminal is connected to the midpoint of the dc link. Using 

this configuration, it is possible to achieve up to nine voltage levels [55].  
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Fig. 1.7 Single phase cascaded transformer multilevel inverter. (a) Classical configuration, (b) 

reduced number of switches. 
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Fig. 1.8 Three-phase cascaded transformer multilevel inverter. (a) Independent dc sources [66], 

(b) common dc source 

Similarly, three-phase CTMI configurations have also been proposed. As in single-

phase CTMIs, they connect the converter terminals to a low frequency transformer, while 

the secondary windings are connected in series, providing isolation between the dc and ac 

side. In [66] a CTMI based on two level inverters has been introduced for STATCOM 

applications. The configuration illustrated in Fig. 1.8.a connects the inverters to the low-

voltage side of two transformers and the high-voltage side to the grid. The dc-link is 
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independent of each inverter and are maintained constant, while the modulation index is 

controlled to achieve the required objective.  

Using the classical CTMI, a three-phase configuration connected to a single dc-source 

is also possible. In Fig. 1.8.b is illustrated the basic three-phase CTMI with one H-bridge 

module per arm and in the case of using multiple modules, it is possible to use the 

configuration shown in Fig. 1.9 and proposed in [67]. 

dc

ac

dc

ac

dc

ac

dc

ac

dc

ac

dc

ac

av bv cv

 

Fig. 1.9 Three-phase cascaded transformer multilevel inverter [67]. 

1.1.2.3 Summarize of multicell converter with galvanic isolation 

In previous sections we introduced some of the classical multicell configurations that 

can be used for PV applications. They are divided in two groups: multicell converters with 

dc isolation and multicell converters with ac isolation. While dc isolation requires a dc-dc 

converters with high frequency transformers, multicell converters with ac isolation use 

medium or low frequency transformers connected to the ac terminals. Additionally, some 

multicell converters can be connected to a single dc source, eliminating voltage differences 

due to imbalances in the primary source, or they can be connected to multiple dc sources. 

Therefore, dedicated MPPTs are possible, but also more complex control strategies are 

required to operate under power imbalances. 

Table 1.2  summarizes some of the configurations found in the literature. 
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Table 1.2 Summarize of multicell converters with dc and ac galvanic isolation 

Multicell converters Configuration Publications 

Dc isolation   

 Cascaded H-Bridge converter [35], [37], [68]–[71] 

 
Modular Multilevel converter 

with dc isolation 

[72], [73], [82]–[85], 

[74]–[81] 

 
Multi-Modular Cascaded dc-

dc converter 
[51], [86]–[88] 

Ac isolation (CTMI)   

 

Classica CTMI (single and 

three phase, symmetric and 

asymmetric configuration) 

[56], [59], [94], [95], 

[60], [66], [67], [89]–

[93] 

 Reduced number of switches 
[55], [62]–[65], [95]–

[98] 

 Four wire connection [99] 

 Problem definition 

Because power demands have increased considerably fast. Higher levels of power 

generation are required every day. Large amount of this new power generation comes from 

renewable energies such as wind and solar  which are under continues improvements. In the 

case of photovoltaic energy sources, it has reported a high level of penetration due to  

improvements in its technology, cost reduction and high reliability. Therefore, it is expected 

that the levels of the power installed continue growing. However, these new demands bring 

several challenges and needs that must be covered. For instance, improvements in the PV 

panels to increase the efficiency and generate more power per m2, provide auxiliary services 

in frequency and voltage support, emulate inertia to deal with the lack of synchronous 

generators, ensure a constant power generation to supply the required levels at any time and 

develop new configuration of power converters capable to deal with large levels of power 

generation. 

Few years ago, we used to discuss about large PV power plants which were able to 

generate hundreds of MW. Today we talk about very large PV power plants with hundreds 

of GW of power installed [100]. In many cases, this huge amount of power is provided by 
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a single power plant with hundreds or thousands of power converters installed and 

distributed in the field. As described in previous section, centralize, string and multistring 

are the configurations used based on their robustness, flexibility, reliability, power losses 

and costs. However, the choice of the converter technology is still under discussion. 

 It is a fact that multicell converters are one of the best options to be used in PV power 

plants, as they provide high quality power, reduced harmonic components and independent 

MPPT to extract the maximum power available. Nevertheless, considering some limitations 

such as: isolation requirements and reliability, it is necessary to continue looking for new 

configurations to find the suitable converter topology capable of satisfying the future trend 

of PV systems. 

 Objectives of the PhD Dissertation 

This thesis presents the work carried out during the PhD program aimed towards the 

designing of a multilevel converter for photovoltaic energy systems. The definition of the 

PhD project considered the high penetration of renewable energies and the requirements of 

new power electronics configurations capable to deal with medium or high power and 

voltage levels. The objectives also include the study of multilevel configurations used for 

such application. 

The proposed configuration would provide access to deal with medium voltage level, 

by integrating a series connection of power converters connected to PV panels. The 

objectives stated to guide this PhD thesis are summarized as follows: 

1. Propose a multilevel converter for photovoltaic power plants, capable of connecting 

several converters in series to take advantage of multilevel configurations. 

Additionally, the configuration proposed must provide galvanic isolation to avoid 

leakage currents and high floating voltage levels in the PV panels. 

2. Implement a control architecture and evaluate it for the proposed converter 

configuration, including the correct power sharing in normal and imbalance 

operation. 

3. Because multilevel converter are prone to imbalance power levels, the control 

strategy propose has to be able to withstand large power imbalances, including 

critical scenarios. 
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The results in this PhD dissertation aim to report the investigation of the three-phase 

multilevel converter proposed and the control strategies required to achieve its optimal 

operation. These objectives are carry out based on the following aspects. 

• Model and design of the Isolated multilevel converter 

Due to the fact that power converters with galvanic isolation are required in photovoltaic 

applications. Based on the concept presented in [60], [66], [93] for cascaded transformer 

multilevel inverters, the operation principle can be extended to a power converter with 

multiple modules connected to isolated PV panels. Additionally, a mathematical analysis is 

required to provide a reliable model of the configuration proposed. 

• Control architecture 

Based on the concept described in [101] a control algorithm can be proposed to regulate 

the voltage level and current injected to the grid. This PhD dissertation will focus on 

providing a control architecture to achieve the requirements described by introducing an 

algorithm where the output and the circulating currents are regulated. Further enhancements 

are proposed to solve technical aspects which include power imbalances due to unpredictive 

conditions in the primary sources, allowing at any time the maximum power point operation. 

• Evaluation methods  

The isolated multilevel converter is evaluated based on the equivalent model proposed. 

Through this model approach, accurate simulations are presented and executed under 

several scenarios. In order to create a more realistic environment, several imbalance power 

operation states are analyzed and evaluated under two different control strategies. 

Additionally, a downscale prototype is built to reinforce through experimental results the 

scope of this PhD dissertation. 

 Outline of the PhD Dissertation 

The following chapters in this PhD dissertation are organized as follows.  

Chapter 2 introduces the Isolated Multi-Modular Converter (IMMC) proposed. First, the 

single-phase IMMC is studied based on an equivalent model per arm. This is followed by 

the energy analysis that aim at defining the power response based on the output and 

circulating current components. Afterwards, the three-phase IMMC is studied using a 

matrix representation, providing y simplified model of the converter. Then, the energy  is 

studied using a similar analysis to the one introduced in the single-phase configuration. 
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In chapter 3, the control architecture of the IMMC is defined. The analysis includes the 

control design of the output current, the circulating current and the average dc voltage per 

arm. The tuning of the control parameters is performed using the phase margin and 

crossover frequency technic. Then, the central control architecture used to regulate the 

average dc voltage is introduced. 

Chapter 4 exhibits two control strategies to withstand power imbalances as a result of 

mismatches in the primary sources. These control strategies are embedded in each module 

and are responsible of adjusting the modulated voltage given by the central controller. 

Afterwards, both control strategies are combined, demonstrating the higher capability of 

tolerating larger power imbalances in comparison to the control strategies operating 

individually. Additionally, this chapter includes experimental results by using a downscale 

protype. 

Finally, chapter 5 draws the conclusions of this dissertation and identifies possible open 

points to be discussed in future works. 

 List of publications and contributions 

This section includes the main contributions of this PhD thesis, classified as journals, 

conferences papers and patents. Some of the contributions deviate slightly from the main 

topic of this work. However, they complement and reinforce the knowledge obtained during 

this journey. 

The first three journal papers are the main contribution of this PhD dissertation and are 

the publications used to fulfill the requirements of this program. Their topics cover the 

concept behind the Isolated Multi-Modular Converter, including different control strategies 

to operate under imbalance power scenarios. The analysis and results are introduced in the 

next chapters and discussed with more details in each publication. Additionally, some 

conference papers and one patent has been published to provide partial results about the 

converter proposed for photovoltaic energy systems. 

The remaining contributions cover other aspects of photovoltaic applications. They 

describe a control strategy proposed for grid support functionalities and a cascaded 

converter with ac isolation provided by a custom active transformer. Both concepts have 

been studied in collaboration with other researchers. The control proposed is called 

Synchronous Central Angle Controller and its purpose is to emulate the inherent inertia 

response of a synchronous generator in a PV power plant. On the other hand, the cascaded 
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converter based on a custom active transformer provides galvanic isolation, while the series 

connection is given by the magnetic circuit of the transformer. 

1.5.1 Journal Papers: 

1. C. Verdugo, J. I. Candela, F. Blaabjerg and P. Rodriguez, "Three-Phase Isolated 

Multimodular Converter in Renewable Energy Distribution Systems," in IEEE 

Journal of Emerging and Selected Topics in Power Electronics, vol. 8, no. 1, pp. 

854-865, March 2020. 

2. C. Verdugo, J. I. Candela and P. Rodriguez, "Energy Balancing with Wide Range 

of Operation in the Isolated Multi-Modular Converter," in IEEE Access, vol. 8, pp. 

84479-84489, 2020. 
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2020. 
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2 Isolated Multi-Modular Converter 

  

 

This chapter explains the fundamental principle and the main functionalities of the single 

and three-phase Isolated Multi-Modular Converter (IMMC). The chapter starts by studying 

the output current, the circulating current and the total dc voltage models for a single-phase 

configuration. Then, in the three-phase configuration, the IMMC is described based on two 

independent electrical circuits which represent the entire behavior of the converter 

operation. The main concept of this chapter is covered by the publication: C. Verdugo, J. I. 

Candela, F. Blaabjerg and P. Rodriguez, "Three-Phase Isolated Multi-Modular Converter 

in Renewable Energy Distribution Systems," in IEEE Journal of Emerging and Selected 

Topics in Power Electronics. JESTPE.2020. 

 Single-phase configuration 

The mathematical model of the IMMC carried out in this chapter is based on the 

converter diagram shown in Fig. 2.1. Although the three-phase configuration is the main 

concern of this work, there is a direct relationship between the single-phase and the three-

phase structure. Therefore, the dynamic model can be properly studied in a single-phase 

system and later extended to more phases.  

The IMMC is formed by two arms referred as upper and lower arms. They are connected 

in parallel through a coupling inductance 
TL  and a common neutral point n, as seen in Fig. 
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2.1. Each arm has N modules in series connection which are formed by a dc source 
dcv , a 

dc-ac inverter and an ac transformer 
RT . All modules are electrically connected through the 

secondary winding of each transformer giving rise to a stepped voltage 
ov . The number of 

voltage levels are directly related to the ac-dc topology used and the number of modules 

connected in series. 
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Fig. 2.1. Isolated Multi-Modular Converter (IMMC) 

To provide a bidirectional power flow, each dc-ac inverter is represented through an H-

bridge configuration as shown in Fig. 2.2. The inverter has two legs and each of them has 

two switches operating in unipolar modulation [102]. Therefore, three voltage levels are 

achieved at the ac side 
, ,i k Tv . Generally, an Insulated Gate Bipolar Transistor (IGBT) with 

an anti-parallel diode is employed as a switching device. However, for higher commutation 

speed and greater efficiency during operation at low voltages, MOSFET (Metal Oxide Field 

Effect Transistor) are more suited. The control signals for the upper switches are numbered 

as 
1s  and 

2s , meanwhile the control signals for the lower switches are numbered as 
3s  and 

4s  respectively. The dc side is connected to a dc capacitor which maintains the dc voltage 

approximately constant, regardless the current level in the ac side. 

The switching states are commanded through a pulse width modulation strategy in which 

a high frequency triangle waveform, the carrier signal, is compare with a slow frequency 

waveform known as the modulation signal. The comparison between the carrier and the 
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modulation signal provides the switching states. These states are defined as 1 when the 

switching device is turned on and 0 when the switching is turned off. 

1s 2s

3s 4s

,k,i Tvdcv

Leg a Leg b

a

b
av

bv

,k,i Tv

t

 

Fig. 2.2. H-Bridge module of the isolated multi-modular converter 

For the purpose of providing galvanic isolation between the dc and ac side, the ac 

terminals are connected to a low frequency transformer. In this sense, the dc side is totally 

isolated from the series-connected modules, avoiding high floating voltages in the external 

dc source due to high voltage levels generated at the ac side. Remember that the insulation 

constrain in PV panels limit the maximum voltage level unless a high or low frequency 

isolation stage is included. 

2.1.1 Fundamental principle 

The operation principle of the IMMC can be studied from the dynamic model presented 

in this section, which is geared towards the average model of a single-phase configuration 

and later extended to three-phases. This model provides the basis for the control design 

presented in next chapter. 

As reported earlier, the IMMC is formed by two arms connected in parallel through a 

coupling inductance 
TL  and a common connection point n. According to Fig. 2.1, through 

the upper arm flows the current 
ui , while in the lower arm flows the current 

li . The upper 

and the lower current arms depend on the power supplied by the arm and the voltage level 

achieved in the output terminals. By definition from the nomenclature presented in Fig. 2.1 

and according to the Kirchhoff’s current law, the current difference between 
ui  and 

li  

provides the output current injected into the grid by means of the following expression: 

 
o u li i i= −   (2.1) 
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  The parallel connection between the arms and the possibility of power imbalances 

between modules will result in a circulating current flowing through the converter. 

According to Fig. 2.1, the circulating current also knows as internal current is represented 

by the addition of the upper and lower current arms as follows. 

 
2

u l

c

i i
i

+
=   (2.2) 

Previous expression considers a circulating current flowing from the upper to the lower 

arm, which does not have any influence on the output current. In contrast to the MMC, 

where the upper arm is connected to the positive pole of the dc side and the lower arm to 

the negative pole, i.e. a dc current flows to maintain a dc voltage in each module, the IMMC 

has independent dc sources connected. Therefore, no dc current flows through the arms. 

Combining the output and the circulating current expressions described in (2.2), it is 

possible to define the current arms as: 

 
2

2

o

u c

o

l c

i
i i

i
i i

= +

= − +

  (2.3) 

The mathematical model of the IMMC studies the dynamic response of the current and 

voltage signals. Focus our attention on the circuit formed by each arm, the voltage in the 

upper and lower arms are described by: 

 
o

l o c

u cv v v

v v v

= − −

= −
  (2.4) 

Where 
uv  and 

lv  represent the equivalent voltage arms, 
ov  represents the output voltage 

generated between the upper and lower arms and 
cv  represents the internal voltage drop in 

the coupling inductance 
TL . Further down, we will show how the output voltage drives the 

output current, while the internal voltage drives the circulating current.  

Note that the addition of the voltages 
cv−  and 

ov−  gives rise to the total voltage in the 

upper arm, while the difference between the voltages 
ov  and 

cv  generates the total voltage 

in the lower arm. By adding the expressions presented in equation (2.4), the internal voltage 

is reduced to: 

 
2

u l

c

v v
v

+
= −   (2.5) 
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Considering the fact that each module generates an output voltage 
,i kv  in the secondary 

side of the transformer, where 𝑖 represents the upper or the lower arm and 𝑘 represents the 

number of module. The total voltage in one arm is given by the series connection of modules 

as follows. 

 
1

,i k

N

i

k

v v
=

=   (2.6) 

This expression describes the behavior of the entire arm as an equivalent module. The 

switching function of each H-bridge can be used to determine the instantaneous value of the 

current and voltage signals. However, for a dynamic analysis, the high frequency 

components in the switching devices are often neglected, as the control loop and the filters 

typically have a low-pass response. For this reason, the output voltage can be studied in 

terms of its average value rather than its instantaneous value. The average model of the H-

bridge allows to describe the converter based on the modulation index and the dc voltage 

level through: 

 
, , , ,i k dc i k i kv v m=   (2.7) 

The modulation index 
,l km  describes the relationship between the dc voltage and the ac 

voltage. Its value operates between -1 and 1. Consequently, the voltage 
,i kv  describes a 

lineal response between the positive and negative value of , ,dc i kv . The total voltage arm can 

be expressed in terms of the modulation index by substitution of equation (2.7) in expression 

(2.6) as.  

