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ABSTRACT 

The increase in the penetration levels of distributed generation in the modern power grid and 

its importance in future energy systems have accelerated the interest of developing new power 

electronic interfaces for the energy conversion process. The feasibility of applying the indirect 

matrix converter as the standard power electronic interface for applications with power ratings 

from several kW to few MW is addressed in this dissertation. Special attention is given to those 

applications where space dominates the power electronic requirements. The main motivation for 

using the indirect matrix converter is that eliminates the energy storage component in the way of 

a dc-link capacitor for the energy conversion process. This contributes to reduce size and weight, 

and potentially, increase reliability of the power electronic interface. Two main new contributions 

are presented. First, a new power electronic interface that allows the connection of two ac power 

grids through a medium- or high-voltage dc system is proposed. The new topology contemplates 

the use of two high-voltage dc-link converters based on the modular multilevel converter, two 

indirect matrix converters and two medium-frequency transformers. Second, a new sensorless 

control technique working in the     reference is developed. The controller is used to interface 

a distributed generation unit to the power grid when the indirect matrix converter is used as the 

power electronic interface. The design and performance of the proposed power electronic 

interface is validated through time-domain simulations and a laboratory prototype is built to 

experimentally validate the sensorless controller. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Distributed Generation 

In years past, the ac grid has been dominated by large-scale centralized power plants (e.g., 

fossil1-, hydro- and nuclear-based power plants) often located far from the load consumption 

centers and close to the primary power sources requiring long-distance transmission lines to 

transmit the bulk power. The concept of a central-based bulk generation system is considered cost 

effective and reliable for consumers and utilities; however, the motivation to exploit local 

resources and follow new government policies to reduce high-levels of CO2 emissions (the target 

is to reduce greenhouse gases emissions to 17% of current levels by 2050 [1]) creates the need to 

change this concept. This allows for the introduction of distributed generation (DG), leading to a 

more controllable, robust, secure and sustainable electric power system [2]. 

Contrary to centralized power plants, DG—often called on-site generation with power ratings 

from several kW up to 10 MW [3]—is defined as a cluster of small generation units, located on 

the customer side of the grid to provide power when it is needed. Examples of DG include: 

 Photovoltaic systems2 

 Wind systems2 

 Fuel cells 

 Internal combustion engines 

 Microturbines 

 Energy storage 

                                                           
1 Fossil-based generation includes coal-fired, oil and natural gas. 
2 Large-scale solar and wind farms are usually considered bulk generation. 

Require a fuel source 

Environmental friendly 

Limited energy resource 
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The DG concept emerged from the need of the industrial sector to improve power quality 

indices like voltage distortion index, flicker factor, and imbalance factor [5], [6] by installing 

their own generation units [6]. Its multiple advantages when compared with a central power 

supply (i.e., the utility) led to its adoption in buildings, hospitals, hotels, data centers (DCs) and 

residential areas [7]. 

Distributed generation units have been extensively proposed to be part of future power grids as 

the conventional grid moves to an efficient, reliable and smarter grid [8], [9]. Issues like new 

environmental policies to reduce fossil-fuel dependency and the increase of energy prices force 

utilities to think about new alternatives for generating electricity and encourage consumers to 

make proper use of it. New concepts like microgrids are presented as part of future energy 

systems to overcome the problems associated with centralized grids. Microgrids are defined as 

the smart relationship between a collection of DG units operating in parallel to meet the local 

load demand at voltage levels from a range of 1 kV to 69 kV. Furthermore, microgrids include a 

controller capable of regulating frequency and voltage to allow the operation in both grid-tied and 

islanding modes [10]. Unlike the central power approach, microgrids tend to be more efficient 

and flexible given their reduced size and the shorter distance between the generator and the 

consumption centers, which allows for the integration of multiple DG units [11]. 

Although new large central power plants have technical benefits over smaller systems, several 

advantages make DG units relevant for future electric energy grids [12]: 

Congestion relief: Distributed generation can potentially bring power to local loads during peak 

periods when electricity prices are higher, alleviating the congestion in transmission lines when 

distribution feeders are heavy loaded. It can also help to reduce overall interconnection cost and 
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the requirement for new power plants. Surplus power can be injected to the grid, reducing the 

payback period.  

Diversity: A large variety of fuels can be used by DG units to reduce the dependence on a single 

environmentally harmful source, such as coal. As an example, microturbines using natural gas—

or gas produced by a biodegradation process—as a fuel source are commercially available for 

power ratings from a few kW up to 1 MW [13], [14].  

Economy: Distributed generation units require less initial capital cost when compared to large 

power plants that have long payback periods. Mass production of small power units should 

enable economy of scale to reduce costs.  

Efficiency: Around 7% of the electricity generated by centralized power plants is lost in 

distribution and transmission lines. Reducing distances reduces the losses associated with the 

transportation process.  

Heat production: In addition to electricity, some DG units have the capability to provide heat to 

thermal loads. This heat, a byproduct of the electricity generation process could be beneficial to 

supply space heating and hot water to hospitals, hotels, residential areas, etc., improving overall 

system efficiency. 

Power quality: When placed at a specific location, DG units can potentially provide ancillary 

services to mitigate power quality problems [15], such as the low-voltage profile across long 

feeders or loads connected far from a power distribution substation.  

Reliability: A centralized distribution system is subjected to hazards that could leave thousands 

(or even millions) of customers without electricity for long periods of time. In the case of 
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hurricane Sandy, which hit the East coast area in 2012, affecting the transmission grid, millions 

of residents were left without electricity for days. Distributed generators operating in islanding 

mode, located in buildings or local distribution substations, could have provided support to those 

areas reducing the total time without electricity. For example, natural gas lines are buried so they 

are less prone to suffer damage during severe conditions. 

Upgradability: Distributed generation units are easy to update and increase power ratings by 

connecting several of them in parallel to serve large loads or provide electric power during peak 

demand periods. This reduces the need to build new transmission lines to serve power 

distribution substations. 

Microturbines with power ratings from 15 kW to 1 MW [16] that achieve power densities of 

about 15 kW/m3 [17] have been proposed for many applications because they possess several of 

the previously mentioned advantages when compared with other types of DG units [18], [19]. 

Their capability of generating electricity as well as meeting cooling or heating demands, best 

known as combined cooling heat and power (CCHP), in a small-size unit with low-noise level 

makes them convenient for multiple applications such as the ones previously mentioned as well 

as others with limited space. 