 
, ,,

1

N

dc i kk

k

i iv v m
=

=   (2.8) 

Since external dc sources are connected to each module, different dc voltage levels can 

appear. However, as a first approach, we can assume that all modules operate at similar dc 

voltage levels. Although, this is not the most realistic scenario as we will describe in next 

chapter. Considering N modules per arm, the total voltage in equation (2.8) can be replaced 

by: 

 
,

,

1

N
dc i

k

i i k

v
v m

N =



=    (2.9) 

Each dc capacitor is charged with the mean voltage , /dc iv N
, where ,dc iv

 represents the 

sum of all dc voltages measured in one arm. The second part of equation (2.9) can be 

replaced by introducing the mean modulation index through the following expression:  
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1

,

1 N

i

k

i km m
N =

=    (2.10) 

As was aforementioned, the modulation index 
,i km  operates between -1 and 1. 

According to (2.10), if all modules generate their maximum voltage, the sum of 
,i km  will 

be 𝑁. On the other hand, if all modules generate their minimum voltage, the sum of 
,i km  

will be −𝑁. Therefore, the average modulation index also operates between -1 to 1.  

Substituting the average modulation index of equation (2.10) in equation (2.9), the total 

voltage arm yields. 

 , idc iiv v m=   (2.11) 

The average model can be used for analysis and for control design of the IMMC. This 

model disregards the switching states, representing each module as a controlled voltage 

source. 

2.1.2  Output and circulating current model 

The operation principle and the dynamic response of the output and circulating currents 

can be studied from the electric model of the single-phase configuration shown in Fig. 2.3. 

Assuming a dc bus well-balanced in all modules, the upper and lower arm can be considered 

as series-connected controlled voltage sources, in which each source represents the 

simplified model of one module. The controlled voltage sources are defined according to 

equation (2.7) and the total voltage arm is described by equation (2.11).  

 

Fig. 2.3. Electric model of the single-phase IMMC 
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The ac terminals between the coupling inductance 
TL  and the common point 𝑛 are 

connected to the ac grid 
gv  through a 

gL  inductance and a 
gR  resistance, which represent 

the grid impedance. Additionally, a 
TR  resistance is included in the arm just for modelling 

the losses in the series-connected modules.  Focus our attention in the close circuit formed 

by the arms, the dynamic model of the upper and lower arm is given by: 

 

u

T u T u o

l

T l T o l

di
R i L v v

dt

di
R i L v v

dt

+ = − −

+ = −

  (2.12) 

Remember that the series-connected modules provide the total voltage arms 
uv  and 

lv  

respectively. By adding and subtracting previous expressions, it is possible to define the 

dynamic model in terms of the internal and external signals of the converter. Note that the 

current arms have been replaced by the circulating and output current through equations 

(2.1) and (2.2). 

 
2 2 2

2
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o s o
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o l

o

c u
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di v vR L
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− +
+ = − = −

+
+ = − =

  (2.13) 

The difference between the total voltage arm 
sv  and the output voltage 

ov  drives the 

output current, whereas the internal voltage drop 
cv  drives the circulating current. 

The substitution of the average modulation index described in equation (2.11) in the  

close circuit formed by the arms in equation (2.13) defines the average model.  
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− +
+ = −

+
+ = −

  (2.14) 

The advantage of representing the voltages in terms of the average modulation indexes 

becomes evident in (2.14). As 
im  changes from -1 to 1, the total voltage in the upper and 

lower arms operate between ,dc iv−   and ,dc iv
. This representation will help us to determine 

the relationship between the output and circulating currents with regard to the average 

modulation indexes and the total dc voltages. For instance, if we consider a similar voltage 

value in the upper and lower arm, i.e. , ,dc u dc l dcv v v  = =  and an average modulation index 

equal to -1 in the upper arm and 1 in the lower arm,  the voltage 
ds cv v=  and the internal 
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voltage drop 
cv  is equal to zero. Therefore, the output current is driven by 

dcv  and no 

circulating current flows through the arms. Instead, if the modulation index 0um =  and 
lm  

reaches its maximum value, the internal voltage drop will be different from zero and thus a 

circulating current will flow through the arms.  

The average modulation index controls the output and the circulating currents through 

the voltage arms. In order to find an appropriate value for the modulation indexes, the 

voltage difference 
sv  and the drop voltage 

cv  in equation (2.13) can be replaced by equation 

(2.14),  giving rise to the following expressions. 

 
,

,

1
( )

1
( )l

s c

dc u

u

s c

dc l

m v v
v

m v v
v





= − −

= −

  (2.15) 

The appropriate value for 
sv  and 

cv  define the modulation index reference to control 

the upper and lower current arms. 

Using the output and the circulating current models described previously, the IMMC 

can be represented through the block diagram depicted in Fig. 2.4. This diagram introduces 

equations (2.14) and (2.15) respectively. The input signals of the model are the average 

modulation indexes, which are multiplied and decoupled to define the voltages 
sv  and 

cv . 

Then, the voltages are used by the transfer function blocks which represent the dynamic 

model of equation (2.14) to generate the output and the circulating currents. 

 

Fig. 2.4. Average current model of the IMMC 
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2.1.3 Average dc voltage model 

Previously, it was demonstrated how the inner current model set the output and the 

circulating current through the modulation index in the upper and lower arms. The theory 

presented in previous section states that the voltage difference 
sv  affects the output current 

behavior, and the drop voltage 
cv  affects the circulating current. Now, it is necessary to 

define the appropriate output and circulating current references which define the converter 

operation between the arms.  

Considering the current and voltage nomenclature used in the average model of Fig. 2.3, 

the total power in one arm is given by: 

 
,

1

N

k

oi oi kP P
=

=   (2.16) 

Where 
oiP  is the total power produced by the arm 𝑖 and 

,oi kP  is the power produced by 

the module 𝑘. This power is commanded by the voltage in the ac terminals 
,i kv  and the 

current arm. 

 
1

,oi i k

N

i

k

P v i
=

=   (2.17) 

The purpose of the active and reactive power loops is to define the power exchange 

between the external sources connected to the dc terminals and the ac grid. In many 

applications such as PV systems, the dc bus is not fixed, being affected by the active power 

delivered or absorbed from the grid. Hence, the dc-bus must be regulated to set the correct 

power level.  

Considering an ideal dc source which enables a bidirectional power flow, the power 

balance in one module is described by: 

 , , ,oi k dci k ci kP P P= −   (2.18) 

Where 
,dci kP  is the power produced by the external dc source and ,ci kP  is the rate of 

change of the energy in the dc-bus capacitor. The representation of the power balance is 

illustrated in Fig. 2.5, where the conduction and switching losses have been neglected and 

the power generated by the external dc source is defined by the voltage ,dci kv  and the current 

,dci ki . 

The power produced by the series connection of modules gives rise to the total power 

oiP . This power is reduced to. 
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Fig. 2.5 Power exchange representation of N modules in series-connection 

The rate of change of the energy in the dc-bus capacitor defines the dynamic response 

of the voltage in the dc terminals and thus, the power exchange with the ac grid. The rate of 

change in the dc voltage is represented by: 

 

2

,

,
2

ksm d

ci k

cidvC
P

dt
=   (2.20) 

Where 
smC  is the dc capacitor. Using expression (2.20) in (2.19), the total rate of change 

of energy in one arm is defined as. 

 2
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P v

dt= =

=    (2.21) 

It is expected that all modules are connected to power sources with similar dc voltage 

levels. Therefore, as was described in equation (2.9), we can assume a dc voltage equal to  

the mean value /dciv N  in all modules. Hence, the  relation described in equation (2.21) can 

be rewritten as: 
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  (2.22) 
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Where /smC N represents the equivalent capacitance in one arm. Combining the power 

balance expression and the total rate of change of the energy, the relationship between the 

dc voltage and the active power is given by: 
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=

= −
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  (2.23) 

The expression (2.23) proves how a dc voltage variation increases or decreases the 

power exchange between a dc source and the ac grid. When the external dc sources are 

affected but unpredictable conditions, there is not a direct control over 
,dci kP . Therefore, it 

is considered as a disturbance, while 
oiP  is the control variable.  

To find a relationship between the current arms and the dc voltage, we need to find the 

relationship between the current and the power arms. Defining 
ouP  as the upper power and 

olP  as the lower power arm, the total power delivered or absorbed from the ac grid 
TP  is 

given by. 

 
T ou olP P P= +   (2.24) 

The theory introduced in equation (2.17) states that the power arms can be replaced by 

the voltage and current signals. Therefore, the power arms are given by:   
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ou u u

o

u c
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i
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  (2.25) 
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P v i

i
v i

=

 
= − + 

 

  (2.26) 

Replacing previous expressions in equation (2.24), we obtain: 

 ( ) ( )
2

o

T u l c u l

i
P v v i v v= − + +   (2.27) 

Note that the voltage difference between the upper and lower arms is multiplied by the 

output current, while the addition of both voltages is multiplied by the circulating current. 

Normally, the voltage drop in the coupling inductance is considered significantly small 

compared to the voltage arms, i.e., it can be neglected. Hence, the voltage arms are 

simplified to. 
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  (2.28) 

Replacing the voltage arms in equation (2.27), the total power is reduced to. 

 
T o oP i v= −   (2.29) 

Equation (2.29) states that 
TP  is driven by the output current. Therefore, the sum of the 

upper and lower power defined by the total dc voltage provides the output current reference.     

Similar to previous analysis, the power difference between the upper and lower arms is 

used to generate the circulating current reference. This assumption makes sense since the 

circulating current arises when there is a power difference between both arms. The 

aforementioned will produce a current flowing through the arms without having any 

influence on the output current such as described in equation (2.1). Considering P  as the 

power difference, we obtain: 

 
ou olP P P = −   (2.30) 

Replacing the power arm described in equations (2.25) and (2.26) in (2.30), the power 

difference is rewritten as: 

 ( ) ( )
2

o

u l c u l

i
P v v i v v = + + −   (2.31) 

 Note that the sum of the voltage arms is multiplied by the output current, while the 

difference between these voltages is multiplied by the circulating current. Replacing the 

expressions for the voltage arms outlined in (2.28), the addition of the voltage arm is 

eliminated and the relationship between the power difference and the circulating current is 

reduced to: 

 2 o cP v i = −   (2.32) 

In conclusion, with the total and the difference power expressions we can define the 

output and the circulating current references.  

 Three-phase IMMC 

So far we have investigated the single-phase IMMC model, where the output and the 

circulating current represent the behavior of the upper and lower current arms. Henceforth, 

the three-phase IMMC is studied based on the fundamental principle described in section 

2.1.1. 
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In the three-phase configuration we assume that the converter is connected to a three-

phase ac grid, whose signals are shifted 120º. Each phase is denoted as a, b and c 

respectively, with the phase 𝑎 set at 0º. In steady state operation the three phases are well 

balanced and have the following expressions. 
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  (2.33) 

Where v̂  is the voltage amplitude,   is the grid frequency and 
v  is the phase angle. A 

similar analysis can be introduced in the grid currents, which are defined as: 
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  (2.34) 

The current amplitude is denoted by î  and its phase angle by 
i .  Note that an angle 

difference between 
v  and 

i  will affect the active and reactive power flow in the converter.  

2.2.1 Stationary and synchronous reference frame 

The stationary reference frame denoted as 0 -frame is implemented to define a three-

phase system into an equivalent two-phase sinusoidal system whose signals are shifted 90º 

and a zero-component produced by an unbalance operation. The   and   coordinates 

represent the real and the imaginary axes and are used to define a space vector signal. 

According to (2.35), the matrix transposition 
3CT  multiplies the three-phase signals in order 

to define the 0  components. This mathematical transformation is also known as the 

Clark transformation. 

 3 / 2 / 2

1 1/ 2 1/ 2
2

0 3
3

1/ 2 1/ 2 1/ 2

a

b
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f f

f f

f f





− −    
    

= −    
        

  (2.35) 

As previous expression provides the 0 components from a three-phase system, the 

inverse transform 1

3CT −  can be used to generate the three-phase signals from the 0

reference frame. 



34 Isolated Multi-Modular Converter 

 

 

 

1 0 1

1/ 2 1

1 2

3

3/ 1

/ 2

/ 2

a

b

c o

f f

f f

f f





    
    

= −    
    − −    

  (2.36) 

The variables f  and f  represent the projections of the space vector signal f  on the 

real and the imaginary axes, whose definition is given by: 

 f f jf  = +   (2.37) 

The Clark transformation can be used to convert the current and voltage signals of the 

three-phase IMMC into the 0 -frame and thus, control the output and the circulating 

current through two independent systems. A second option is to use a synchronous reference 

frame denoted as dq-frame, which rotates the   signals through an angle t , making it 

similar to a complex phasor with dc components at the fundamental frequency. This 

characteristic permits the implementation of PI compensators with simple structures to 

provide zero steady state error at the fundamental frequency.  

Similar to the stationary reference frame, the 𝑑𝑞-frame also known as Park 

transformation is defined by: 

 
d qdq

f f jf= +   (2.38) 

The 
df and 

qf  signals represent the real and the imaginary components in a complex 

structure and are derived from the stationary reference frame through the following 

expression.   
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  (2.39) 

The matrix transformation can be represented using the complex expression through the 

Euler identity 
tje 
. Note that the Park transformation can be applied not only to the 

fundamental frequency, but also to multiple frequencies to regulate harmonic components. 

To better describe the previous expression, the 𝑑𝑞-frame transformation can be rewritten 

as: 

 (cos( ) sin( ))j t

dq
f tf e f j t

   −= = −   (2.40) 

Even though, a three-phase system can be performed either in the 0  frame or the 𝑑𝑞 

frame. The three-phase IMMC model will be studied in the 0  frame and later extended 

to the 𝑑𝑞 frame. 
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2.2.2 Three-phase current model 

The three-phase IMMC model presented in this section is based on the structure 

illustrated in Fig.  2.6. As the single-phase configuration, the three-phase IMMC is formed 

by two arms with several modules connected in series through the secondary side of three-

phase transformers. The voltages 
,u abcv  and 

,l abcv  denote the equivalent upper and lower 

voltage arms, while 
,c abcv  denotes the voltage drop in the coupling inductance. The current 

arms flow through the converter, providing the three-phase output and circulating currents. 

 

Fig.  2.6 Three-phase Isolated Multi-Modular Converter 

The mathematical model of the three-phase converter can be studied considering the 

electrical model of Fig. 2.7. A controlled voltage source represent the voltage arm 
uv  and 

lv . The coupling inductance 
TL  in series with a resistance 

TR  model the equivalent 

inductance and arm losses. The output voltage 
ov  measured between the connection point 

of both arms and the common point 𝑛 represents the output voltage of the converter. The 

six equations which define the dynamic model per arm are described in (2.41). 
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Fig. 2.7 Electric model of the three-phase IMMC 
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  (2.41) 

The mathematical model of equation (2.41) can be simplified in one single expression 

by replacing the voltage and current signals in a matrix form. To make this possible, the 

three-phase voltage and current signals are rewritten through the following expressions. 
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Now the six equations described in (2.41) can be rewritten as. 
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The matrix LT and RT are 3x3 diagonal matrixes, which are defined in term of the 

coupling inductance and the series resistance. 
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To determine the output and the circulating current model, similar to the single-phase 

configuration presented in (2.13), we define a matrix transformation which decouples the 

output and the circulating current by transforming the converter signals. The idea is 

exemplified below. 

 1
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o
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  (2.46) 

Where the current vectors 𝐢𝐨𝛂𝛃 and 𝐢𝐜𝛂𝛃 denote the output and the circulating currents in 

the 0  frame. 
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It is important to mention that the common mode of the output current is zero because 

the neutral is not connected to the grid. Furthermore, the circulating currents flow through 

the arms without affecting the ac side, therefore 
cNi  is also zero. Previous expressions are 

reduced to. 
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The matrix transformation 
IMMCT  defines the output and the circulating currents from 

the current arms. Likewise, the inverse transformation 1

IMMCT −  provides the current arms from 

the output and the circulating currents. Based on the Clark transform 
3CT  described in 

equation (2.35), the matrix 
IMMCT  and 1

IMMCT −  are given by. 
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The dynamic model of the three-phase IMMC presented in (2.44) can be rewritten 

introducing the inverse matrix transformation. Therefore, the output and the circulating 

current model results in.  
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  (2.50) 

Note that the multiplication between the matrix transformation and the output voltage 

have the following expression. 
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Where voαβ is given by. 
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The common mode voltage 
Nv  is a fraction of the output voltage and it can be used to 

increase the ac voltage operation, avoiding overmodulation in large overshoots. Usually, 

the third harmonic injection method [103] can be introduced to modify the modulating 

signals, where the common mode voltage is represented as. 

 
1

cos(3 )ˆ
6

N gvv t= −   (2.53) 

Vectors 
Δαβ

v and 
Σαβ

v  represent the multiplication between the matrix transformation 

and the voltage arms. The voltage 
Δαβ

v  is the difference voltage and 
Σαβ

v  is the total voltage 

in the 0  coordinates. According to the single-phase model described in equation (2.13), 

the voltages v  and v  are reduced to. 
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Applying equation (2.54) to equation (2.50) and multiplying them by the matrix 

transformation 
IMMCT  yields. 
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The multiplication between the matrix transformation and the diagonal matrix 𝐋𝐓 and 

𝐑𝐓 give rise to. 
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Finally, the three-phase output and circulating current models are reduced to. 
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The matrix form can be divided in two different expression, which associate the output 

and circulating current in two independent models. 
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We can see the same expressions presented in the single-phase configuration of equation 

(2.13). However, as we have a three-phase system, the current and voltage signals are in

0  coordinates.  

Remember that the converter can be studied either in the 0  frame or in the 𝑑𝑞 frame. 

By introducing the synchronous reference transformation presented in equation (2.40), the 

output and circulating current models are rewritten as. 
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Decomposing (2.59) into real and imaginary components, we obtain: 
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Note that the derivative component in 𝑑𝑞 frame has a cross coupling between the 𝑑𝑞 

axes in the output and circulating current models, later we will introduce a decoupled current 

feedback to remove these components and increase the performance of the current 

controllers [104]. 

The voltage difference 
sdq

v  and the drop voltage 
cdq

v  can be replaced in term of the 

average modulation indexes. According to (2.15), the three-phase modulation indexes in the 

upper and lower arm are reduced to. 

 
,

1
( )

dc uv
= − −

udq sdq cdq
m v v   (2.62) 

 
,

1
( )

dc lv
= −

ldq sdq cdq
m v v   (2.63) 

The 𝑑𝑞-frame model and the modulation indexes presented in (2.62) and (2.63) can be 

used to describe the three-phase output and circulating current behavior. The block diagrams 

illustrated in Fig. 2.8 and Fig. 2.9 show the representation of these currents. The input 

signals are the modulation vectors 
udq

m  and 
ldq

m which set the voltage difference 
sdq

v  and 

the drop voltage 
cdq

v  respectively. Then, the real and the imaginary voltage components 

are decoupled and processed through the transfer functions of the dynamic model in Laplace 

transform to define the output and the circulating currents. 
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Fig. 2.8 Thee-Phase output current model 

 

Fig. 2.9 Three-Phase circulating current model 
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2.2.3 Three-phase average dc voltage model 

The dc voltage in each module changes according to the active power sharing between 

the dc source and the ac grid. Since the external dc sources are affected by a bidirectional 

power flow, we need to control the dc voltage variation through the correct power balance. 

In a three-phase system, the power balance of both arms is formulated as. 
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  (2.64) 

The previous expression is defined according to the analysis described in the single-

phase configuration of equation (2.23), where the switching and conduction losses have 

been disregarded. The first term at the left-hand side of equation (2.64) correspond to the 

rate of change of energy in the dc capacitor, while 
oiP  represents the output power in the 

upper and lower arm. The power arms in   frame are given by. 

 

3

2

3

2

ou

ol

P

P

 
 
 



=

=


 
 

uαβ uαβ

u

*

β β

*

uα
i

v

v

i

  (2.65) 

Where the current and voltage arms are expressed in matrix form. To find the current 

references of the three-phase model described in previous section, the power arms are 

represented in terms of the 𝑑𝑞 reference frame. 
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The previous expression can be reduced to. 
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We can see that the current arms define the circulating and the output currents. 

According to equation (2.3), the upper and lower power arms are rewritten as. 
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Note that the 𝑑 and 𝑞 components of the current and voltage variables impact in the 

active power. In order to define the appropriate current components, we define the total 

three-phase power 
TP  and the difference power P . As mentioned, the total power is 

associated to the output current and the difference power is associated to the circulating 

current. In a three-phase system, the total power in 𝑑𝑞 frame can be expressed as. 

 
T ou olPP P= +   (2.70) 

Where the upper and lower active powers are replaced by. 

 ( ) ( ) ( ) ( )
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= − + + + − + +  

   
  (2.71) 

The difference between the voltage arms is multiplied by the output current, while the 

addition is multiplied by the circulating current. Since the voltage drop in the coupling 

inductance can be considered significantly small compared to the voltage arms, the upper 

voltage is approximated to udq odqv v − , meanwhile the lower voltage is approximated to 

ldq odqv v . Therefore, the total power 
TP  is reduced to. 

 ( )
3

2
T od od oq oqP v i v i= − +   (2.72) 

Despite possible power imbalances, previous expression shows that only the output 

current affects the total power, while the circulating current does not have any influence on 

it. 
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Remember that a synchronization control loop defines an appropriate phase-angle to 

force the voltage 0oqv =  in the 𝑑𝑞 reference frame. Hence, the total active power is reduced 

to 

 
3

2
T od odP v i= −   (2.73) 

In a similar fashion, we determine the power difference between the upper and lower 

arm through the expressions described in (2.68) and (2.69) respectively, giving rise to.  
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  (2.74) 

Since the voltage arms were approximated to udq odqv v −  and ldq odqv v , the power 

difference is simplified to. 

 ( )3 od cd oq cqP v i v i = − +   (2.75) 

Note that the power difference is only driven by the circulating current. Since the voltage 

oqv  is forced to zero by the synchronization control loop, the power difference is defined 

by. 

 3 od cdP v i = −   (2.76) 

By using the power expressions introduced in (2.73) and (2.76) we can define the 

references for the output and circulating currents. 

 Summary of the chapter 

While previous chapter introduces different configurations of power converters used in 

PV applications, we focused this chapter to introduce the single-phase and three-phase 

Isolated Multi-Modular Converter  proposed. First, the single-phase model was studied 

based on the output and circulating current models and then extended to the three-phase 

configuration. 

Two dynamic models were derived from the mathematical analysis to represent the 

upper and lower current arm response. Additionally, the power exchange between the dc 

and ac side was analyzed according to the average dc voltage model. We demonstrated that 

the total active power was related to the output current, while the active power difference 

was associated to the circulating current. This concept will be used later to define the current 

references in the control design. 
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In the three-phase system, a transformation matrix was introduced to represent the 

output and circulating current models in the  -frame. By introducing this matrix 

transformation, it is possible to define two decouple models in the three-phase 

configuration, similar to the one described in the single-phase IMMC. 
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3. 

 

3 Control of the IMMC 

  

 

Previous chapter provided a mathematical analysis of the IMMC to determine its 

operation principle based on the output and circulating current models. In this chapter we 

introduce the central control used to regulate these currents and the total energy of the 

converter. First, an overview of the entire control is presented and then a control 

methodology based on the crossover frequency and phase margin technique is studied to 

define the optimal parameters for the internal and external control loops. Moreover, the 

dynamic and steady state operation of a three-phase IMMC with three modules per arm is 

simulated to evaluate the converter performance working in balance and imbalance 

conditions. 

 Control architecture 

The configuration of the control proposed for the IMMC is illustrated in Fig. 3.1. The 

control architecture has a cascaded configuration for controlling: the average dc voltages, 

the output current and the circulating current. The input signals are the quadratic value of 

the total dc voltages whose role is to define the current references for the internal control 

loops [105]. Using a current controller, it is possible to limit the maximum current level and 

achieve a perfect tracking of the references. 
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The output of the current controllers define the general modulation indexes for the upper 

and lower arms. Then, the voltage balancing control loops is used to modify these signals   

to provide a tailored modulation index. Because modules are connected to independent dc 

sources, the possibility of different power level may lead to control instabilities if all 

modules operate with the same modulation index. Therefore, the voltage balancing control 

block is embedded in each module. 
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Fig. 3.1 General control structure of the IMMC 

In order to synchronize the voltage and current signals with the ac grid. A 

synchronization control block set the grid angle. Then, the Park transformation converts the 

abc voltage and current signals into a synchronous reference frame. 

The cascaded configuration of the control structure presented in Fig. 3.1 is widely used 

in multilevel converters connected to the ac grid. However, some differences may appear 

based on the requirements of each converter. In the following sections, we will describe 

each block based on the specifications for the IMMC. 

 Output and circulating current controllers 

In this section the output and the circulating current controllers based on the dynamic 

models described in Chapter 2 are analyzed. These control loops are called inner controllers 

and are necessary for a perfect tracking and current limitation in the power exchange 
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between the dc and ac side. For a proper operation, they are adjusted as fast and accurate as 

possible to operate under different scenarios. The matrix transformation described in the 

three-phase configuration of the IMMC provides a decoupling model of the output and 

circulating currents, so each control system can be independently studied. 

The design of the current control loops is critical for the optimal operation of the IMMC, 

otherwise the performance and stability of the converter may be drastically affected. 

Therefore, a control strategy for tuning the control parameters is also studied. 

The control loops of the output and circulating current controllers are represented 

through the general close loop diagram illustrated in Fig. 3.2. According to the control 

theory, the system consists of two main components, the process 
PG and the control system

cG  [105]. There is a disturbance acting on the process called load disturbance d, which may 

affect the control stability of the system. The signal y is the measurement signal and the 

variable to be controlled.  The reference r  is the setpoint and its difference with the 

measurement signal is processed through the controller 
cG  to determine the actuator u . 

 

Fig. 3.2 Control structure of the output and circulating current controller 

The control target of the close loop is to avoid instabilities in the system, while the 

process follows the reference signal. The control system should also be able to reduce the 

effect of load disturbances, particularly in the case of steady state operation. To comply all 

these requirements, we have defined two difference relationships to study how the system 

responds under setpoint changes and load disturbances. 

The complementary sensitivity function 
ryG described in equation (3.1) represents the 

relationship between the reference and the measurement signal. Therefore, it gives us the 

response of the process under setpoint changes. 
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Similarly, the load disturbance sensitivity function dyG described in equation (3.2) 

evaluates the dynamic response of the output signal under load  disturbances. 
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Regardless of the numbers of phases, the controller 
cG  can be based on either a 

Proportional Integrator (PI) or a Proportional Resonant (PR) controller. The PI controller 

operates in a dq synchronous reference frame and it requires a phase angle to rotate the 

voltage and current signals. If the phase-angle matches with the grid angle, the current 

components will be associated to the active and reactive power as long as the grid voltage 

is aligned to the d or q axis. The control structure of the PI controller is presented in 

equation (3.3), a proportional gain 
pK  and an integrative gain 

iT  provide the required 

control signals to ensure zero steady state error at zero frequency component. 
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 (3.3) 

The controller 
cG  processes the difference between the reference and the measurement 

signal. But, as digital processors are used to implement the control and the modulation 

technique, an inherent time delay has to be considered. According to [106], [107], the 

computational time delay can be modeled considering half-carrier sampling time and the 

measurement delay, creating an overall delay 
dT  equal to 1.5 times the sampling time. This 

delay is introduced in the close loop system through the following expression. 
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Where pkc is the peak-to-peak value of the carrier waveform in the PWM modulation. 

Introducing the time delay in the close loop system, the control structure presented in Fig. 

3.2 can be adapted to Fig. 3.3. 

 It only remans to find the optimal parameters of 
cG . These parameters can be estimated 

based on the crossover frequency and phase margin technique described in the following 

section. 

 

Fig. 3.3 Control structure of the output and circulating current controller considering a time 

delay 
dG . 
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3.2.1 Tuning of control parameters 

In the control design, it is possible to go beyond the close loop stability. In particular, 

we can obtain relevant information from the instability boundaries in the open loop 

configuration by defining a relative stability. This is achieved by introducing an open loop 

frequency response close to the critical stability border defined in the Nyquist method [105]. 

This analysis can be done through the crossover frequency and phase margin technique. 

Basically, the idea is to maximize the control parameters under an unity open loop gain at a 

specific crossover frequency 
c . 

The phase margin represents the stability and the crossover frequency the bandwidth of 

the controller. Since, an unity open-loop gain is expected, the open loop 
OLG can be 

expressed as follows. 

 ( ) 1OL c mG j  = − +  (3.5) 

To achieve an acceptable damped response, the phase margin value is usually set 

between 40º to 70º [105]. Considering an unitary open loop gain and a phase margin 

between the mentioned range, the control parameters are estimated by. 

 ( ) 1OL cG j =  (3.6) 

 ( )OL c mjG    += −  (3.7) 

Where the open-loop angle ( )OL cG j is reduced to. 
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  (3.8) 

To ensure a close-loop stability in a wide range of frequencies, the crossover frequency 

is selected to be larger than the ac grid frequency and smaller than the switching frequency. 

According to [108], the crossover frequency can be set around twenty and ten times smaller 

than the switching frequency. 

3.2.2 Design of output current control  

In previous chapter it was identified the relationship between the output current and the 

voltage arms. Now, in order to control this current, we introduce a current controller to 

achieve zero steady-state error, this is easily done using the close loop diagram presented in 

Fig. 3.3. The dynamic model of the output current in equation (2.60) has been rewritten in 
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equation (3.9), however the matrix notation is omitted as it is understood that the subscript 

dq represent the d and q components. Note that the cross coupling components between the 

dq axes have been disregarded as they are compensated in the control loop. 

 
2 2

T T

odq odq sdq odq

R L d
i i v v

dt
+ = −  (3.9) 

The connection between the converter and the grid can be represented through the output 

current model shown in Fig. 3.4. In this sense, the output voltage 
ov  is defined as a 

controlled voltage source connected to the grid voltage 
gv  through an impedance 

gZ , which 

represents the equivalent impedance given by the ac filter, transformer and cables. Note that 

a common mode voltage 
Nv  is defined between the common point of the converter and the 

grid to represent a possible fault operation or third harmonic compensation. 

 

Fig. 3.4 Simplified output current model 

The grid voltage represents the measurement voltage at the point of common coupling 

(PCC). Introducing the grid impedance and the common mode voltage in (3.9), the output 

current model can be rewritten as. 
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The dynamic response is defined based on the arm and grid impedance. In Laplace 

domain, the current model is defined by equation (3.11), where the equivalent inductance 

and resistance are simplified by TgL  and TgR . 
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The output current model has a first order transfer function with a constant time response 

equal to /Tg TgL R . As 
sdqv  represents the voltage difference between the upper and lower 

arms, any voltage deviation will change the output current with a dynamic response given 

by /Tg TgL R . However, when a PI controller is introduced, the dynamic response is settled 

by the control parameters and the plant. 

In this analysis, the sensitivity functions described in previous section evaluate the 

dynamic response of the close-loop system. Thus, replacing the plant and the PI controller 

in equations (3.1) and (3.2) respectively, the complementary and the load disturbance 

sensitive functions are reduced to.  
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The simulation setup considers a three-phase IMMC with three modules per arm. The 

converter has a nominal power of 6MW connected to an electrical grid of 32 kV/50 Hz. In 

order to determine the proportional and integrative gains, simulation parameters are 

illustrated in Table 3.1.  

Table 3.1. Parameters of simulation setup 

Parameters Symbol Value 

Nominal power TP  6 MW 

Grid voltage (rms) gv  32 kV 

Grid frequency sf  50 Hz 

Number of modules per arm N  3 

Switching frequency cf  2500 Hz 

Equivalent transformer resistance TR  1.05   

Equivalent transformer inductance TL  7.6 mH 

The grid impedance is defined based on the short-circuit-ratio (SCR), which represents 

the relationship between the short circuit power at the point of common coupling and the 
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converter power [109]. In the control design, it is considered a stiff grid (SCR = 20), giving 

rise to a small grid impedance.  

For tuning the controller parameters, the crossover frequency is set 15 times smaller than 

the switching frequency while the phase margin is evaluated under three different values. 

In Fig. 3.5 and Fig. 3.6 the complementary and load disturbance sensitivity functions are 

observed under a step response with a phase margin equal to 40º, 50º and 60º respectively.  

 

Fig. 3.5 Step response of complementary sensitivity function in output current controller 

Note how the step response has a higher overshoot as the phase margin decreases. A 

similar result is observed in the load disturbance sensitive function of Fig. 3.6, where the 

highest undershoot is observed with the smallest phase margin. We can conclude that a 

phase margin equal to 50º represents a reasonable step response in the complementary and 

load disturbance sensitivity functions. Thus, for the output current controller, it is defined a 

phase margin of 50º. 

In Fig. 3.7 the bode diagram of the open loop transfer function shows how the magnitude 

crosses zero with a phase margin of 50º at 1047 rad/s, while the gain margin is 11.5 dB at 

3740 rad/s.  
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Fig. 3.6 Step response of load disturbance sensitivity function in output current controller 

 

Fig. 3.7 Bode diagram of open loop in output current controller 

Based on the bode diagram shown in Fig. 3.7, the proportional and integrative gain 

parameters of the PI controller for the output current control loop are shown in Table 3.2. 