The following example compares the energy requirements of a traditional power supply 

system with a microturbine-based system. Figure 1.1 considers a facility (e.g., building, data 

center, hospital, mall, residential complex, etc. [16]) where the total demanded power, 1.67 pu3, 

could be delivered from a DG unit or from the utility plus another primary source (e.g., natural 

gas), for the furnace to serve the heat throughout the facility. 

                                                           
3 Base values depend on the load power requirements (e.g., a few kW for residential areas up to 

several MW for larger facilities). 
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Fig. 1.1.  A facility with a DG unit having a central control system determining the amount of 

power supplied from the CCHP to increase overall efficiency 

One pu out of the total are used to produce electricity and the remaining 0.67 pu are used to 

produce thermal power. As shown, 3.89 pu of primary fuel (i.e., coal, natural gas, etc.) would be 

required to supply the demand with the conventional centralized concept and a local heat unit 

[20]. With the CCHP system, a cluster of microturbines connected in parallel satisfy the demand 

requiring only 1.85 pu of primary fuel to supply the same load, indicating a significant reduction 

in the primary fuel and improving overall efficiency. 

 

1.2 Power Electronic Interfaces for Distributed Generation Units 

Unlike internal combustion engines that are usually connected directly to the grid, most of the 

previously mentioned DG units require power electronic interfaces (PEIs) to convert the power 

generated to grid levels [21], [22]. As illustrated in Fig. 1.2, PEIs facilitate the interconnection of 

%92

%35
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%60
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0.67 pu (th)
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Power 
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the DG unit at the point of connection with the grid or point of common coupling (PCC). The 

main components of the interface are the power electronics and the output interface, consisting of 

an LC or an LCL filter used to filter out the high-order harmonics resulting from the switching 

process (other schemes may include an isolating transformer). The control unit consists of a 

dedicated algorithm that generates the required gate signals, and serves to synchronize the DG’s 

generated voltages to those of the grid and to regulate the power flow exchange. To this end, 

current and voltage sensors are normally required to extract information from the grid and the DG 

unit. 

There are two main types of three-phase ac-ac converters as illustrated in Fig. 1.3 [23]‒[25]: 

those with an intermediate dc link, which facilitates the connection of an energy storage 

component, and those not requiring one for the ac-ac conversion process. 

 

Fig. 1.2.  PEI schematic for DG units. Two-headed arrows indicate bidirectional power flow 

which is required for some applications [22], [26] 
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Fig. 1.3.  AC-AC converter classification (IMC have other sub-categories that are the result of 

reducing the number of semiconductor devices) 

The “dc-link” branch includes the conventional back-to-back converter in a voltage source 

converter configuration (BBC-VSC), considered the work horse of the motor drive industry, and 

the standard for the ac-ac conversion process with power ratings from a few MW up to hundreds 

of MW. Its technical advantages make it preferable over other types of power converters for 

applications like motor drives and wind turbine-based generation, among others [27]. This 

converter includes the intermediate dc-link stage where a capacitor is used as an energy storage 

component, decoupling the input from the output, and absorbing discontinuities caused by the 

switching process in the ac-dc and dc-ac stages. The dc-link capacitor is, in most applications, of 

the electrolytic type, although film capacitors could be implemented under certain design 

considerations [28]. 

An electrolytic capacitor is a passive component that brings multiple functionalities to the ac-

ac conversion process. Unfortunately due to its constructive characteristics, its volume can be up 

to 50% of the power converter total size [29], and thus it is considered one of the bulkiest and 
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weakest components in power converters. Many manufacturers have evaluated the life time 

expectancy of this component [30]–[34] concluding that its aging process its highly affected by 

operating conditions such as ambient temperature, ripple current and voltage variations [30], [35]. 

It has been demonstrated in [30] that if an electrolytic capacitor operates at temperature ranges 

between 40oC and its maximum operating temperature (85oC~105oC), its life time expectancy is 

reduced by half for each 10oC above 40oC. The operating temperature is calculated using the 

ambient temperature and the temperature rise caused by the power loss due to the ripple current 

[30]. Thus, the BBC failure rate can be reduced by connecting several electrolytic capacitors in 

parallel to reduce the ripple current flowing through each one, but with the penalty of a more 

bulky and heavy converter [36]. Since this is not a feasible solution for application with space 

limitation, the electrolytic capacitor remains responsible for most of the breakdown failures [37], 

with one of the lowest mean times between failures when compared with other components. 

Several studies have evaluated the impact of reducing its size by using a different technology 

(e.g., film capacitors and hybrid capacitors) [38], [39], or eliminating this component in order to 

increase overall system reliability, as in the case of power factor correctors [40], ac-ac converters 

[41], static VAR compensators [42] and microinverters for photovoltaic applications [43]. 

The “no dc-link” branch includes converters, widely known as a matrix converter (MC), not 

involving a large energy storage component in the dc-link. Without a bulky capacitor, the MC 

becomes more attractive as a power converter for applications demanding reliability and 

size/weight savings, such as the aerospace industry or motor drives integrated with the motor 

frame, which is not possible with the conventional BBC [44]. However, some disadvantages 

associated with the absence of the dc capacitor, such as low input/output voltage ratio (limited to 

86%), lack of ride-through capability, and the complexity of the control technique to guarantee 
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proper waveforms and safe operation, have prevented the MC from becoming a standard off-the-

shelf converter for many applications such as motor drives. 

There are two types of MC: conventional matrix converters (CMCs) and indirect matrix 

converters (IMCs). As shown in Fig. 1.4(a), the CMC uses nine bidirectional switches (two 

semiconductors in antiparallel configuration) allowing a direct connection between the input and 

the output. The IMC shown in Fig. 1.4(b), also called the dual-bridge topology [45], separates the 

ac-ac conversion into two stages allowing separate control of the rectifier and the inverter. The 

fact that the IMC has two separate stages allows the IMC to be more flexible and reliable than the 

CMC [46]. 

 

Fig. 1.4.  CMC including snubber circuit for a safe operation (a), and                                        

IMC with reduced snubber requirements (b) 
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Matrix converters have been widely studied for several years and proposed as an alternative to 

the BBC, to connect a fixed/variable-frequency fixed/variable-voltage ac power supply with any 

load requiring fixed/variable-frequency fixed/variable-voltage (e.g., electric motors), without 

using a large component in the dc link. Advantages including unity input/output power factor, 

bidirectional power flow, sinusoidal input current and sinusoidal output voltage [47], [48] make 

this converter attractive for particular applications, especially those where volume and weight 

dominate the PEI requirements. 