Table 3.2 Control parameters of output current controller 

Parameters Symbol Value 

Proportional gain piok  24.97 

Integrative gain iiok  3968 

Phase margin m  50º 

Cross-over frequency c  1047 rad/s 
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3.2.3 Design of circulating current control  

Following the same analysis introduced in previous section to define the control 

parameters of the output current, the circulating current controller is based on a PI 

configuration to ensure zero steady state error. According to Chapter 2, the circulating 

current depends on the total voltage arm and the coupling inductance. Simplifying the 

matrix notation of the model described in equation (2.61), the circulating current model is 

rewritten in equation (3.14). Once again the cross coupling components have been 

disregarded as they are compensated in the control loops. 

 
T cdq T cdq cdq

d
R i L i v

dt
+ =  (3.14) 

Previous equation can be represented based on the electrical circuit illustrated in Fig. 

3.8, where the voltage arms regulate the circulating current flowing through the coupling 

inductance. 
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cv

2
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Fig. 3.8 Simplified circulating current model 

Using the Laplace transform, the circulating current model described in (3.14) can be 

represented as follows. 

 
1

( )p

T T

G s
L s R

=
+

 (3.15) 

Similar to the output current model, the circulating current has a first order transfer 

function with a constant time response of /T TL R . However, on this occasion, the grid 

impedance does not have any effect on the current. For tuning the control parameters, a 

similar bandwidth to the one used in the output current is considered. Therefore, the 

crossover frequency is set 15 times smaller than the switching frequency and the phase 

margin is set at 50º. Because the grid impedance has a small effect on the output current 

design, the complementary and load disturbance sensitive functions are not analyzed. The 

bode diagram of the circulating current response is shown in Fig. 3.9. 
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Fig. 3.9 Bode diagram of open loop in circulating current controller 

As seen in Fig. 3.9, the open loop magnitude decreases as the frequency increases. The 

zero-crossing point happens at 1047 rad/s with a phase margin of 50º, complying with the 

control requirements. Additionally, the zero-phase margin happens at 3750 rad/s with an 

open loop magnitude equal to 11.5 dB. The circulating current parameters are shown in 

Table 3.3. 

Table 3.3 Control parameters of circulating current controller 

Parameters Symbol Value 

Proportional gain pick  20.22 

Integrative gain iick  6768 

Phase margin m  50º 

Cross-over frequency c  1047 rad/s 

3.2.4 Output and circulating current control architecture 

Current controllers are required to generate the voltage difference 
sv  and the drop 

voltage 
cv . The configuration used in both control loops are illustrated in Fig. 3.10 and Fig. 

3.11 respectively. They are formed by two PI controllers with a current coupling between 

the axis. So, the cross coupling given by the synchronous rotation in the dq reference frame 

is removed. The d axis compensator processes the d error and provides the voltage 

difference 
sdv  and the drop voltage 

cdv . Similarly, the q axis compensator processes the q 

error and provides the voltages sqv and cqv . Then, both components are used to define the 
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average modulation indexes in the upper and lower arms. According to previous chapter, 

the average modulation indexes are reduced to. 
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Fig. 3.10 Output current control based on PI controllers 
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Fig. 3.11 Circulating current control based on PI controllers 

Where voltage 
*

sdqv  and 
*

cdqv  are the vectors given by the output and circulating current 

controllers, while 
*

,dc uv  and 
*

,dc lv  are the total dc voltages in the upper and lower arms. 

Additionally, the modulation indexes are represented according to their dq components as: 
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For a proper converter operation, there is an important aspect to be considered. A current 

saturation is required to avoid high currents and power levels out of range. However, a 

common consequence of the saturation limit is that the integrator controller will continue to 

integrate while the input is limited. This means that the state of the integrator can reach high 

values, leading to poor transient responses. For this reason, an anti-windup scheme is 

required to make sure that the state of the controller is driven by the actual input. In Fig. 

3.12, it is illustrated a PI controller with anti-windup. Note that if the output u (the actuator) 

is saturated, the input of the integrator is forced to zero, avoiding an increase in the 

cumulative state. 
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Fig. 3.12 PI control with anti-windup 

Denoting 
Lu  as the desired actuator of the PI controller, the saturation limit with anti-

windup can be described as follows. 
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 (3.18) 

Voltage 
maxu  and 

minu  represent the boundary conditions of the control operation, so 

any voltage beyond these levels will force the output of the comparator to zero. Therefore, 

the input of the integrator will be forced to zero as well. By doing this, the integrator will 

provide the last value set before the actuator u is saturated. When the actuator operates 

between its maximum and minimum levels, the output of the comparator is one and the 

integrator operates in normal condition. 
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 Third harmonic compensation 

As we defined in section 3.2, the common-mode voltage 
Nv  can be used to extend the 

operating range of the converter by injecting a third-harmonic component. 

The average modulation index is a function of time that can be affected by unpredictable 

transient conditions. If these conditions surpass the converter boundaries, the modulated 

voltage may operate in overmodulation, thus distorting the output voltage. However, 

injecting a third harmonic component, it is possible to extend the maximum operating range. 

Introducing this concept, the modulation index is represented as follows. 
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The third-harmonic injection extends the operating range of the converter in 15% [102]. 

This scenario can also be reached by decreasing the range of the ac side or increasing the 

equivalent dc voltage level.  

The implementation of the third harmonic injection can be performed using the min-

max zero sequence compensation technique [110], which adjusts the amplitude of the 

modulation index by adding the maximum and minimum instantaneous ac voltage level. 

The min-max zero sequence compensation is given by. 

 
   * * * * * *min . , max . ,

2 2

sa sb sc b

N

sa s scv v v v v v
v = +  (3.20) 

 Average DC voltage controllers 

So far, we have studied the output and circulating current controllers for setting the 

average modulation index in the upper and lower arms. While the output current regulates 

the voltage difference 
sv , the circulating current controls the drop voltage 

cv . Now, in order 

to define the current references, we are going to take a look at the outer controllers to 

regulate the total and the difference active power through power in the upper and lower 

arms.   

According to (2.72), the total active power represents the addition of the upper and lower 

power arms, and it defines the d component of the output current reference. Similarly, 
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equation (2.75) defines the d component of the circulating current through the power 

difference between both arms.  

The relationship between the active power and the dc voltage was described in previous 

chapter. The analysis demonstrated that the rate of change of energy in the dc capacitor 

defines the power difference between the dc and ac side. Considering the dc power as a 

perturbation to the system, the relationship between the output power and the dc voltage is 

given by. 

 ( )
2

2

sm

oi dci

d
P v

dt

C

N

= −  (3.21) 

Where 
smC  is the dc capacitor and N is the number of modules per arm. The objective 

of this control loop is to regulate the total voltage 
dciv . Therefore, any voltage difference in 

the series connection of modules is not observed. This is not the most realistic scenario, as 

all modules can operate at different voltage levels. However, this controller is focused on 

regulating the total power per arm and not the power of each module. In next chapter a local 

control strategy embedded in each module is proposed to withstand different power 

imbalances. 

Using the Laplace transform in equation (3.21), the plant between the output power and 

the total dc voltage is given by. 

 ( )
2 2 1

( )odci i

sm

N
v P s

C s

 = −  (3.22) 

Where 2( )dciv  is the output signal and 
oiP  is the input. Remember that the total and the 

difference power between the arms defines the d component of the output and circulating 

currents. Considering the plant model described in (3.22) and the current expression given 

by (2.73) and (2.76), the block diagram of the average dc voltage control loop is represented 

in Fig. 3.13. 
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Fig. 3.13 Average dc voltage control loop 

As illustrated in Fig. 3.13, the square value of the voltage reference in the upper and 

lower arms are compared to the square value of the voltage measurements. The error is 

processed by two PI controllers which define the active powers. Then, these components 

are added and subtracted to generate the total and the difference power whose purpose is to 

define later the current references. Note that PI controllers are implemented to compensate 

the dc voltages as they ensure zero steady state error.  

Similar to the current control design, the PI parameters are defined based on the 

crossover frequency and phase margin technique. On this occasion, the phase margin is set 

at 60º and the crossover frequency is set 15 times smaller than the current controller, thus a 

coupling between both control loops is avoided. The bode diagram of the average dc voltage 

open-loop is shown in Fig. 3.14. 

 

Fig. 3.14 Bode diagram of open loop in average dc voltage controller 
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We can see that the phase margin of 60º is achieved at 69.8 rad/s. In order to analyze the 

dynamic response of the close loop system, the complementary and load disturbance 

sensitivity functions described in (3.1) and (3.2) are evaluated with the control parameters 

depicted in Table 3.4. 

In Fig. 3.16 and Fig. 3.17, the complementary and load disturbance sensitivity functions 

show a step response with a dynamic behavior according to the control parameters described 

in Table 3.4. The overshoot in the complementary sensitivity function is around 1.12 with 

a settle time of 120ms. 

 

Fig. 3.15 Step response of complementary sensitivity function in the average dc voltage 

controller 

 

Fig. 3.16 Step response of load disturbance sensitivity function in the average dc voltage 

controller 
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Table 3.4 Control parameters of  average dc voltage controller 

Parameters Symbol Value 

Proportional gain pvdck  0.035 

Integrative gain ivdck  1.72 

Phase margin m  50º 

Cross-over frequency c  69.8 rad/s 

 Synchronization control loop 

As current controllers operate in a synchronous reference frame, a phase angle is 

required to synchronize the voltage and current signals with the ac grid. Typically, grid 

synchronization techniques are based on time-domain methods which calculate the phase 

angle or the grid frequency. The phase angle strategy also known as phase-locked loop 

(PLL) [111] is used in several applications and it consists of a close-loop system with an 

internal oscillator to synchronize the output signal with the input signal by shifting the 

frequency. The basic structure of the PLL is analyzed in [111], where a phase detector set a 

signal proportional to the phase difference between the input and the output signal. Then, a 

low-pass filter is implemented to attenuate high frequency components, and finally a voltage 

controller oscillator (VCO) generates the output signal. 

The phase detector requires a quadrature signal generator (QSG), which provides two 

quadrature signals without introducing delays. For single-phase configurations, the phase 

detector is commonly provided by a transport delay whose value is set to ¼ cycle of the 

fundamental frequency and then a Park transformation [112] is required to calculate the 

direct and quadrature signals. Since the transport delay operates at the fundamental 

frequency, if the grid frequency changes, the output of the QSG will not generate perfect 

orthogonal signals, giving rise to errors in the PLL synchronization. For this reason, other 

PLL strategies based on the Hilbert transform, the Inverse Park transform and adaptive 

filters [112] have been proposed to solve this problem. The PLL based on adaptive filters 

provides the ability to adjust its own parameters automatically [113], removing the 

requirement to know information about the input signal in advance. 

The second-order-generalized integrator quadrature signal generator (SOGI-QSG) is an 

adapter filter, whose bandwidth is not a function of the fundamental frequency. Therefore, 

it is suitable for variable frequency applications. The SOGI-QSG in combination with the 

Park transformation are used as a phase detector in the PLL to create the SOGI-PLL. 



General control architecture 65 

 

According to [112], this control strategy has a double feedback loop which provides the 

phase-angle to the Park transformation and the central frequency to the SOGI. 

In a three-phase configuration, the Clark transform can replace the SOGI-QSG to 

generate the quadrature signals and then the Park transformation is used as a phase detector. 

Fig. 3.17 shows the synchronization control loop for a three-phases system. This 

configuration is also known as Synchronous-Reference-Frame PLL (SRF-PLL). 
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Fig. 3.17 Synchronous-Reference-Frame PLL 

In the SRF-PLL a PI controller processes the voltage 
qv  to define the frequency 

deviation, which is added to the nominal frequency to generate the instantaneous 

synchronous frequency. Then, this signal is integrated to set the angle required to rotate the 

quadrature components in the Park transformation.  

According to [112], when the grid voltage is not affected by harmonic components, a 

high bandwidth in the close loop system yields a fast and precise detection of the phase 

angle. However, when harmonic components are presented in the grid voltage, a small error 

in the instantaneous position of the input voltage vector appear and consequently qv  may 

be different from zero. This is the reason why, a slight reduction on the bandwidth may 

improve the close loop response, rejecting the effect of harmonic components in the output 

signal. The strategy to define the control parameters of the SRF-PLL are described in [114]. 

Note that the grid synchronization in the control proposed is based on the SRF-PLL. 

 General control architecture 

In previous sections it was described how the cascaded control structure formed by the 

square value of the average dc voltage and the internal current controllers set the average 

modulation indexes for the upper and lower arms. Additionally, in order to inject the correct 

active and reactive current into the grid, a synchronization technique was also analyzed. The 

synchronous angle g  provided by the SRF-PLL is used in the Park transformation to rotate 

the voltage and current components into a dq reference frame. As these control loops 

regulate the power of the entire arm, the cascaded configuration is called central control. 
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To describe the complete control architecture of the IMMC, the central controller is 

illustrated in Fig. 3.18. The dc voltage in the upper and lower arms define the total and the 

difference active power which are adapted through equations (2.73) and (2.76) to define the 

d components of the output and circulating current references. The measured current arms 

are transformed into the output and circulating currents through the matrix transformation 

IMMCT , and then they are rotated to a synchronous reference frame through the Park 

transformation. The difference between the reference and the measured currents are 

processed through two current control loops based on PI controllers. Consequently, the 

output voltages are rotated to the stationary reference frame and then adjusted to define the 

voltage arms through the inverse matrix transformation 1
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Fig. 3.18 Central control architecture of the IMMC 

As described in previous chapter, the relationship between the voltage difference sv   

and the drop voltage cv   are related to the voltages 0v   and 0v   by. 
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Introducing the inverse matrix transformation, the upper and lower voltage arms are 

defined as follows.  
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Note that a third harmonic injection based on the min-max zero sequence compensation 

has been added in the voltage difference 
*

sv   to increase 15% the operating range of the 

converter. Therefore, voltages 
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In order to control the reactive power delivered to the grid, a power control loop set the 

q component of the output current reference according to a certain reference level. This 

controller is based on a PI configuration to ensure zero error in steady state operation. 

Remember that the purpose of the circulating current reference is to define the power 

difference inside the converter. While the d component is commanded by the active power 

difference, the q component has not been defined yet. In this chapter we define 0cqi = , 

however in the next chapter we will harness this component to balance the series connection 

of modules in one arm by shifting the output voltage. 
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 Simulation results 

Using the approach discussed in Chapter 2 and the control proposed in previous sections, 

the three-phase IMMC was simulated based on the configuration illustrated in Fig. 3.19. 

The simulation cases were chosen based on a 6 MW power converter with 3 modules per 

arm. Therefore, each module was capable of providing up to 1 MW. An equivalent PV panel 

represents the series and parallel connection of several strings to reach the voltage and 

current level required to generate 1 MW. In order to study the effect of the circulating 

current, different power levels were set in all modules of one arm at the same time. Even 

though, this is not the most realistic case, as each module is able to generate different power 

levels, this scenario allowed us to validate the inner current and the average dc voltage 

controller previously described. The effect of different power levels introduced between 

modules of the same arm and the mathematical analysis to describe the voltage control 

required to allow this scenario are covered in detail in next chapter.  
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Fig. 3.19 Simulation setup of the three-phase IMMC 

Each module is formed by a two-level voltage source converter (2L-VSC). The ac side 

is connected to an isolated transformer and the dc side is connected to a PV string. Fig. 3.19 

illustrates the three-phase simulation setup used in the following study cases. The parallel 

connection between the upper and the lower arms generates the ac voltage ,o abcv , which 
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represents the total voltage given by the series connection of modules. The voltages 
,dcu iv  

and 
,dcl iv  are the dc voltages measured in the PV terminals and the variables 

uabci and 
labci

are the current arms flowing through the converter. 

The control algorithm used in the study cases is shown in Fig. 3.20. In the central control, 

the outer controllers regulate the square value of the total dc voltages and the reactive power, 

while the inner controllers regulate the output and circulating currents. Note that the voltage 

balancing control block embedded in each module is not considered in this analysis as we 

do not balance the energy difference between modules of the same arm. The current arms 

are required to set the output and circulating currents, while the dc voltages are required to 

define the active power references. It is important to mention that due to the control 

requirements and boundary conditions, the modulation indexes are equally distributed in all 

modules of the upper and lower arms. 
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Fig. 3.20 Control configuration used in simulation results 

The equivalent PV strings operate at 700V when providing the maximum power level, 

and at 820V in open-voltage operation. The low frequency transformers step-up the ac 

voltage and connect the secondary side to a medium voltage collector. As the voltage and 

frequency stability analysis are out of scope in this work, we considered a stiff grid with a 

line-to-line voltage equal to 13.5 kV - 50Hz. The rest of parameters are described in Table 

3.5. 
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Table 3.5. Parameters of simulation setup 

Parameters Symbol Value 

Grid and converter parameters   

Nominal power TP  6 MW 

Nominal power per module MP  1 MW 

Grid voltage  gv  13.5 kV 

Grid frequency sf  50 Hz 

Number of modules per arm N  3 

dc-link capacitor smC  4.7 mF 

Switching frequency cf  2500 Hz 

Transformer parameters   

Transformer power TS  1 MW 

Transformer ratio tr  1:12 

Total winding inductance TL  7.6 mH 

PV panel parameters   

Voltage in open-circuit operation OCV  820V 

Voltage in maximum power operation MPPV  700V 

Current in maximum power operation MPPI  1.44kA 

Short circuit current SCI  1.58kA 

Base parameter for pu transformation 

Power BS  6 MW 

AC voltage Bv  13.5 kV 

DC voltage dcBv  700 V 

The two study cases were evaluated in imbalance operation as a consequence of power 

changes in the primary sources. These scenarios were defined by different weather 

conditions associated to irradiation and temperature changes. In order to understand how 

the power provided by the PV panels was affected, in Fig. 3.21 is shown two simulation 

results where the active power changed under different dc voltage levels. In the first case, 

we appreciate how the active power behaved when the temperature increased from 5ºC to 

45ªC. For instance, the yellow signal represents the power response at 25ºC. In this curve, 

we can see how a voltage increase resulted in a power increase as well, reaching the 

maximum power level at 1 pu. However, a severe power decrease happened when the 

voltage exceed its nominal value, returning the power to zero at open-circuit level. A similar 

behavior was observed with lower and higher temperature levels. Note that the blue signal 



Simulation results 71 

 

represents the power response at 45ºC, while the orange signal represents the power 

behavior at 5ºC. 

 

Fig. 3.21 Active power response  under different temperature and irradiation conditions. 

The second simulation result of Fig. 3.21 shows the power response under different 

irradiation conditions. Five irradiation steps of 200 W/m2 were studied. We can see that the 

maximum irradiation level generates the maximum power in the PV panels. An important 

aspect to be considered is the fact that, regardless of the irradiation level, the maximum 

power was reached at the same voltage (1pu). Unlike temperature changes where the dc 

voltage required to generate the maximum power was associated to the temperature level. 

The first study case contemplates an irradiation step in the upper and lower arms. 

Therefore, it is studied how the converter and its control algorithm are able to deal under 

power imbalances with similar dc voltages. In the second study case, a voltage step was 

forced to emulate a temperature change. Since, temperature changes do not generate large 

voltage variations at the maximum power operation, a voltage step is set to provide a critical 

scenario. The two study cases are described in next section. 

  

25ºT =

21000W/mRI =
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3.7.1 Study case I: Irradiation step in upper and lower arms 

In the first study case, the equivalent PV panels were affected by irradiation steps to 

generate an imbalance operation between the upper and lower arms. The first irradiation 

step of 400 W/m2 was introduced at the same time in all modules of the upper arm, giving 

rise to a power decrease and at the same time an increase of the circulating current. Then, 

to compensate such power imbalance, a similar irradiation step was introduced in all 

modules of the lower arm. Fig. 3.22 to Fig. 3.24 show the current and voltages signals during 

both events. It is important to point out that all results are studied in per unit based on the 

parameters described in Table 3.5. 

 

Fig. 3.22 Simulation results of total power delivered into the grid, average power produced by 

the upper and lower arms, irradiation steps in the equivalent PV modules. 
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The proposed scenario started with all modules operating at their maximum power point. 

Therefore, the average active power generated in the upper and lower arm was 0.5 pu. Note 

that the total active power delivered into the grid was equal to 1 pu while no reactive power 

was set. 

According to Fig. 3.21, the maximum power was achieved when the voltage in the PV 

panels was 1 pu. Because all modules were connected to PV panels with equal 

characteristics, both arms produced the same power level. This balance state is also 

observed in the current signals. In the first 0.1 second of Fig. 3.24 the current arms had the 

same amplitude but shifted 180º. As a result, no circulating current appeared. 

Event 1 – Irradiation step in modules of upper arm. At t = 0.4s, the irradiation level 

1rI  in all modules of the upper arm was reduced from 1000 W/m2 to 600 W/m2. Therefore, 

the average active power produced by the upper arm decreased to 0.3 pu, while modules in 

the lower arm maintained their maximum power at 0.5 pu. This power difference reduced 

the total power to 0.8 pu. 

The power change created a perturbation in the dc voltages of all modules of the upper 

arm. However, they returned to their reference value to generate the maximum power again 

as seen in Fig. 3.23  

 

Fig. 3.23 DC voltage response in modules of the upper and lower arm under irradiation steps 

As discussed before, the power imbalance generated different current levels in the arms 

and as a consequence, a circulating current emerged. Fig. 3.24 shows the time when the 

current in the upper arm decreased while the circulating current increased. Note that the 
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dynamic response of these currents is tied to the dynamic response of the dc voltage 

controllers. In the case of the output current, we can appreciate a decrease of its amplitude 

due to this power reduction. 

 

Fig. 3.24 Dynamic and steady state response of current arms, circulating current and output 

current under irradiation steps. 

Event 2 – Irradiation step in modules of lower arm. A second event was introduced 

at 0.7s to study the effect of a power decrease in all modules of the lower arm when the 

irradiation level changed from 1000W/m2 to 600 W/m2.  In Fig. 3.22 is shown how the 

power decrease from 0.5 to 0.3 pu created a balance operation between the arms again. This 

power variation also affected the dc voltage level in modules of the lower arm which 

returned to their reference value after 250 ms. 
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Because the irradiation in modules the lower arm decreased to the same irradiation level 

in modules of the upper arm, the current in both arms achieved the same amplitude. This 

effect reduced the circulating current to zero. 

3.7.2 Study case II: DC voltage step in lower arm 

In order to study an imbalance operation when different dc voltages are applied to PV 

panels. In this study case we introduced a voltage step in all modules of the lower arm after 

an irradiation step is set in modules of the upper arm. Similar to previous study case the 

same irradiation step was introduced. Fig. 3.25 to Fig. 3.27 show the power, voltage and 

current signals during the study case. 

In Fig. 3.25 we observe the total power delivered to the grid as well as the average power 

provided by the upper and lower arms. Since all modules operated at nominal power during 

the first 0.4s, the total active power was 1 pu, while the power provided by each arm was 

0.5 pu. In order to achieve these power levels, the dc voltages were set to 1 pu as shown in 

Fig. 3.26.  

At 0.4s an irradiation step of 400 W/m2 was introduced in modules of the upper arm, 

giving rise to the same power and dc voltage behavior descried in previous section. Fig. 

3.26 illustrates the dc voltage response during such event. 

Event – dc voltage step in modules of lower arm. In this event, a dc voltage reference 

of 1.1 pu was set in all modules of the lower arm. Remember that a dc voltage increase 

triggers to a power decrease in the PV panels as shown in Fig. 3.21. Therefore, as expected, 

in Fig. 3.25 we can see how the total active power experienced a drastic change due to this 

new voltage reference. Because all modules of the lower arm were affected by the same 

voltage step, the dc voltage in all modules increased to the same dc voltage level. 

The power change is also observed in the current arms. As seen in Fig. 3.27, at 0.7s the 

current amplitude of the lower arm decreased, giving rise to a reduction of the ac current 

injected to the grid. Furthermore, this event reduced the power difference between the upper 

and lower arm. Therefore, less circulating current flowed through the converter. 
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Fig. 3.25 Simulation results of total power and average power produced by the upper and lower 

arms under irradiation and dc voltage changes. 

 

Fig. 3.26 DC voltage response in modules of the upper and lower arms under irradiation and dc 

voltage changes. 
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Fig. 3.27 Dynamic and steady state response of current arms, circulating current, output current 

and modulation indexes under irradiation and dc voltage changes. 

An important result are the modulation indexes. Fig. 3.27 shows the general modulation 

indexes in the upper and lower arms  provided by the central control before and after the 

imbalance operations. During the imbalance operation created by the irradiation step, the dc 

voltage in all modules remained at 1 pu, thus both modulation indexes maintained the same 
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amplitude despite of the power difference between the arms. However, after the second 

event, modules of the lower arm increased their dc voltage. Therefore, their modulation 

index decreased its amplitude to compensate such voltage difference. 

 Summary of the chapter 

In this chapter, the control of the IMMC was described based on the analytical model 

studied in Chapter 2. The control proposed has a cascaded configuration with two inner 

controllers to regulate the output and circulating currents and two outer controllers to define 

the current references based on the square value of the total dc voltage in the upper and 

lower arms. Because the outer controllers regulate the total dc voltage, this control strategy 

does not differentiate when modules operate at different voltage levels. This is the reason 

why an internal control loop embedded in each module is required to allow an imbalance 

operation between modules of the same arm. 

A tuning strategy based on the crossover frequency and phase margin technique was 

introduced to define the parameters in all control loops according to the requirements 

defined by the bandwidth and phase margin. Additionally, we evaluated the dynamic 

response through the complementary and load disturbance sensitivity functions by using the 

voltage and current models previously identified. 

After tuning the voltage and current controllers, a general control architecture, including 

a synchronization technique was described. It is important to remark that the output and the 

circulating current control loops define the average modulation indexes for the upper and 

lower arms. This control stage was called central controller. 

Simulation results based on a three-phase configuration with three modules per arm 

validated the operation principle through two study cases. These results analyzed the voltage 

and current behavior in a balance and imbalance operation by changing the irradiation and 

dc voltage levels in the PV panels. In an attempt to validate the central controller, we 

considered that all modules of one arm were affected by the same irradiation and voltage 

steps. However, this is not the most realistic case, as it will be shown in next chapter, where 

the series connection of modules in one arm may be affected by different voltage and 

irradiation conditions.   



 

 Chapter

4. 

4 
 

4 Amplitude and Quadrature Voltage 
Compensation 

 

 

Previous chapter introduced and validated the central control architecture of the IMMC 

considering the same power distribution between modules of the same arm. As the central 

control is not able to operate under different power imbalances, in this chapter are studied 

two strategies to achieve this requirement. The Amplitude and Quadrature Voltage 

Compensation are located inside of each module, so the control signals can be tailored based 

on individual requirements. The work presented in this chapter is based on the publications 

“Energy balancing with wide range of operation in the Isolated Multi-Modular Converter”, 

IEEE Access 2010 and “Quadrature Voltage Compensation for Imbalance Energy 

Operation in the IMMC”, Under revision 

 Concept description  

The series connection of modules and the power generation from independent dc sources 

bring several challenges to provide a stable operation in the IMMC. We have shown in 

Chapter 3 that a power imbalance between arms creates an inherent circulating current with 

no impact on the output current. The analysis presented considered the series connection of 

modules as an equivalent voltage source, which is not able to identify energy imbalances 
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when dc sources provide different power levels. However, using this approach it is easy to 

identify the effect of voltage and current signals on the active power. 

In Chapter 2, the power in the upper and lower arms were studied in a three-phase system 

based on a synchronous reference frame. According to the analysis introduced, the active 

power per arm is reduced to. 

 

( ) ( )

( ) ( )

3 3

4 2

3 3

4 2

ou ud od uq oq ud cd uq cq

ol ld od lq ld cd lq cqoq
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p v i v i v i v i

= + + +

= − + + +

 (4.1) 

From previous expressions we can summarize the following aspects: 

• The power arms are commanded by two independent components. The first terms 

is associated to the output current, while the second term is associated to the 

circulatung current. By controlling both current independently, it is possible to 

regulate the power flow and compensate energy imbalances. 

• Considering a small couple inductance, the voltage arms can be replaced by the 

output voltage. According to expression (2.4), the equivalent voltage in the upper 

and lower arms are reduced to , ,u dq o dqv v= −  and , ,l dq o dqv v= .  

• The addition of both expressions described in (4.1) defines the total power 

deliveded into the grid. As it was demostrated in Chapter 2, this power depends on 

the output current. On the other side, the power difference between the arms 

depends on the circulatung current. 

• A proper grid synchronization can be used to force to zero the output voltage 
oqv . 

In this sense, the total active power is related to the d component of the output 

current while the power difference is related to the circulating current 
cdi . 

Focusing our attention on the power generated per module, the active power is reduced 

to: 

 , , ,ci k dci k oi kP P P= −  (4.2) 

Where ,ci kP is the absorbed or delivered power from the dc capacitor, 
,dci kP is the power 

provided by the external dc source and ,oi kP is the output power. Because unpredictable 

conditions can affect the external dc sources, giving rise to uncertain power fluctuation, the 

power flow can be controlled through the output power, while ,dci kP  is considered as a 

perturbation. 
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This output power is defined by the current arm and the output voltage. In order to 

identify their effect on the active power, we can use the polar coordinates as described 

below. 

 
, ,, cos( )i k i i koi kp v i =  (4.3) 

Where 
,i kv is the output voltage of module k in arm ©, 

ii is the current arm and 
,i k  is 

the angle difference between 
,i kv  and 

ii . There are important aspects that can be observed 

in expression (4.3). If the voltage or the current change, the power will also change. But, as 

the current arm impacts on the power flow of all modules at the same time, no individual 

power compensation is possible. Nevertheless, the voltage can be adjusted individually in 

each module without affecting the rest of modules. Therefore, different power levels can be 

achieved. Under this concept, we are able to modify the power flow, maintaining a stable 

operation. The output voltage can be adjusted either based on its amplitude or phase-angle. 

However, each of them will have different impacts on the power flow. Using this approach, 

the Amplitude and Quadrature voltage compensation are introduced and described to 

demonstrate their effectivity under different power imbalances. 

 Amplitude voltage compensation 

The amplitude voltage compensation is a control strategy widely used in cascaded 

converters to operate with power modules under diverse imbalance states. The control 

strategy has been used in many converters, some of them are the classical CHB and T-Type 

[115]–[119]. This modifies the modulated voltage according to the difference between the 

power generated and absorbed. In this sense, modules will increase or reduce the voltage 

amplitude to control the power flow.  

As it was described in Chapter 2, the output voltage in each module is represented 

according to the modulation index and the dc voltage as follows. 

 
, ,

, ,
2

dc i k

i k i k

v
v m=  (4.4) 

Considering a constant dc voltage level, the modulation index ,i km  can be used to 

control the output voltage. This is represented as a sinusoidal signal with an amplitude m̂  

and  phase angle ,i k . 

 , , ,cos( )ˆ
i k i k i km m t +=  (4.5) 
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Combining equations (4.3), (4.4) and (4.5), it is observed that the power flow is 

controlled by changing the modulation index amplitude. If the modulation index increases, 

the output power also increases. Otherwise, when the modulation index decreases, the 

power decreases. Based on this concept we can introduce a control algorithm to regulate the 

power flow.  

4.2.1 Control description 

As described in previous section, the modulation index can be used to control the power 

flow by changing its amplitude. Replacing equation (4.4) in (4.1) and reorganizing each 

element according to the dq components, the active power per module is rewritten as. 
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 (4.6) 

The synchronization angle forces the d component of the voltage equal to the amplitude. 

Therefore, 
,id km  is related to the modulation index amplitude, while 

,iq km is related to its 

phase angle. Because this control strategy aims to compensate the modulation index 

amplitude, 
,id km can be defined as follows.  