 

1.3 Overview of Controllers for Grid-Connected Voltage Source Converters 

Over the last decades several controllers for grid-connected applications have been presented 

in the literature to control the amount of current that DG units can inject into the grid with 

minimum harmonic content [49]–[53]. Most of these controllers follow the same approach, thus 

they can be applied to a wide power range starting from low-power DG units up to wind turbines 

generating several MW. Also, the existing controllers are able to operate the VSC as desired even 

during severe power quality disturbances such as harmonics and grid imbalances [54]–[57]. 

Most of these controllers make use of the information gathered from current and voltage 

sensors located on either side of the converter. In general, two voltage and two current sensors 

are required on the ac side of the filter inductor for a three-wire system, while one voltage sensor 

is placed on the dc link (an extra current sensor in the dc-link may be required for load 

compensation [58]). Even though these sensors are accurate and highly reliable, the conditioning 

circuit for the analog to digital conversion process may be exposed to EMI that creates noise on 

the captured signals [59]. This can lead to a misreading of the sensed variables and false 

triggering of the semiconductor devices in the PEI. 
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To reduce the converter’s cost and potentially increase system reliability, the number of 

elements involved in the ac-ac process could be reduced without affecting the PEI performance. 

Several control schemes have been successfully proposed to diminish the number of voltage 

sensors on the grid side [60]–[63]. The general idea of the proposed schemes is to estimate the 

grid voltages (amplitude, frequency and phase) based on the information coming from the current 

sensors located at the output of the converter. The design parameters allow fast transient 

responses with almost zero steady-state errors and high bandwidths. 

 

1.4 Dissertation Motivation 

The seeking of a more efficient, reliable and sustainable electric power generation, 

transmission, and distribution system has changed the concept of the power grid as it is known 

today. Future energy systems will have high penetration levels of renewables and will be 

dominated by a large number of electrically self-sufficient areas, or the so-called microgrids, 

which will be interconnected together to accomplish a “smart grid”. 

Distributed generation units, interfaced to the grid by a power converter, from a few tens to 

hundreds of kW have been successfully deployed in conventional power grids and will become 

more common in future grids due to the advantages previously mentioned [64]. As an example, 

the existence of buried natural gas pipelines in the commercial, industrial and residential sectors, 

and the interest to generate electricity locally by using small generating units such as natural gas-

based microturbines [65] will increase the demand for compact, efficient and reliable PEIs—

accomplishing the requirements set in [1]—particularly in, but not limited to, residential areas, 

small commercial buildings and urban cores, where space comes at a premium. For the PEI of 

some DG units, manufacturers provide a lifetime expectancy of 20 years with an initial cost of 
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$700 to $1,100 per kW and maintenance intervals between 5,000 and 8,000 hours (limited by the 

life time expectancy of electrolytic capacitors [66]) at a cost of $0.005-$0.016 per kWh [64]. In 

most cases, the dc-link capacitor is the component in the PEI that requires replacement due to its 

reduced lifetime expectancy under rated conditions, accounting for up to 60% of the failures in 

power converters [67].  

In the case renewable energy resources, the growth in the installed capacity of offshore wind 

turbines, operating at a few MW, and the promising scenario for the coming years, [68] has 

pushed the demand for multilevel PEI such as the cascade H-bridge, neutral-point-clamped, 

flying capacitor topologies [69] and most recently the modular multilevel converter (MMC), 

which are commonly used in medium-voltage adjustable-speed drives [70]. These topologies are 

equipped with a series connection of electrolytic capacitors in the dc-link to satisfy voltage level 

ratings. In some cases, balancing resistors are used to equally balance the dc voltage. The heat 

generated due to the resistor losses could be radiated to the electrolytic capacitor [71] reducing 

even more its life expectancy when not properly cooled. 

The need of a compact and reliable PEI, motivates the implementation of converters that do 

not involve energy storage components for the ac-ac process. In the case of the IMC, most of the 

obstacles that keep it away from been an appealing solution in real world applications have been 

solved. In terms of losses, [72] demonstrated than the IMC becomes more efficient than the BBC 

for frequencies above 10 kHz. This is due to the fact that the IMC’s rectifier switches when a null 

voltage vector is applied to the inverter stage. Also, [73] overcame the voltage ratio limitation by 

operating the IMC in the so-called “boost mode”. This is experimentally tested in a 5-kVA SiC-

based IMC prototype used as the PEI to interface a variable-frequency voltage source with the 

power grid. 
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1.5 Dissertation Objectives 

The main objectives of this dissertation are to develop an IMC-based PEI that can become a 

standard PEI for DG units and grid-interconnected applications including those demanding 

higher power ratings. This will be accomplished through the following specific objectives:  

 

 To evaluate if the IMC could be more efficient than the BBC in terms of conduction and 

switching losses for certain operating conditions. 

 To establish if it is viable to reduce controller complexity by not requiring sensing of the grid 

voltages to interface with the grid (and thus eliminating the need for a “grid connecting 

point”).  

 To determine if it is possible to overcome the voltage ratio limitation commonly presented in 

the IMC, without using extra components.  

 To demonstrate if the proposed ideas are feasible by fabricating an IMC prototype based on 

IMC SiC JFETs. 

 To evaluate if the IMC-based PEI could be considered a standard ac-ac PEI for different 

applications where space is a constraint. 

 To evaluate if the earlier-proposed sensorless controller could be extended to other converter 

topologies like a modular multilevel converter terminal. 

 

1.6 Dissertation Organization 

This dissertation is organized as a collection of papers that have been published in IEEE 

Conferences and are in the process of revision for IEEE Transaction publications. The 

dissertation includes the following five main chapters: 
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 The reader is introduced to IMCs in Chapter Two, which suggests its application to interface 

a high-frequency microturbine with critical loads such as date centers (DCs). A comparison 

in terms of conduction and switching losses between the BBC and the IMC is also presented. 

A novel voltage sensorless control scheme to interconnect a DG unit with the power grid 

through an IMC is proposed. The chapter ends with time-domain simulations in the 

Matlab/Simulink™ environment to validate the proposed ideas. 