 , ,id k id id km mm = +  (4.7) 

According to (4.7), the modulation index 
idm  represents the control signal given by the 

central control, while ,id km  is the compensation required to adapt the power flow in 

module k. The central control studied in previous chapter regulates the total dc voltage per 

arm based on the output and circulating current control loops. The decoupling of their output 

signals through equation (4.8) and (4.9) are used to define the modulated voltage in the 

upper and lower arms.  
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Where 
Δαβ0

v  is related to the voltage difference 
sαβ0

v  and 
Σαβ0

v  is related to the drop 

voltage 
cαβ

v  by. 
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Introducing equation (4.7) in (4.6), the output power yields. 
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 (4.11) 

There is an important aspect in expressions (4.10) and (4.11). The output power can be 

divided in two components: the average power 
,ox kp  related to the modulation index given 

by the central control and the power compensation 
,ox kp  required to control the power flow 

under possible imbalances. As we know from previous analysis, the grid synchronization 

aids to decouple the dq components and attribute the d component of the modulation index 

to the active power, while the q component is related to the reactive power. Because no 

power compensation is provided by 
,iq km , the average power can be affected by the output 

current 
oqi  and the circulating current 

cqi . If no phase angle is introduced in the output 

voltage, the modulation index 
,iq km  is zero. Therefore, neither the circulating current 

cqi  or 

the output current 
oqi  have an effect on the active power. However, when a phase angle is 

introduced in the output voltage, the modulation index 
,iq km  is different from zero, creating 

a dependency between the active power and the circulating current 
cqi . Considering the case 

when no phase angle is introduced in the output voltage, the power compensation is reduced 

to. 
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  (4.13) 

In order to define the proper power compensation, we can adopt the analysis introduced 

in Fig.2.5, where the current provided by the external dc source ,dci ki  is formed by the 

current flowing through the dc capacitor ,ci ki  and the current flowing through module k. 
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The current 
,ci ki  is defined by the dynamic response of the dc capacitor, while 

'

,dci ki  is 

set by the current arm and the modulation index. In order to decouple the control strategy 

from the current arm, we need  to divide the modulation index by 
ii . This could trigger to 

high compensation levels when the current arm is close to zero, giving rise to possible 

unstable states. To solve this problem, we consider the nominal current level, reducing the 

performance of the controller but ensuring a proper voltage compensation. 
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Fig. 4.1 Amplitude voltage compensation strategy for modules in upper and lower arm 

Fig. 4.1 illustrates the connection between the central control and the amplitude voltage 

compensation. The voltage difference between the reference 
*

,dci kv  and the measurement 

voltage ,dci kv  is processed through a PI controller, which defines the compensation ,id km  

added to the general modulation index 
idm . Note that the general modulation index is 

normalized through the voltage ,dc iv
 and the number of modules per arm. Therefore, its 

value fluctuates between -1 and 1. Additionally, a constant kx is defined to add the 
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compensation 
,id km  in modules of the upper arm and substract the compensation from 

modules of the lower arm. 

4.2.2 Effect of amplitude voltage compensation on imbalance operation 

The amplitude voltage compensation provides the capability to withstand different 

power imbalances. The tailored modulation index provided by each module can be achieved 

using the control architecture shown in Fig. 4.2. The central control is formed by the voltage 

and current controllers which define the general modulation index 
um  and 

lm . Then, the 

local control set the modulation index ,u km  and ,l km  for each module. 

Using the IMMC shown in Fig.3.17 where a three-phase configuration with three 

modules per arm is studied, we are able to define different irradiation levels, so each module 

operates at difference operating points. However, before continuing, a few things regarding 

the limitations of the amplitude voltage compensation should be pointed out. When the 

modulated voltage is normalized, its operating range oscillates between -1 and 1. Therefore, 

its amplitude must fulfill the following expression. 

 ,

2 2( ) 1id id k iqm m m+  +   (4.15) 
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Fig. 4.2 Control architecture based on the amplitude voltage compensation 
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As higher the central modulation index 
idm  is, lower is the capability to withstand larger 

power imbalances. This limitation has to be taken into consideration when defining the 

maximum power imbalance. 

To evaluate the performance of this control strategy, simulation scenarios are presented 

considering irradiation steps in two modules of the upper arm and one module of the lower 

arm. These scenarios were chosen based on the initial steady state operation at nominal 

power, with each module providing 1 MW of power at 1000 W/m2. Note that next results 

are in per unit.  

 

Fig. 4.3 Simulation results of dc voltages and active power in modules of the upper and lower 

arms using the amplitude voltage compensation 

Fig. 4.3 illustrates the dc voltages and the active powers in all modules. At t = 0.6 s, the 

irradiation level in the first module of the upper arm decreased from 1000 W/m2 to 850 
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W/m2. This irradiation step reduced the power 
1uP  provided by module 

1uM  in 18% (from 

0.166 pu to 0.137 pu), triggering to a small change in 
,1dcuv . However,  the voltage reference 

given by the MPPT algorithm did not change, forcing the local controller to compensate the 

modulation index, and thus returning the dc voltage 
,1dcuv  to its reference value. This power 

difference reduced the total power in the upper arm, creating an imbalance operation. 

(a) (b) 

Fig. 4.4 Simulation results of current arms, circulating current and output current using the 

amplitude voltage compensation. (a) Irradiation step in module 
2uM , (b) Irradiation step in module

3lM  

At t = 1s, the second module of the upper arm decreased its irradiation level from 1000 

W/m2 to 750 W/m2. Therefore, the power 
2uP  provided by 

2uM  decreased in 27%. With 

this second power decrease, the power difference between the arms became larger. Creating 
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a higher current difference between the arms and a circulating current flowing through the 

converter as can be seen in Fig. 4.4a. 

Note that before the second event happened, the current arms described a slight 

difference in their amplitudes due to the irradiation step introduced in the first event. This 

difference created a small circulating current which was intrinsically related to the power 

difference P  illustrated in the control diagram of  Fig. 4.1. 

The last irradiation step was introduced in the third module 
3lM  of the lower arm at t = 

1.4 s. On this occasion, the irradiation decreased in 380 W/m2, reducing the power 
3lP  in 

40% as seen in Fig. 4.3. This power change reduced the amplitude of the lower current arm 

and thus, the difference between 
ui  and 

li . As a result, the circulating current decreased to 

almost zero  as illustrated in Fig. 4.4b.  

The capability to withstand the three irradiation steps was possible thanks to the 

compensation provided the amplitude voltage compensation. The reaction of the modulation 

indexes under these three events is illustrated in Fig. 4.5.  

Fig. 4.5.a shows how the power decrease in module 
1uM  increased the modulation index 

2um  and 
3um  while the modulation index 

1um  decreased. As 
2uM  and 

3uM  generated the 

same power level, both modules held the same modulation amplitude. However, this 

situation changed after the second event happened as seen in Fig. 4.5b, where the power 

generated by module 
2uM  decreased. In this case, the modulation index 

2um  reduced its 

amplitude to the lowest level while 
3um  increased its amplitude close to 1. Note that all 

modules of the lower arm did not provide any compensation to their modulation indexes as 

they operated at the same power level. 

Finally, the third power change in module 
3lM  increased the amplitude of the 

modulation indexes 
1lm  and 

2lm  at the same level while 
3lm  was significantly reduced. 

Compare to previous events, a similar result was achieved in the first event, when module 

1uM  reduced its power level. Analyzing the three different scenarios, we can conclude that 

the amplitude voltage compensation increases the modulation index when modules 

compensate higher power levels and reduce the modulation index when the power 

compensation is smaller.  
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(a) (b) 

 

 © 

Fig. 4.5 Simulation results of modulation indexes in modules of the upper and lower arms under 

irradiation steps. (a) Event 1, (b) Event 2, (c) Event 3 



90 Amplitude and Quadrature Voltage Compensation 

 

 

4.2.3 Experimental results 

In order to evaluate the performance of the amplitude voltage compensation, 

experimental results were conducted using the downscale prototype introduced in Appendix 

A. The laboratory setup has a nominal power of 4.8 kW and is formed by two modules 

connected in series through three-phase transformers. PV panels are emulated through  

constant dc sources connected in series to dc resistors. In this sense, each module is able to 

operate between its open circuit level (when no power is generated) and the maximum 

power level. 

The set-up was initiated with all modules operating at nominal power and with a constant 

dc voltage level of 360 V as seen in Fig. 4.6. As all modules generated their maximum 

power, the upper and lower current arm had a similar amplitude but shifted 180º. In Fig. 4.7 

is illustrated the phase a of the current arms and the three phases of the circulating current 

flowing through the converter. Note that a small circulating current is observed when all 

modules operated at nominal power due to a slight difference between the power generated 

in both arms. 

 

Fig. 4.6 Experimental results of dc voltage steps in modules of upper and lower arms using the 

amplitude voltage compensation 
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Fig. 4.7 Experimental results of first event. Current arm, and circulating current using the 

amplitude voltage compensation 

In the first event, the dc voltage 
1dcuv  of module 

1uM increased from 360 V to 390 V, 

giving rise to a power decrease of 390 W. It is important to point out that larger voltage 

steps are not possible because the modulation index may go beyond the maximum level 

imposed by the overmodulation. Results in Fig. 4.7 illustrate how the current in the upper 

arm 
uai  decreased its amplitude as the dc voltage 

1dcuv  increased. Moreover, it can be seen 

how the three-phase circulating current flowing through the converter also increased as a 

consequence of the power imbalance between the arms. 

In the second event, a dc voltage was set in module 
2lM  to compensate the first power 

imbalance introduced by module 
1uM . In Fig. 4.6 is shown the time when 

2dclv  increased 

while module 
1lM  maintained the same voltage level. This event reduced the power 

generated in the lower arm by 390 W, decreasing the current arm amplitude 
li  as seen in 

Fig. 4.8.  
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After the dynamic transient, both current arms operated under similar amplitude levels, 

so the circulating current decreased close to zero 

 

Fig. 4.8 Experimental results of second event. Current arm and circulating current using the 

amplitude voltage compensation 

 

Fig. 4.9 Experimental result of active power using the amplitude voltage compensation 
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To finalize, the dynamic response of the active power delivered to the grid under all dc 

voltage steps is illustrated in Fig. 4.9. It can be seen how the first voltage step introduced 

by 
1uM  reduced the total power in approximately 390W and then the second voltage step 

introduced by 
2lM  reduced the power in 390W again. 

 Quadrature voltage compensation 

So far we have use the amplitude voltage compensation to operate under power 

imbalances between modules of the same arm. Even though, this control strategy describes 

a high performance and fast response, the limitation to withstand large power imbalances 

reduces its flexibility. In PV applications, it is expected that each module is able to track its 

maximum power at any time. However, when modules operate at different power levels, 

the maximum power level might not be achieved. In this section we introduce a control 

strategy called quadrature voltage compensation which phase shifts the output voltage to 

withstand larger levels of power imbalances. 

Equation (4.3) demonstrated that the power provided by each module depends on the 

current amplitude, voltage amplitude and angle difference between both signals. The 

amplitude voltage compensation was focused on changing the voltage amplitude through 

the modulation index. So, each module could adapt its 
,id km  component based on the dc 

voltage level. On this occasion we modify the angle difference between the output voltage 

and current arm. 

According to (4.6), the output power of each module is given by the output current, the 

circulating current and the dq components of the modulation index. The angle set by the 

synchronization control loop relates the d component of the output voltage to 
,id km , while 

,iq km  is related to the phase angle. In order to control the power flow through the phase 

angle, we will control the q component of the modulation index as follows. 

 , ,iq k iq iq km mm = +  (4.16) 

Where 
iqm  is given by the central control and ,iq km  is the compensation given by the 

local controller embedded in module k. Note that in this occasion there is no compensation 

in the d component ,id km . Introducing equation (4.16) in (4.6), the power provided by 

module k in the upper and lower arms is reduced to. 
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In both arms, the output power can be divided in two components. The average power 

,oi kp  defined by the dq components of the output and circulating currents multiplied by the 

average modulation index, and the compensation power 
,oi kp  provided by the q component 

of the output and circulating currents multiplied by the compensation 
,iq km . In the case of 

the average power, there is no difference between expressions (4.17)-(4.18) and expressions 

(4.10)-(4.11). However, the power given by the quadrature voltage compensation is reduced 

to. 
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The output current oqi  controls the reactive power delivered to the grid, while cqi  is a 

circulating current flowing inside the converter. In previous section we determined that the 

current component 
cdi  arrives when there is a power difference between the upper and lower 

arm. However, cqi  was freely chosen as it does not have any influence on the power 

imbalance. Therefore, for the amplitude voltage compensation, the current reference cqi  was 

set to zero. On this occasion, as seen in equations (4.19) and (4.20), the power compensation 

can be provided by the circulating current cqi  if necessary. For instance, when no reactive 

power is delivered to the grid, the current oqi  is zero, so a minimum current cqi  is required 

to provide a proper power compensation.  

In order to control the power flow, it is possible to increase or decrease the circulating 

current cqi , so the level of ,iq km  can be adapted. The relationship between both 

components is described below. 
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4.3.1 Dependency between circulating current and modulation index 

The circulating current flows through the arms, so it can be used to change the power in 

all modules at the same time. However, the right power compensation will be provided by 

the local modulation index 
,iq km . This component phase shifts the output voltage in each 

module, so the power changes individually. In Fig. 4.10 is illustrated the operation principle 

of the quadrature voltage compensation in three consecutive modules connected in series. 

oiv  is the arm voltage formed by the addition of the output voltages 
,i kv , 

, 1i kv +
 and 

, 2i kv +
 

respectively, which can be decomposed into their d and q components. 

,vi k

, 1vi k +

, 2vi k +

,id kv

, 1id kv +

, 2id kv +

,iq kv

, 1iq kv +

, 2iq kv +

oiv

, 1i kv +

,i kv

, 2i kv +

i

idi

ii

iqi

 

Fig. 4.10 Representation of output voltage based on the series connection of three consecutive 

modules 

Similar to the output voltage vectors, the current arm can also be decomposed into its 

dq components. However, both signals depend on the output and circulating currents. So, 

any change in their references will modify the current angle 
i . For instance, when no 

reactive power is delivered into the grid, the current 
oqi  is zero, thus the current component 

iqi  is only commanded by the circulating current. 

As mentioned, the individual compensation is provided by the output voltage. When the 

voltage component ,iq kv  increases, the phase angle ,v k  also increases. This angle can be 

defined based on dq components of the output voltage or modulation index as follows. 
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The addition of the dq components of all modules in one arm will define the total voltage 

oiv  as. 
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In order to evaluate the effect of the circulating current 
cqi  and the phase angle 

vd  on 

the power response, Fig. 4.11 and Fig. 4.12 illustrate two different cases, where the power 

changes in one module of the upper and lower arm. In this analysis, balance operation refers 

when there is no power difference between the arms, so the total power provided is the 

same. On the other hand, the imbalance operation is given when there is a power difference 

between both arms. Fig. 4.11 analyzes the power response in balance operation. 

(a) (b) 

Fig. 4.11 Active power response in balance operation under circulating current and phase angle 

variations. (a) Power in module of upper arm, (b) Power in module of lower arm 

The nominal power provided by each module is 0.5. When no circulating current 
cqi  

flows through the arms, there is no power compensation regardless the phase angle 
vi  

value. This response confirms the analysis introduced in (4.17) and (4.18), where it was 

stated that a q component of output or circulating current is required to control the power 

flow in the quadrature voltage compensation. When the circulating current cqi  is different 

from zero, small changes in the phase angle affects the active power provided by the module. 

The impact of the phase angle becomes larger as the circulating current increases. For 

instance, a circulating current of 0.51 pu requires a phase angle of 0.4 radians to compensate 
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30 % of power, the same compensation is achieved when the phase angle is 0.83 radians 

with a circulating current of 0.16 pu.  

In imbalance operation, a circulating current 
cdi  flows through the converter due to a 

power difference between the arm. This current may change the phase angle 
i as the current 

arm depends on the output and circulating currents. Equation (4.23) represents the upper 

and lower current arm in the dq reference frame.   
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 (4.23) 

However, the individual power variation is given by the output voltage ,iq kv . Fig. 4.12 

illustrates the power response when there is a power difference of 40% between both arms. 

On this occasion,  module of the lower arm provides an initial power of 0.2 pu, while module 

of the upper arm generates 0.5 pu. Similar to previous scenario, no circulating current 
cqi  

limits the capability to change the power when the phase angle of the output voltage 

increases. However, a small change in the circulating current increases the compensation as 

long as the phase angle 
vi  increases. 

(a) (b) 

Fig. 4.12 Active power response in imbalance operation under circulating current and phase 

angle variations. (a) Power in module of upper arm, (b) Power in module of lower arm 

Negative values of active power means that the module consume power. For PV 

applications, the minimum power comes about when no energy is provided by the primary 
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sources, i.e. when the active power is zero. Combining expressions (4.17) to (4.21), the 

phase angle can be represented in terms of the active power and the current arm as follows.  
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 For values of 
iqi  close to zero, the phase angle 

,vi k  is approximately / 2 . Therefore, 

an output voltage almost orthogonal to the current arm is required to generate a certain 

power level. However, this value will demand a high level of 
,iq kv , which is not always 

affordable. Conversely, higher values of 
iqi  will give us more flexibility to compensate a 

certain power level, demanding lower values of phase angle ,vi k . The maximum operation 

of the quadrature voltage compensation can be defined based on the overmodulation level 

through the following expression. 