  A 5-kVA scaled-down SiC-JFET based IMC is developed in Chapter Three to validate 

experimentally the controller proposed in the previous chapter. The power and voltage 

ratings of the scaled-down prototype is based on the power capabilities of the Smart 

Sustainable Electrical Energy Systems (SSEES) laboratory. The prototyped IMC, operating 

in boost mode to overcome the poor voltage ratio limitation typical of IMCs, is used as the 

PEI for a medium-frequency low-voltage VSC and the power grid. Experimental results are 

presented validating the proposed control scheme.  

 The concept of IMCs as a standard power electronic interface for applications with high 

power ratings is extended in Chapter Four. A new PEI involving an IMC, a medium- 

frequency (or high-frequency) transformer, and a MMC, is proposed to interconnect dc-ac 

systems. The PEI’s main operating principles, design equations, and overall control scheme 

are described. Size and efficiency are evaluated for the proposed topology for different 

operating frequencies and compared with the conventional approach. A case study is 

illustrated through time-domain simulations considering different operating conditions to 

demonstrate the validity of the proposed topology. 

 The voltage sensorless controller proposed Chapter One is extended to a MMC terminal in 

Chapter Five. The controller is able to control the active and reactive power flow exchanges 



15 
 

between the MMC and the power grid. Resonant controllers are added to the controller to 

overcome abnormal grid conditions such as imbalances and harmonics. Extensive time-

domain simulations in the Matlab/Simulink™ environment are carried out to validate the 

proposed controller. 

 Finally, a summary of the research work, conclusions, and recommendations for future work 

is provided in Chapter Six. 

 

1.7 Dissertation Contributions 

The main original contributions are: 

 A new ac-ac or dc-ac PEI that can be implemented in different applications, especially in 

those where volume is a constraint. The analysis of the proposed idea includes losses and 

volume of the converter stages [74]. 

 A new controller that does not require sensing the DG output voltages to synchronize it 

with the power grid [72]. The sensorless controller is developed in the 𝑑 − 𝑞 frame and 

validated through experimental results in a 5 kVA SiC-JFET based indirect matrix 

converter [73]. An improved version of the sensorless controller is validated through 

simulations in a 400 MVA MMC terminal [75]. The enhanced version has the capability 

of regulating the active and reactive power flows between the two power sources even 

during abnormal grid conditions. 
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CHAPTER TWO 

AN INDIRECT MATRIX CONVERTER FOR CCHP MICROTURBINES IN 

DATA CENTER POWER SYSTEMS 

A. Escobar, J.C. Balda, C.A. Busada, D. Christal, “An indirect matrix converter for CCHP 

microturbines in data center power systems,” in Proceedings of the 34th IEEE International 

Telecommunications Energy Conference, pp. 1–6, October, 2012. 

 

Abstract 

Data centers (DCs) are considered critical loads that require premium power from utilities to 

ensure reliability at all times. Microturbine (MT) generation systems are becoming important in 

DCs, not only as distributed generation (DG) for supplying electricity, but also for providing 

cooling and heating functions, which is known as combined cooling, heat and power (CCHP) or 

tri-generation. 

This paper considers the use of an indirect matrix converter (IMC) as the power electronic 

interface (PEI) to connect a permanent magnet synchronous generator (PMSG) with the power 

grid in a DC. First, the paper analyzes the semiconductor losses for the IMC and the conventional 

back-to-back converter (BBC) as a function of the switching frequency in order to determine the 

favorable operating conditions for the IMC. It then presents a new control strategy that does not 

require measuring the grid voltages to inject the commanded power into the grid at unity power 

factor. Simulation results of a 15-kVA, 480-Vrms IMC-based MT generation system show the 

effectiveness of the proposed control technique for this particular application. 
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2.1 Introduction 

Data centers are computational centers storing large amounts of information and equipment 

securely. They run efficiently and provide secure access to applications for users such as social 

network enterprises, government, financial institutions, news media, universities, etc. To operate 

without any interruptions, DCs require large amounts of premium power to ensure reliability [1], 

[2]. Thus, most DC installations have backup power generation systems (i.e., on-site generation 

and batteries) to provide redundancy when the main power supply fails. Besides electric power, 

information technology (IT) equipment requires proper cooling to prevent over-heating which 

may lead to early failures. The cooling system operates continuously and represents a major 

power consumer in DCs [3]–[5]. 

Microturbine units are used to drive high-speed PMSG and are becoming more attractive for 

on-site generation, in particular for loads under 5 MW that also require cooling and heating [6]. 

In a CCHP process, the wasted heat, a bi-product of the generating process, is used to produce the 

necessary cooling required by various pieces of equipment to operate safely, and thus, to improve 

system efficiency. MT-generator sets use different types of fuels to generate electricity (e.g., 

natural gas), their power range varies from 15 kW up to 1 MW, and operate at high speeds (e.g., 

50,000~120,000 rpm). High rotational speeds produce high-frequency voltages that require an ac-

ac converter to reduce the generator frequency to the grid frequency [7]. Many reasons are 

influencing the use of CCHP in DCs: efficiency increases, fossil-fuel energy consumption 

reductions, distribution line loading reductions, ability to produce cooling using an absorption 

chiller [6], [8], demand-side management capabilities, and reductions of CO2 emissions into the 

atmosphere by a factor of 2 [9]. Fig. 2.1 shows a typical power distribution system for a DC that 

uses CCHP. 
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Conventionally, a BBC is used as the PEI to connect the high-frequency voltages generated by 

a PMSG driven by the MT with the power grid. The BBC consists of two stages that are 

connected via a dc link having electrolytic capacitors which are well known for their reduced 

lifetime [10], limiting the BBC mean time between failures. These capacitors are bulky, heavy 

and unreliable, so they are considered one of the main failure causes in BBCs [11]. Furthermore, 

grid-connected applications require synchronizing the generator with the grid using a phase-

locked loop (PLL) algorithm sensing the grid voltages [12], [13]. The PLL algorithm produces 

the magnitude, phase and frequency of the grid voltages to synchronize the generator. 

 

Fig. 2.1.  Power distribution system for a DC with CCHP [3], [6] 
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In the last two decades, the IMC has been widely analyzed as adjustable-speed drives for 

motor applications; however, some disadvantages such as the low input/output voltage ratio 

limited to 86%, the complexity of the control techniques to guarantee proper waveforms and safe 

operation, and the lack of ride-through capabilities have kept the IMC from being adopted by 

industry [14]–[19]. Despite these disadvantages, IMC may be an alternative for particular 

applications [18], [19] such as low power, low voltage/fixed frequency ac-to-ac generation where 

it is possible to adjust the output voltage of a generator to meet grid voltage requirements. 

Indirect matrix converters have been proposed as a PEI to connect a variable-speed PMSG with a 

load operating at grid frequency [20]–[22]. The IMC does not have bulky and lifetime-limited dc-

link electrolytic capacitors [14], [18]; thus, the converter life span can be improved while 

facilitating a compact PEI. 

Taking into account the above, the paper presents first an analysis of the semiconductor losses 

in both the IMC and BBC to identify those operating conditions which are more favorable to the 

IMC. The paper then develops a new control strategy for the inverter stage of the IMC that does 

not require sensing the grid voltages to connect the IMC inverter stage with the grid. Instead, the 

IMC output currents, decomposed in the 𝑑 − 𝑞 synchronous frame, are used to calculate the 

inverter output voltages. 

This paper is divided into the following sections: Section 2.2 presents the implementation of 

an IMC as a PEI for a DC, and compares the BBC and the IMC in terms of efficiency. Section 

2.3 provides an introduction to the space vector modulation (SVM) control technique used to 

control the IMC inverter and rectifier. Section 2.4 presents the proposed new control strategy for 

the IMC inverter to regulate the injected currents. Lastly, Section 2.5 analyzes results from 
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simulations to demonstrate the capability of the IMC to connect a high-frequency generating unit 

with the power grid. 

 

2.2 Indirect Matrix Converter as a PEI for DCs 

Figure 2.2 depicts a DG system based on a MT that uses an IMC as a PEI. For simplicity, the 

PMSG is modeled as ideal three-phase voltage sources in series with synchronous inductances, 

and filters are placed at the input and output of the IMC to filter high-order harmonics that 

otherwise could affect the PMSG operation and the power quality delivered to the load. In all 

cases, the total harmonic distortions (THD) for input currents and output voltages should be less 

than 5% [23]. The grid is also modeled as inductors in series with ideal three-phase voltage 

sources. The rectifier is made of IGBTs connected in back-to-back configuration to provide IMC 

bidirectional capability required during start up when the MT operates as a motor drawing power 

from the grid (motor mode). Once the MT speed threshold is reached, the MT injects power back 

into the grid (generator mode). The inverter has the same structure as a conventional inverter 

“brick”. 

 

Fig. 2.2.  IMC interfacing a high-frequency PMSG with the power grid 
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2.2.1 IMC Loss Calculations 

Converter loss calculations are very important to estimate the overall efficiency of the power 

converter, and to help sizing the cooling system required for the application. In general, the total 

semiconductor losses of the converters are calculated as the sum of conduction and switching 

losses. Conduction losses are predominant at low switching frequencies, and switching losses are 

more significant at high frequencies. The conduction losses are caused mainly by the on-state 

resistance and on-state voltage across each switch or diode while conducting. The switching 

losses are due to the commutation process of the semiconductor device depending on the 

switching frequency as well as the turn-on and turn-off energies dissipated by each device [24]. 

As shown in Fig. 2.2, the IMC contains two bridges: the rectifier that is treated as a current 

source bridge (CSB) and the inverter treated as a voltage source bridge (VSB) [25].  

For the rectifier, the conduction losses 𝑃𝑐_𝐶𝑆𝐵 are calculated as: 

 
𝑃𝑐_𝐶𝑆𝐵 =

9

2𝜋
(𝑉𝐶𝐸𝑜 + 𝑉𝐷𝑜)𝑚𝑟𝐼𝑜𝑐𝑜𝑠𝜑𝑜 +

3√3

2𝜋2
(𝑟𝐶𝐸

+ 𝑟𝐷)𝑚𝑟𝐼𝑜
2(1 + 4𝑐𝑜𝑠2𝜑𝑜) 

(2.1) 

where 𝑚𝑟 is the rectifier modulation index, 𝐼𝑜 the peak output current and 𝜑𝑜 the output angular 

displacement. No switching losses are present in this stage since it switches when a zero-voltage 

state is applied to the inverter [26]. 

For the inverter, the switching losses 𝑃𝑠𝑤_𝑉𝑆𝐵 and the conduction losses 𝑃𝑐_𝑉𝑆𝐵 are calculated 

as follows: 

 𝑃𝑠𝑤_𝑉𝑆𝐵 =
27

𝜋2
𝑓𝑠𝑤(𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓 + 𝐸𝑟𝑟)

𝑉𝑖

𝑉𝑑𝑐𝑛𝑜𝑚

𝐼𝑜
𝐼𝑐𝑛𝑜𝑚

𝑐𝑜𝑠𝜑𝑖 (2.2) 
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𝑃𝑐_𝑉𝑆𝐵 = 6 [
(𝑉𝐶𝐸𝑜 + 𝑉𝐷𝑜)𝐼𝑜

2𝜋
+

(𝑉𝐶𝐸𝑜 − 𝑉𝐷𝑜)𝐼𝑜
8

𝑚𝑖𝑐𝑜𝑠𝜑𝑜 +
(𝑟𝐶𝐸 + 𝑟𝐷)𝐼𝑜

2

8

+
(𝑟𝐶𝐸 − 𝑟𝐷)𝐼𝑜

2

3𝜋
𝑚𝑖𝑐𝑜𝑠𝜑𝑜] 

(2.3) 

where 𝑚𝑖 is the inverter modulation index, 𝑉𝑖 the peak input phase voltage, 𝜑𝑖 the input angular 

displacement and 𝑓𝑠𝑤 the switching frequency.  

The methods described in [25]–[27] are used to calculate the losses for the IMC considering 

the discrete IKW40N120H3 IGBTs from Infineon. Table 2.1 lists IGBT and diode parameters. 

Figure 2.3 shows the BBC and IMC efficiencies for switching frequencies up to 40 kHz and 

output currents from 0 A to 30 A. The IMC becomes more efficient for switching frequencies 

higher than 10 kHz; this is mainly caused due to the capability of commutating the IMC rectifier 

during the zero-current periods of the dc link (zero-voltage vector applied to the inverter), which 

reduces rectifier switching losses. 