 
2 2

,( ) 1id q q ki im m m+ +   (4.25) 

On this occasion, the average modulation index 
idm  and 

iqm  are given by the central 

control, while the compensation 
,iq km  is set by the local control. The representation of the 

central control in combination with the quadrature voltage compensation is illustrated in 

Fig. 4.13. Similar to the amplitude voltage compensation described in previous section, the 

current references are given by outer control loops. However, the circulating current 
cqi  is 

defined according to a droop gain 
iqK  which provides a certain current level based on the 

maximum current allowed and the level of power imbalance. The difference between the 

reference and the dc voltage is processed through a PI controller, which defines the 

compensation ,iq km  required in each module. This component is multiplied by the 

circulating current sign and then multiplied by 
kk  to add or subtract ,iq km  from the average 

modulation index 
iqm . Note that 

kk  is 1 for modules of the upper arm and -1 for modules 

of the lower arm. 
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Fig. 4.13 Quadrature voltage compensation strategy for modules in upper and lower arms 

 

4.3.2 Effect of quadrature voltage compensation on imbalance operation 

To evaluate the quadrature voltage compensation, simulation results are studied  based 

on the setup implemented in previous section. The three-phase IMMC configuration 

illustrated in Fig.3.17 has a nominal power of 6MW with each module providing up to 

1MW. The electrical parameters are described in table 3.5. 

Before the irradiation level changes in the primary sources, all modules operated at 

nominal power. However, when module 
1uM  reduced its irradiation from 1000 W/m2 to 

850 W/m2, the power provided by 
1uM  decreased in 18%. This sudden irradiation step 

affected the dc voltage, which was quickly compensated. In Fig. 4.14 it is illustrated how 

the dc voltage returned to its reference value after the irradiation step was introduced. Note 
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that a small perturbation in the output power came out as a result of the circulating current 

cqi  required to compensate the power imbalance between modules in the upper arm. 

After 0.7 s, a second irradiation step was introduced in the second module of the upper 

arm. Similar to the analysis presented in the amplitude voltage compensation, the irradiation 

decreased from 1000 W/m2 to 750 W/m2, reducing the power provided by 
2uM  in 28%.  

Due to this power decrease, the dc voltage 
,2dcuv  reduced its value, but it was quickly 

compensated through the local controller embedded in each module, returning to its 

reference value at 1 pu. Because the amplitude voltage compensation affects the phase angle 

of the output voltage, a higher oscillation is observed in the dc side. 

 

Fig. 4.14 Simulation results of dc voltages and active power in modules of the upper and lower 

arms using the quadrature voltage compensation 
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The voltage compensation was possible thanks to the circulating current 
cqi  introduced, 

which  phase shifted the angle difference between the current arms. Fig. 4.15 shows the 

current response before and after the first even happened. While both arms generated the 

same power level, the current arms had the same amplitude but shifted 180º. This difference 

was given by the current definition of the converter in Chapter 2, which defined both 

component in opposite direction. When the irradiation decreased in module 
1uM , the power 

difference between modules of the upper arm triggered an increase of the circulating current 

as seen in the second result of Fig. 4.15. This current was intentionally set at 25% of the 

nominal current arm, creating an angle difference as seen in the first result of  Fig. 4.15. 

This power difference also created a small deviation between the current amplitudes, and 

thus a circulating current 
cdi  flowing inside the converter. Therefore, the circulating current 

was formed by 
cdi  and the current 

cqi  imposed to control the power imbalance. 

 

Fig. 4.15 Simulation results of first irradiation step using the quadrature voltage compensation. 

Current arms, circulating current and output current 

In order to create a complete imbalance operation, a third irradiation step was introduced 

in module 
3lM . At t = 2 s, the irradiation decreased from 1000 W/m2 to 620 W/m2, 
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triggering to a power decrease of 40%. In Fig. 4.14, we can see how the power variation 

created an oscillation in the dc voltage, which was quickly compensated. 

The effect of this power variation is also observed on the current arm 
lai . Fig. 4.16 shows 

the time when the irradiation level of module 
3lM  decreased. We can see that the current 

lai  reduced its amplitude while the power decreased. Because the circulating current 
cqi  

maintained the same level defined in the first irradiation step, the angle difference between 

both current arms remained unchanged. In the case of the output current, there was a 

decrease of its amplitude level since less power was delivered into the grid. 

 

Fig. 4.16 Simulation results of third irradiation step using the quadrature voltage compensation. 

Current arms, circulating current and output current 

As already pointed out, the capability to operate at different power imbalances is not 

possible if we only use the circulating current 
cqi . According to (4.17) and (4.18), the 

tailored power compensation is possible with the local control which phase shifts the output 

voltage by changing ,oq kv . According to the control diagram illustrated in Fig. 4.13, when 

there is a power imbalance, the quadrature voltage compensation changes the modulation 

index through a dc voltage control loop. Fig. 4.17 shows how the three events described 

before affected the modulation index in all modules. 
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(a) (b) 

 

 © 

Fig. 4.17 Simulation results of modulation indexes in modules of upper and lower arms under 

irradiation steps. (a) Event 1, (b) Event 2, (c) Event 3 
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Modulation index reaction after the first event happened is illustrated in Fig. 4.17.a. Due 

to the power decrease in module 
1uM , the modulation index 

1um  was brought forward to 

compensate such power difference. However, modulation indexes 
2um  and 

3um  were in 

phase with similar amplitudes as they operated at the same power level. In the second event, 

module 
2uM  decreased its power, so the modulation index in all modules of the upper arm 

changed to compensate the power difference as seen in Fig. 4.17.b. Because all modules of 

the lower arm operated at the same power level, their modulation index did not change. 

Similar to previous scenarios, the power decrease in 
3lM  led to a phase shift of the 

modulation index 
3lm  as seen in Fig. 4.17.c. A zoom of the modulation indexes after the 

third event happened shows how modules of the upper arm had different amplitude and 

phase angles, while modules of the lower arm were affected depending on their power 

difference. Because modules 
1lM  and 

2lM  generated the same power level, they were in 

phase. 

 An important aspect has to be mentioned when comparing the amplitude and quadrature  

voltage compensation. In the amplitude voltage compensation, the first module of the upper 

arm reached its maximum modulation index after the irradiation steps. However, in the 

quadrature voltage compensation no module reached its overmodulation even though 

similar irradiation steps were used. This difference demonstrates how the quadrature voltage 

compensation provides a higher capability to withstand power imbalances, but at the 

expense of introducing a circulating current 
cqi  flowing through the arms.  

 

Fig. 4.18 Maximum power imbalance affordable under different circulating current levels 

In order to evaluate the maximum capability of the quadrature voltage compensation, 

Fig. 4.18 shows the maximum power imbalance affordable under specific circulating 

current levels. We can see that as the circulating current increases, the capability to 

withstand power imbalances also increases. When the circulating current was 25%, the 
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maximum power imbalance was 48%, that means 8% higher than the amplitude voltage 

compensation. For a circulating current of 30% the nominal current arm, the maximum 

power compensation was close to 60%.   

4.3.3 Experimental results 

The hardware setup used to evaluate the quadrature voltage compensation has a nominal 

power of 4.8 kW and two modules per arm. Remember that the PV panels are emulated 

between the maximum power level and the open circuit operation through an external dc 

source connected to dc resistors. More details about the hardware setup and its parameters 

are described in Appendix A. 

   

Fig. 4.19 Experimental results of dc voltage steps in modules of upper and lower arms using the 

quadrature voltage compensation 

The experimental setup started with all modules providing their nominal power. During 

this state, the power generated by each module was 1.2 kW with a dc voltage equal to 360 

V. To evaluate the performance of the quadrature voltage compensation, two dc voltage 

steps were introduced. The first voltage step was set in module
1uM  of the upper arm, while 

the second voltage step was introduced in module 
2lM  of the lower arm, providing a 
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complete imbalance scenario. In the first event the dc voltage 
1dcuv  increased in 40 V as seen 

in Fig. 4.19, giving rise to a power decrease of 510 W. To withstand this power difference, 

a circulating current 
cqi  was set in the central control, so the phase angle between the current 

arms changed. 

Fig. 4.20 illustrates the dynamic response of one phase of the current arms and the three-

phases of the circulating current when the dc voltage 
,1dcuv  increased. Before the voltage 

step was applied, the current arms were shifted 180º with similar amplitude levels. However, 

the increase of the circulating current 
cqi  phase shifted both current arms. The circulating 

current was intentionally set at 35% the nominal current, creating an angle difference of 61º. 

Additionally, the power change in 
1uM  reduced the amplitude of the current arm 

uai , 

increasing the circulating current 
cdi .  

 

Fig. 4.20 Experimental results of first event. Current arm and circulating current using the 

quadrature voltage compensation 

To evaluate the maximum capability of the quadrature voltage compensation to 

withstand different power imbalances, the second voltage step introduced in module 
2lM  
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was set to 60 V, increasing the dc voltage level from 360 V to 420 V. This large voltage 

difference illustrated in Fig. 4.19 created a power decrease of 810 W in module 
2lM , that 

means 67% of its nominal power. Remember that the maximum power imbalance is 

achieved when the modulation index is equal to 1.   

The effect of the second voltage step on the current arms is illustrated in Fig. 4.21. 

Before the second event happened, the current in the upper and lower arms had an angle 

difference defined by the circulating current 
cqi  and an amplitude difference due to the 

power imbalance introduced in the first event. After the voltage 
,2dclv  increased, the current 

in the lower arm was considerably reduced. A zoom of the current signals shows how the 

current 
lai  reached an amplitude level lower than the current 

uai . This current difference 

increased the circulating current 
cdi  as seen in Fig. 4.21. Because the circulating current 

cqi  

remained as in the previous event, the angle difference did not change. 

 

Fig. 4.21 Experimental results of second event. Current arm and circulating current using the 

quadrature voltage compensation 
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Fig. 4.22 Experimental result of active power using the quadrature voltage compensation 

Finally, the power response of both events are illustrated in Fig. 4.22. It is observed how 

the voltage steps reduced the total power delivered into the grid. After the first event, the 

power decreased in 510 W and after the second event, the power decreased in 810 W.  

 Combination of both control strategies 

In previous sections we presented two possible control strategies to withstand different 

power imbalances between modules of the same arm. In the amplitude voltage 

compensation, the power flow is controlled by changing the voltage amplitude in the output 

terminals. So, modules with higher power level increase their amplitude, while modules 

with lower power reduce their amplitude. On the other hand, the quadrature voltage 

compensation is able to withstand power imbalances by combining a circulating current cqi  

with a phase angle in the output voltage. This control strategy demonstrated a higher 

flexibility to control the power flow as the compensation is given by either changing the q 

component of the current arm or the phase angle ,vi k . Even though, the quadrature voltage 

compensation allows larger power imbalances, it requires a circulating current which may 

increase the power losses in the converter.  

By combining both control strategies, it is possible to extend the range of operation, 

providing a higher capability to withstand power imbalances. As pointing out in equations 

(4.15) and (4.25), the maximum level of power compensation is given by the 

overmodulation. The idea is to adjust at the same time the dq  components of the modulation  

index, so the limitation provided by one component can be mitigated using the second 

component. Fig. 4.23 illustrates the concept of combining both control strategies in the local 

control. The output voltage ,i kv  is defined based on its dq components,  which determine 

the phase angle 
.vi k . For instance, if the modulation index ,id km  decreases, the output 
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voltage 
,id kv  also decreases. This can affect the phase angle depending on the voltage level 

of 
,iq kv . When 

,iq kv  maintains the same value, a change of 
,id kv  will increase the phase angle 

,vi k , reducing the power provided by module k. However, the same result can be achieved 

by increasing the voltage component 
,iq kv , while keeping the same value of 

,id kv . In a 

second case, it can be necessary to increase the power flow, so the angle difference between 

the current arm and the output voltage has to decrease. This requirement can be achieved 

by either increasing the voltage 
,id kv  or reducing the voltage 

,iq kv . 

,id kv

,iq kv,i kv

ii

,vi k

i

 

Fig. 4.23 Combination of amplitude and quadrature voltage compensation in one module 

As can be seen, there are many options to provide the appropriate power compensation. 

From Fig. 4.23 we can conclude that when the current arm has an inductive behavior, an 

increase in the phase angle will reduce the power level. However, when the current arm has 

a capacitive behavior, the same power can be achieved by increasing the phase angle. 

On that basis, it is possible to define each component of the modulation index according 

to the expressions defined in sections 4.2 and 4.3. 
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The benefit of combining both control strategies can be studied with the analysis of the 

power response illustrated in Fig. 4.24. The analysis evaluates three different scenarios, with 

the x-axis representing the power compensation provided by one module and the y-axis 

representing the modulation index formed by its average value given by the central control 

plus the compensation given by the local control. As we know, the power compensation can 

be affected by two main factors: the amplitude of the output voltage and the angle difference 

between the current arm and the output voltage. In the analysis, different values of 

circulating current cqi  are applied to change the phase angle, affecting the level of ,iq km  

required to compensate a certain power.  
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In the first case, the compensation 
,id km  is intentionally set to zero, so the power 

response is only affected by the quadrature voltage compensation. Note that the initial value 

of the modulation index is set to 0.8. When the circulating current 
cqi  is equal to zero, no 

matter the value of 
,iq km , the power compensation does not change as seen in all scenarios 

of Fig. 4.24. However, as the circulating current increases, the capability to withstand 

different levels of power gets higher while the modulation 
,iq km  increases. For a 

circulating current 
cqi  equal to 0.1 pu, the maximum compensation before overmodulation 

is 18% of the nominal power. But, for a circulating current equal to 0.3 pu, the maximum 

power compensation is 58%. 

Introducing the amplitude voltage compensation, it is clearly observed the wide range 

of operation. For 
,id km  equal to -0.1, the power compensation starts at 12.5% and as the 

modulation index 
,iq km  increases, the power compensation gets higher. Considering a 

circulating current of  0.1 pu, the maximum power achieved before overmodulation is 35%, 

that means 17% more power compared to the previous scenario. When the circulating 

current increases to 0.3 pu, the maximum power compensation is 78%. Note that the 

compensation provided by 
,id km  reduces the initial value of the modulation index. This 

behavior help us to increases the capability to withstand higher power levels. A similar 

result can be achieved by decreasing the phase angle 
,vi k . 

In the third study case, the amplitude voltage compensation provides a modulation 

,id km  equal to -0.15, so the initial power compensation starts at 18.7% as seen in Fig. 

4.24.c. Compared to the previous case, where the modulation index ,id km was -0.1, the 

initial power compensation increased in 6.2%. When the circulating current is equal to 0.1 

pu, the maximum power compensation before overmodulation is 42%, that means 7% more 

power than previous case. However, when the circulating current is 0.3 pu, the maximum 

power compensation before overmodulation is almost 90%. Compared to the first case 

where the local control was only based on the quadrature voltage compensation, the 

capability to tolerate power imbalances increased in more than 30%. 
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(a) (b) 

 

© 

Fig. 4.24 Power response using the amplitude and quadrature voltage compensation. (a) 

Analysis based on , 0id km = , (b) Analysis based on , 0.1id km = − , (c) Analysis based on 

, 0.15id km = −  

4.4.1 Experimental results  

To evaluate the performance when combining both control strategies, experimental 

results are presented in this section. The setup used has the same characteristics described 

in section 4.2 and 4.3. A detail information of the converter, including its architecture and 

control parameters are found in Appendix A. 

Similar to the analysis presented in experimental results of previous sections, two dc 

voltage steps were introduced to decrease the power provided by module 
1uM  of the upper 

arm and module 
2lM  of the lower arm. The idea was to validate the capability to withstand 
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higher power levels compared to the amplitude and quadrature voltage compensation when 

working individually. Fig. 4.25 illustrates the steady and dynamic state operation of the dc 

voltages. In the initial state all modules operated at nominal power, providing 1.2 kW with 

a dc voltage equal to 360 V. In the first event, the dc voltage reference of module 
1uM  

increased from 360 V to 400 V as seen in Fig. 4.25. This voltage increase demanded a 

circulating current 
cqi  to compensate the power change when using the quadrature voltage 

compensation. To make a fair comparison, the circulating current was intentionally set at 

0.35 pu, introducing a phase shift between the current arms 

 

Fig. 4.25 Experimental results of dc voltage steps in modules 
1uM  and 

2lM  using the 

amplitude and quadrature voltage compensation 

Fig. 4.26 illustrates the current arm of phase a before and after the dc voltage step took 

place. In balance operation, both current were shifted in 180º, however, the circulating 

current cqi  triggered a phase shifts of 61º. Additionally, due to the power decrease in module 

1uM , the current amplitude of the upper arm also decreased. 

In the second scenario, module 
2lM  of the lower arm increased drastically its dc voltage 

from 360 V to 440 V. Remember that the external dc voltage source represents a PV panel 

working between the maximum power and the open circuit operation, being 360 V when 

the module provides its maximum power and 440 V when the module operates at open 
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circuit. Therefore, by increasing the dc voltage reference from 360 V to 440 V, module 
2lM  

decreased its power operation from 1.2 kW to zero. The impact of the large voltage step on 

module 
2lM  is illustrated in Fig. 4.25. It is shown how the converter was capable to 

withstand the large voltage difference due to the combination of both control strategies.  