Table 2.1.  Semiconductor Device Parameters 

Parameter Symbol Nominal value 

IGBT zero-current voltage drop 𝑉𝐶𝐸𝑜 1.05 V 

IGBT on-state resistance 𝑟𝐶𝐸 25 mΩ 

IGBT conduction current under 

nominal conditions 
𝐼𝑐𝑛𝑜𝑚 40 A 

IGBT dc-bus voltage under 

nominal conditions 
𝑉𝑑𝑐𝑛𝑜𝑚 600 V 

IGBT turn-on switching loss 

under nominal conditions 
𝐸𝑜𝑛 3.20 mJ 

IGBT turn-off switching loss 

under nominal conditions 
𝐸𝑜𝑓𝑓 1.20 mJ 

Diode zero-current forward 

voltage drop 
𝑉𝐷𝑜 1.65 V 

Diode on-state forward 

resistance 
𝑟𝐷 22 mΩ 
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Fig. 2.3.  Comparison between BBC and IMC calculated efficiencies based on a 15-kVA 

converter at 480-Vrms output voltage 
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 THD [28]. When the 𝑓𝑠𝑤 changes from 20 kHz to 30 kHz there is a 50% reduction in the value of 

the input inductance 𝐿𝑓𝑖 (assuming 𝐶𝑓𝑖 equals to 50 μF for both cases). Based on this result, the 

switching frequency 𝑓𝑠𝑤 for the proposed PEI using an IMC is selected to be 30 kHz since it is 

beyond the audible noise range and the calculated converter efficiency is above 96%. 
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duty cycles in each stage are synchronized in order to provide safe commutation for the rectifier; 

i.e., rectifier commutates when a null vector is applied to the inverter. 

 

2.3.1 Rectifier Stage 

It is well known that there are 8 possible combinations for the rectifier switches: 6 active or 

non-zero vectors; so the desired IMC input currents can be synthesized by making use of the two 

adjacent active vectors defining any of the SVM six sectors to realize the commanded current 

vector 𝐼𝑖𝑛 [30]. 

Fig. 2.4(a) depicts the current vector 𝐼𝑖𝑛 in sector I. The duty cycles 𝑑𝛼
𝑟 , 𝑑𝛽

𝑟  and 𝑑𝑜
𝑟 that are 

used to synthesize this vector are calculated as follows [29]: 

 𝑑𝛼
𝑟 = 𝑚𝑟 sin(𝜋 3⁄ − 𝜃𝑖𝑛) 

(2.4)  𝑑𝛽
𝑟 = 𝑚𝑟 sin(𝜃𝑖𝑛) 

 𝑑𝑜
𝑟 = 1 − 𝑑𝛼

𝑟 − 𝑑𝛽
𝑟  

where 𝜃𝑖𝑛 is the reference current angle with respect to the considered sector. The IMC input 

currents can be represented as: 

 

[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = [

𝑑𝛼
𝑟 + 𝑑𝛽

𝑟

−𝑑𝛼
𝑟

−𝑑𝛽
𝑟

] 𝐼𝑑𝑐, (2.5) 

and taking into account that 𝜃𝑖𝑛 = (𝜔𝑖𝑡 − 𝜑𝑖 + 𝜋
6⁄ ) yields 

 

[
𝑖𝑎
𝑖𝑏
𝑖𝑐

] = 𝑚𝑟 [

cos(𝜔𝑖𝑡 − 𝜑𝑖)

cos(𝜔𝑖𝑡 − 𝜑𝑖 − 2𝜋
3⁄ )

cos(𝜔𝑖𝑡 − 𝜑𝑖 + 2𝜋
3⁄ )

] 𝐼𝑑𝑐 (2.6) 
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Fig. 2.4.  Rectifier (a) and inverter (b) space vector diagram in sector I [29] 

with 0 ≤ 𝑚𝑟 = 𝐼𝑖𝑛 𝐼𝑑𝑐 ≤ 1⁄  and 𝜔𝑖 the input angular frequency. Thus, the input currents can be 

represented as: 

 

[

𝑖𝑎
𝑖𝑏
𝑖𝑐

] = 𝐼𝑖𝑛 [

cos(𝜔𝑖𝑡 − 𝜑𝑖)

cos(𝜔𝑖𝑡 − 𝜑𝑖 − 2𝜋
3⁄ )

cos(𝜔𝑖𝑡 − 𝜑𝑖 + 2𝜋
3⁄ )

] (2.7) 

 

2.3.2 Inverter Stage 

The inverter stage must always switch in such a manner that provides a path for the current; 

otherwise, the semiconductor devices could be destroyed due to undesired overvoltages [30]. In 

this stage, there are also 6 possible combinations that produce non-zero output voltages and 2 

combinations that produce a zero or null output voltage. Likewise for the rectifier stage, the 

desired output voltage can be determined by using the duty cycles 𝑑𝛼
𝑖 , 𝑑𝛽

𝑖  and 𝑑𝑜
𝑖  in any 

considered sector [29]. 

For sector I, 

 𝑑𝛼
𝑖 = 𝑚𝑖 sin(𝜋 3⁄ − 𝜃𝑜𝑢𝑡) 

(2.8) 
 𝑑𝛽

𝑖 = 𝑚𝑖 sin(𝜃𝑜𝑢𝑡) 

𝑑𝛼
𝑖 𝑉𝛼  

 

𝑑𝛽
𝑖 𝑉𝛽  

 
𝑑
𝛼 𝑣
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 𝑑𝑜
𝑖 = 1 − 𝑑𝛼

𝑖 − 𝑑𝛽
𝑖  

where 𝜃𝑜𝑢𝑡 is the reference voltage angle with respect to this sector. As presented in Fig 2.4(b), 

the line-to-line voltages can be written as follows: 

 

[

𝑣𝐴𝐵

𝑣𝐵𝐶

𝑣𝐶𝐴

] = [

𝑑𝛼
𝑖 + 𝑑𝛽

𝑖

−𝑑𝛼
𝑖

−𝑑𝛽
𝑖

] 𝑉𝑑𝑐,𝑎𝑣𝑒 (2.9) 

For sector I, 𝜃𝑜𝑢𝑡 = (𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
3⁄ ) then,   

 

[

𝑣𝐴𝐵

𝑣𝐵𝐶

𝑣𝐶𝐴

] = 𝑚𝑖

[
 
 
 

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ )

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ − 2𝜋

3⁄ )

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ + 2𝜋

3⁄ )]
 
 
 

𝑉𝑑𝑐,𝑎𝑣𝑒 (2.10) 

with 0 ≤ 𝑚𝑖 = √3𝑉𝑜𝑢𝑡 𝑉𝑑𝑐,𝑎𝑣𝑒 ≤ 1⁄ , 𝑉𝑑𝑐,𝑎𝑣𝑒 the average dc-link voltage [31] and 𝜔𝑜 the output 

angular frequency. Then, the output line-to-line voltages can be represented as: 

 

[

𝑣𝐴𝐵

𝑣𝐵𝐶

𝑣𝐶𝐴

] = √3𝑉𝑜𝑢𝑡

[
 
 
 

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ )

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ − 2𝜋

3⁄ )

cos(𝜔𝑜𝑡 − 𝜑𝑜 + 𝜋
6⁄ + 2𝜋

3⁄ )]
 
 
 

 (2.11) 

 

2.4 Proposed Control Strategy for the IMC 

Applying Kirchhoff’s voltage law to the equivalent per-phase circuit of the three phase 

inverter of the IMC and the grid, the voltages in the 𝑑 − 𝑞 frame can be written as:  

 
𝑝𝑖𝑠

𝑑𝑞
=

1

𝐿𝑠
(𝑣𝑖𝑛𝑣

𝑑𝑞
− 𝑣𝑠

𝑑𝑞
− 𝑗𝜔𝑜𝐿𝑠𝑖𝑠

𝑑𝑞
) (2.12) 

where vectors like 𝑣𝑠
𝑑𝑞 = 𝑣𝑠

𝑑 + 𝑗𝑣𝑠
𝑞
 are constant and rotate at the inverter synchronous speed (i.e., 

the grid frequency) under steady-state conditions. It is observed that the current is dependent on 

the cross-coupling terms 𝜔𝑜𝐿𝑠𝑖𝑠
𝑑 and 𝜔𝑜𝐿𝑠𝑖𝑠

𝑞
. Eliminating this cross-coupling through the control 

algorithm should improve the system response. 
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Conventionally, the voltage oriented control technique (VOC) is used to regulate the active 

and reactive currents injected by the inverter [32], [33]. For this technique, it is required to sense 

the grid voltages to determine the required inverter output voltages. To avoid sensing the grid 

voltages and decoupling the dynamics of the 𝑑 − 𝑞 axes, the following control technique is 

proposed: 

 
𝑣𝑖𝑛𝑣

𝑑𝑞 = −
𝑝𝜏 + 1

𝑝𝐶 + 𝑔
𝑖𝑠
𝑑𝑞 + 𝑗𝜔𝑜𝐿𝑠𝑖𝑠

𝑑𝑞
 (2.13) 

where 𝑝 represents the derivative operator, 𝐶 the forward indirect gain, 𝜏 the forward direct gain, 

and 𝑔 is the conductance gain used to determine the currents injected into the grid at unity 

displacement power factor and resulting from higher-level controller not shown here [34].  

The feed-forward terms 𝑗𝜔𝑜𝐿𝑠𝑖𝑠
𝑑𝑞

 are used to decouple the cross-coupling terms, and thus, to 

improve the dynamic response of the system. Substituting (2.13) into (2.12) yields, 

 
𝑝𝑖𝑠

𝑑𝑞 =
1

𝐿𝑠
(−

𝑝𝜏 + 1

𝑝𝐶 + 𝑔
𝑖𝑠
𝑑𝑞 − 𝑣𝑠

𝑑𝑞), (2.14) 

and, 

 
𝑖𝑠
𝑑𝑞 = −

𝑝𝐶 + 𝑔

𝑝2𝐿𝑠𝐶 + (𝐿𝑠𝑔 + 𝜏)𝑝 + 1
𝑣𝑠

𝑑𝑞
 (2.15) 

If the transfer function in (2.15) is stable, then, under steady-state conditions (𝑝 → 0):  

 𝑖𝑠
𝑑𝑞 = −𝑔𝑣𝑠

𝑑𝑞
 (2.16) 

From (2.16), the currents are in phase with the grid voltages. If the conductance 𝑔 is positive, 

the inverter draws power from the grid; and if negative, the inverter injects power into the grid. 

The schematic of the proposed control strategy is presented in Fig. 2.5. 
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2.5 Simulations Results 

In order to determine the feasibility of the proposed controller, the MT-PMSG system whose 

parameters are listed in Table 2.2 and topology given in Fig. 2.2 was implemented in 

Matlab/Simulink™. For this case, IGBTs are ideal switches, mr is set to 1 to provide the 

maximum IMC voltage transfer ratio, and the PMSG output voltage is set to 640 Vrms to 

overcome a 10% voltage drop in the IMC filters and the 86% IMC voltage ratio limitation. Input 

and output filters are sized in order to get a THD lower than 5% in the input current and the 

output voltage [23], and have cut-off frequencies of 4 kHz and 1 kHz, respectively. The gains τ 

and C, are selected to make the denominator of (2.15) stable. 

 

Fig. 2.5.  Proposed control block diagram for the IMC inverter 
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Table 2.2.  Parameters of the MT-PMSG System 

Parameter Nominal value 

IMC rated power 15 kVA 

Generator line-to-line 

voltage 

640 Vrms 

Generator frequency 400 Hz 

Grid line-to-line voltage 

Grid equivalent impedance 

480±5% Vrms 

𝐿𝑠=3 mH 

Grid frequency 60 Hz 

𝐿𝐶 input filter 
𝐿𝑓𝑖=50 µH, 

𝐶𝑓𝑖=50 µF 

𝐿𝐶 output filter 
𝐿𝑓𝑜=3 mH, 

𝐶𝑓𝑜=5 µF 

Switching frequency 30 kHz 

𝐶 0.0003 𝑠Ω−1 

𝜏 0.002 𝑠 

 

Fig. 2.6 shows the 𝑖𝑑 current variation (red) when the reference current (black) changes while 

𝑖𝑞 (blue) remains relatively unchanged since unity power factor is commanded. It is desired to 

inject 8 Arms at  t = 20 ms (𝑔 =
8

277
= 0.028 Ʊ), and 13 Arms at t = 50 ms (𝑔 =

13

277
=

0.047 Ʊ). The 𝑑-axis current follows the reference which is a (negative) replica of the 

conductance 𝑔. The settling time is under 10 ms with a 23% overshoot for the worst case. By 

changing the forward direct and indirect gains in the stable region, it is possible to decrease the 

settling time. However, this causes larger overshoots in the current. As shown in Fig. 2.7, the 

inverter output line-to line voltages are nearly sinusoidal with a 𝑇𝐻𝐷𝑣 of 3.54%. The 20% 

overshoot in only the voltage between phases a and b at t = 20 ms is a transient caused as the 

controller commands new switching states for the inverter in response to a change in the 

commanded currents; however, this transient does not affect the system stability or 

semiconductor devices. Lastly, Fig. 2.8 shows the three-phase currents injected into the grid with 

a 3.1% 𝑇𝐻𝐷𝑖.   
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Fig. 2.6.  d and q current variations for changes of the reference current 