 

Fig. 4.26 Experimental results of first event based on the amplitude and quadrature voltage 

compensation. Current arm and circulating current 

The power decrease in the lower arm created an increase of the circulating current 
cdi  

as seen in Fig. 4.27. Note that the circulating current cqi  remained as before (0.35 pu). 

Compared to the quadrature voltage compensation working individually, the same 

circulating current cqi  allowed a maximum power compensation of 67%. In this case, the 

combination of both control strategies allowed a power decrease of 100%. The large dc 

voltage step affected the output current delivered to the grid, decreasing its amplitude level 

from 9.1 A to 5.8. A similar effect can also be observed in the output power. In Fig. 4.28 it 

is shown how the active power decreased from 4.8 kW to 4.25 kW after the first voltage 

step and to 2.9 kW after the second voltage step.  
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Fig. 4.27 Experimental results of second event based on the amplitude and quadrature voltage 

compensation. Circulating and output current 

 

Fig. 4.28 Experimental result of active power using the amplitude and quadrature voltage 

compensation 

 Summary of the chapter 

This chapter presented the local control algorithm required to operate under different 

power imbalances between modules of the same arm. In this approach, the average 
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modulation index provided by the central control is tailored by each module based on their 

voltage and power levels. To achieve this goal, two possible control strategies were 

described based on the well-known representation of the active power, which considers the 

relationship between the current arm and the output voltage. 

In the first control strategy, the amplitude voltage compensation was proposed to 

regulate the voltage amplitude through the d component of the modulation index. A dc 

voltage control loop is used to generate the proper compensation which increases the 

modulation index in modules with higher power level and reduces it in modules with lower 

power. Similarly, the quadrature voltage compensation was proposed to regulate the angle 

difference between the current arm and the output voltage. By introducing a circulating 

current 
cqi  in the central control, it was possible to shift the angle of the current arm. 

Additionally, a dc voltage controller embedded in each module was required to change the 

phase angle of the output voltage. We demonstrated that by using the quadrature voltage 

compensation, higher power imbalances are possible, as the power compensation can be 

achieved by either increasing the circulating current 
cqi  or the q component of the output 

voltage. However, high level of circulating current may increase the converter losses. 

Besides working both control strategies individually, it is possible to combine them, so 

higher levels of power imbalances can be tolerated. 

The proposed methods were validated in simulation by implementing the same 

environment used in previous chapter. However, different scenarios were running in order 

to provide power imbalances between modules of the same arm. Additionally, experimental 

results based on a downscale testbench with two modules per arm were presented to evaluate 

the three possible configurations. The results demonstrated that the combination of both 

control strategies can be used to compensate a certain power level with a small circulating 

current when compared with the quadrature voltage compensation. 
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 Conclusions 

The work presented in this PhD dissertation was focused on the description, analysis 

and validation of the three-phase Isolated Multi Modular Converter (IMMC). The IMMC 

combines a cascaded architecture with several modules connected to increase the voltage 

level in its terminals and a parallel connection between two arms to provide a higher power 

rating and flexibility to withstand energy imbalances. 

The converter proposed has been used in PV applications where galvanic isolation is an 

important concern to avoid leakage currents and high floating voltages. Taking the 

advantages of multilevel converters and the requirements of PV systems into consideration, 

the challenges and ideas proposed guided us to develop the configuration described in this 

PhD dissertation. 

An analysis of multilevel converters with galvanic isolation in the dc and ac side was 

first evaluated to propose the IMMC which combines the concept of cascaded converters 

with ac transformers. The advantages of CTMIs and the well-known modular multilevel 

converter gave us the idea to develop the configuration proposed, which satisfies the 

minimum requirements of PV applications in terms of insulation constraints and power 

imbalance operation. As described in Chapter 2, we introduced the operating principle and 
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the design considerations for the single-phase IMMC that combines the dynamic response 

of the current and voltage signals in order to provide a generic and flexible model. 

Afterward, based on a similar approach, we introduced the three-phase configuration in 

matrix form, demonstrating with a simple mathematical analysis the behavior of the 

converter in term of two independent electrical circuits. The fact that two arms are 

connected in parallel might bring about a circulating current inside the converter when a 

power imbalance arises. Considering this condition, the generic model was represented 

based on equivalent models. These components determine the internal dynamics of the 

IMMC, while the energy response defines the proper references to control the power flow. 

Thus, a power analysis based on the dc voltages was also studied. The combination of both 

models covered the first purpose of this dissertation. 

Once we developed the generic model for the single and three-phase IMMC, a control 

architecture to regulate the current and dc voltages was proposed. This control has a 

cascaded configuration with inner loops to control the current signals and outer loops to 

control the dc voltages. This is reflected in the analysis introduced in Chapter 3. 

Additionally, a control strategy based on the traditional cross-over frequency and phase 

margin technique was introduced to determine the optimal parameters in all controllers. 

Through the complementary and load sensitivity functions, we demonstrated satisfactory 

results, providing a stable solution to run the converter under dynamic and steady state 

scenarios. 

The inner controllers regulate the output and circulating currents, while the external 

controllers determine the total energy per arm. This energy contemplates the sum of all 

modules, without differentiate between energy levels of consecutive modules. Even though, 

this is not a realistic case as modules may be connected to individual PV strings with 

different operating points, this control is focused on the total energy response and not in the 

energy imbalance operation inside the arm. Through the current controllers we define the 

general modulation index, representing  the series connection of modules as a single unit.  

In order to work property, it would require a second control unit to restore the dc voltage 

level back to its reference after external conditions trigger imbalance states. The control 

proposed was implemented in a dq synchronous reference frame, so all minimum needs 

such as PI controllers and the PLL were introduced to work successfully under this scenario. 

The performance of the central control was validated through several simulation scenarios. 

However, taking the limitation mentioned into account, three modules per arm were used, 

but working with the same dc voltage and power levels. The results demonstrated that the 
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converter could operate under nominal conditions and power imbalances between arms, but 

not between modules of the same arm. 

During the control design, it became clear that a second control strategy was required to 

allow power imbalances between modules of the same arm. So, each module can control its 

dc voltage and power level individually. The deployment of this second control loop is 

based on the power analysis introduced in Chapter 4, where the power delivered to the grid 

can be analyzed in terms of the output voltage of each module and the current arm. The 

analysis presented demonstrated that the power is affected by two different components: the 

output voltage amplitude and the phase angle between the voltage and current signal, so two 

different approaches could be introduced to withstand power imbalances. In the first 

approach, the control strategy used was aimed at controlling the output voltage amplitude, 

while maintaining a constant phase angle. This strategy called amplitude voltage 

compensation is embedded in each module, so the modulation index provided by the central 

control can be individually adapted based on the power and voltage requirements. We 

demonstrated that during similar conditions, the series connection of modules maintain a 

similar modulation index amplitude. However, as the power imbalance increases, the 

difference between the amplitudes becomes larger. The analysis demonstrated that modules 

with lower power reduces their modulation index, while modules with higher power level 

increases the modulation index. Nevertheless, this control strategy registered a low 

capability to tolerate power imbalances. Therefore, small power differences can be 

tolerated. In order to evaluate the dynamic and steady state operation of this approach, 

simulation and experimental results were conducted, validating the analysis introduced. 

The limitation registered in the amplitude voltage compensation demanded the 

requirement of another approach to operate under larger power imbalances. So, the second 

degree of freedom provided by the power analysis was used. This control strategy called 

quadrature voltage compensation controls the angle difference between the output voltage 

and the current arm through the q component of the circulating current given by the central 

control and the phase angle of the output voltage generated in a local control. Because the 

d component of the modulation index is related to the voltage amplitude, the phase angle is 

given by the compensation in its q component. Through a simple analysis, we demonstrated 

that higher levels of power can be tolerated by either increasing the q component of the 

circulating current or the q component of the modulation index. However, higher levels of 

circulating current may increase the current losses of the converter, while lower current 

levels will demand higher levels of compensation in the modulation index. This last scenario 

could decrease the capability to withstand power imbalances when modules operate close 
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to their overmodulation level. After the analysis conducted, it was proposed to combine 

both control strategies, so each module was able to regulate its power flow through the 

amplitude and phase angle of the output voltage at the same time. The analysis demonstrated 

that by using this approach, higher levels of power compensation can be allowed with small 

levels of circulating current. Through simulation and experimental results, it was 

corroborated the analysis introduced. Demonstrating that modules can operate at different 

power and voltage levels. 

Overall, this dissertation attempted to develop a multilevel converter with galvanic 

isolation which can be used for PV applications. Additionally, in order to achieve different 

operating condition with the capacity to withstand imbalance power levels, a hierarchical 

control architecture was developed and validated through simulation and experimental 

results. While we were able to cover several aspects regarding the operation of the IMMC, 

some points we did not get to approach in this thesis, however, we think that they are 

essential for the real implementation of the complete system. These points are described in 

next section. 

 Future works 

As discussed in previous chapters, the IMMC has a cascaded configuration with 

modules connected through ac transformers. In the literature it was demonstrated that even 

though low frequency transformers are bulky and less efficient that high frequency 

transformers, they can provide positive results. Therefore, as implemented in CTMI 

configurations, the IMMC was proposed based on low frequency transformers. However, 

an important aspect that was completely left out of the scope are the power losses. When 

these transformers are connected to high frequency sources, high losses may arise. This 

problem not only impact on the performance of the converter, but also its reliability. In order 

to solve this issue, it is necessary to analyze emerging manufacturing technologies of 

transformers which are able to operate with higher frequencies. Typical core material of 

classical low frequency transformers is based on grain oriented electrical steel (GOES). 

However, investigations in different materials such as iron alloys have been proposed to 

increase their permeability. This is the case of Metglas 2605SA, which is focused on 

distributed transformers, providing  low core losses and high permeability. Having this 

solution in mind, it may be interesting to evaluate their performance. 

Focusing on the same aspect, it would be interesting to investigate other kind of 

transformers such as medium frequency or multi-winding configurations. In the last one, a 

single core can be used while the series connection of modules is performed through the 
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windings round it. This configuration can reduce the equivalent transformer size along with 

implementation costs. 

One of the features about CTMI configurations, is the possibility to operate with 

asymmetrical voltage levels. In this regard, different numbers of turn ratios can be used in 

the transformers to increases the number of  stepped voltages. As mentioned, a symmetric 

configuration generates 2k + 1 number of levels, however, a binary or ternary geometric 

progression reach up to 2k+1 + 1 or 3k levels respectively. This approach will contribute to 

reduce the base frequency of each module, while maintaining a certain equivalent frequency 

in the output voltage. 

Another aspect that was left out is the effect of communication delays. Because the 

IMMC has a cascaded configuration, a reliable synchronization among all modules and a 

robust communication between the central and local controllers is absolutely necessary. 

Although, it is possible to find high speed communication buses, in order to fulfill this 

requirement, we need to evaluate the effect of communication delays and propose possible 

solutions to compensate them. 

The impact of renewable energies has significantly increased during the last years, the 

lack of inertia in these primary sources may reduce the grid stability, increasing its 

vulnerability under frequency changes. Many studies have been proposed to compensate 

this issue in the past, providing successful results. Because the IMMC is intended to be 

connected to PV applications, it would be interesting to evaluate control strategies such as 

virtual synchronous generators in combination with the control architecture proposed in 

order to provide grid auxiliary services.   
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 Appendix 

A. 

 

6 Laboratory Setup 

 

 

The validation of the IMMC was performed through experimental results. The testbench 

used for executing these analysis is described in this appendix. 

 Laboratory description 

A block diagram of the converter setup and its hardware implementation are illustrated 

in Fig. 6.1 and Fig. 6.2 respectively. The converter has two modules per arm electrically 

connected through low frequency transformers.  Each module is formed by a three-phase 

inverter, an ac filter, a measurement board and a control platform. On the other hand, the 

grid connection is performed through an autotransformer which is used for changing the 

amplitude of the grid voltage. 

The main core of the local control embedded in each module is based on a DSP 

TMS320F28335 from Texas Instruments, which integrates the amplitude and quadrature 

voltage compensation techniques and a protection function for overvoltage and overcurrent 

detection. Similarly, the central control is also based on a DSP TMS320F28335 which 

includes the output and circulating current controllers in addition to the total energy loops. 

To control these signals, the central control measures the three phases of the current arms 

and the three phases of the output voltage. This last one is used to synchronize the converter 

to operate in a synchronous dq reference frame. 
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Fig. 6.1 Block diagram of testbench laboratory setup 

 

Fig. 6.2  Laboratory setup 

The communication between all modules and the central control is performed through a 

Controller Area Network (CAN bus). This is a simple and low cost communication which 

provides a one point of entry to communicate all element, enabling central diagnostic and 

data logging. The data is transmitted in a frame sequentially among all devices with an 
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identification number which provides priorities, so that top priority data gets immediate bus 

access without interruption of other frames. In this case, the highest priority is given by the 

central control, which sends the modulation index, synchronous angle and status signals. 

References and control signals are set in a host computer connected to the central control 

via JTAG. 

In order to emulate the PV characteristic, the dc side of each module is connected to a 

programmable dc source Magna-Power TSD1000-20/36 through a resistor, so they can 

operate between their maximum power level and zero. In order to understand the concept 

behind this, Fig. 6.3 illustrates the connection between one module with the programmable 

dc source. The dc voltage fluctuates between its maximum level 
maxv  and the open circuit 

operation 
ocv . When the dc voltage is 

maxv , the power generated by each module is 1.2 kW. 

However, as the voltage 
,dci kv  increases, the drop voltage in the resistor decreases. This 

reduces the current 
,dci ki  and as a result the power generated.  

 

Fig. 6.3 Electrical representation of the programmable dc source connected to each module. 

Power behavior based on dc voltage regulation 

The power is defined based on the ratio between the voltage difference ,oc dci kv v−  and 

the resistor 
dcR  multiplied by the voltage 

,dci kv  as follows. 

( )
,
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−
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The programmable dc source set the open circuit voltage level 
ocv  at 440V, while the 

maximum voltage is equal to 360V. All parameters of the testbench setup are described in 

Table 6.1. 

  

maxP

,i kP

,dci kv
ocvmaxv

dcR

ocv ,dci kv

,dci ki



136 Laboratory Setup 

 

 

Table 6.1 Parameters of experimental setup 

Parameters Symbol Value 

Grid and converter parameters   

Nominal power TP  4.8 kW 

Nominal power per module MP  1.2 kW 

Grid voltage (rms) gv  320 V 

Grid frequency sf  50 Hz 

Number of modules per arm N  2 

dc-link capacitor smC  4.7 mF 

Switching frequency cf  8.2 kHz 

Inductance filter fL  3 mH 

Capacitor filter fC  5 μF 

Transformer parameters   

Transformer power TS  2 kW 

Nominal voltage TV  400 V 

Transformer ratio tr  1:1 

Total winding inductance TL  8.3 mH 

DC connection   

Voltage in open-circuit operation OCV  440V 

Voltage in maximum power operation MPPV  360V 

Resistor dcR  22.5 Ω 

As mentioned, the series connection of modules is performed through the secondary side 

of transformers, while the primary side is connected to each module. Fig. 6.4 illustrates the 

transformers used in the laboratory setup and Fig. 6.5 shows a representation of their 

electrical connection. The primary side is connected in wye configuration, while the 

secondary side connects each phase in series. Note that the last transformer connects one 

terminal of all phases to a common point n. 

 Fig. 6.4 also illustrates the central control platform connected to the measurement 

board. Each board is equipped with LEM sensors to measure the current arms, while the  

output voltage is measured directly in the control platform. 
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Fig. 6.4 AC transformers and central control platform 

 

Fig. 6.5 Electric diagram of two transformers connected in series 

In Fig. 6.2 each cabinet represents a module, which is formed by one inverter, a 

measurement board and a control platform. Fig. 6.6 illustrates the distribution of all these 

elements inside of the cabinet. The inverter is a 2L-VSC with a gate driver circuit coupled. 

The control signals are sent via fiber optic from the control platform to the gate driver while 

the current and voltage signals are measured in the measurement board and sent to adc 

channels. The electrical representation of one module is shown in Fig. 6.7.  
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Fig. 6.6 Module configuration 

 

Fig. 6.7 Electrical representation of one module 
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Two breakers are connected to the dc and ac side which are commanded by external 

buttons. The ac filter has a LC configuration and is used to mitigate high switching 

components. The local control receives the data via CAN bus and a synchronous signal via 

fiber optic from the central platform. This synchronous signals is used to trigger the PWM 

modulation in each module with a certain phase angle, so the PS-PWM used in cascaded 

configurations is achieved. 

To finalize, a diagram of the control platform implemented in the central and local 

controllers is illustrated in Fig. 6.8.  

 

Fig. 6.8 Configuration of control platform. 
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