 

Fig. 2.7.  Inverter output line voltage 
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Fig. 2.8.  Output currents of the IMC 

2.6 Conclusions 

This paper extended the body of knowledge related to using an IMC to connect a high-

frequency MT-PMSG set to the power distribution system of a data center. An analysis of the 

semiconductor device losses showed that the IMC becomes more efficient than the BBC for 

switching frequencies above 10 kHz. This was mainly due to the capability of reducing rectifier 

switching losses by switching the IMC rectifier when the null voltage vector was applied to the 

inverter stage. The IMC high-frequency operation should allow for size reductions of the filter 

components, and thus, size reductions of the PEI required for the MT.  

A new control strategy in the 𝑑 − 𝑞 frame was presented to control the current injected by the 

IMC into the grid without sensing the grid voltages. Simulation results illustrated the feasibility 
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of the control technique to inject the commanded currents without causing any significant or 

adverse overvoltages or overcurrents.  
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CHAPTER THREE 

NEW CONTROL STRATEGY FOR INDIRECT MATRIX CONVERTERS OPERATING 

IN BOOST MODE 

A. Escobar, J.K. Hayes, J.C. Balda, C.A. Busada, “New control strategy for indirect matrix 

converters operating in boost mode,” in Proceedings of the IEEE Energy Conversion Congress 

and Exposition, ECCE 2013, pp. 2715‒2720, September, 2013. 

 

Abstract 

Distributed generation (DG) units will become more common not only in microgrids but also 

conventional power grids due to advantages such as demand-side management capability, the 

potential for electricity generation at low costs, reduced congestion of transmission lines, and 

power quality improvements. Matrix converters (MCs) have been proposed as a power electronic 

interface (PEI) for interconnecting DG units based on microturbines that require efficient and 

reliable ac-ac converters. A novel current control strategy for indirect matrix converters (IMCs) 

used as the PEI for DG units operating at variable frequency is introduced. The proposed 

controller does not require sensing the DG unit output voltages and has the capability of 

regulating the IMC voltage in order to accommodate the commanded active power. The 

effectiveness of the proposed control approach is validated using a 5-kVA SiC-based IMC 

prototype to interface a variable-frequency voltage source with the grid. 

 

3.1 Introduction 

Typically, DG units are connected to the electric grid using voltage source converters (VSCs) 

which must fulfill the requirements set at the point of common coupling by [1]. The conventional 

back-to-back converter (BBC), which has a controlled or uncontrolled rectifier and a VSC-based 
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inverter stage, is the preferred PEI for microturbines, wind turbines or other resources requiring 

ac-ac conversion.  

Over the last few years, MCs have attracted much attention due to their multiple advantages 

as an ac-ac converter when compared with the traditional BBC. Features such as unity input and 

output power factors, bidirectional power flow, sinusoidal input currents and output voltages, and 

lack of bulky and lifetime-limited electrolytic capacitors in the dc link make MCs an appealing 

solution for niche applications [2], [3], especially those requiring volume and weight reductions. 

However, limitations such as a low input-to-output voltage ratio (i.e., limited to 86%), a complex 

commutation sequence, the lack of ride-through capability due to no energy storage components 

in the dc link, and the lack of commercially available bidirectional power semiconductor devices 

have prevented MCs from becoming a standard product in industry (e.g., adjustable-speed drive).  

There are two types of MCs: conventional matrix converters (CMCs) and IMCs [4]. The 

CMC uses nine bidirectional switching positions, realized as two unidirectional switching devices 

in a common-source or common-emitter configuration, to allow a direct connection between the 

input and the output. The IMC, also called the dual-bridge topology [5], called here the dual-

stage topology, separates the ac-ac conversion into rectifier and inverter power stages. This 

allows independent modulation of each stage, overcoming some of the disadvantages of the 

CMC, such as the complex commutation algorithm [2]–[4]. The IMC rectifier stage is composed 

of six bidirectional switching positions, realized using twelve unidirectional devices, for 

applications that require bidirectional power flow capability, such as motor drives or certain 

distributed generators (e.g., microturbines). The inverter stage is a conventional two-level, three-

phase voltage source inverter (VSI) requiring six unidirectional switches. 
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As the input-to-output voltage ratio is a limiting factor for certain applications, several 

methods to increase this ratio have been proposed. Some methods proposed new over-modulation 

strategies that, although did not require more semiconductor devices, increased input filter 

requirements due to higher input current THD [6]. Other approaches presented new topologies 

that added more components either to the input stage of the CMC and IMC [7], or to the virtual 

dc link [8]–[10], increasing overall system losses and making MCs no longer seen as an “all-

silicon” solution.  

Another method is given in reference [11], where a motor drive based on the IMC operating 

under boost mode is proposed. Here, the traditional two-level VSC stage is connected to the input 

three-phase source and the current source converter (CSC) stage is connected to the load. Boost 

mode was also applied to grid-connected DG units [12] and wind turbine systems [13], [14]. 

Under boost operation, the VSC is controlled as an active front-end rectifier where the zero 

voltage vector (ZVV) is applied to the VSC to boost the input voltage (or DG output voltage). 

The CSC is modulated in such a way that the virtual dc-link voltage corresponds to the maximum 

grid line-to-line voltages for the corresponding sector as explained in [15]. Sensors are required at 

the VSC side to synchronize the IMC input voltages with the DG output voltages. 

IMCs have been previously considered as an alternative PEI for grid-connected DG units 

[13]–[19]. The voltage ratio limitation may not be viewed as a disadvantage since it is normally 

possible to increase the DG output voltage to match the grid voltage; for instance, by increasing 

the microturbine speed, though it is not always cost free. Furthermore, electrolytic capacitors, 

which provide ride-through capabilities for motor drives under system perturbations like voltage 

sags, may not be required at this level since the IMC is directly connected to the DG unit. 

However, any change in the power (current) references must be compensated by the energy 
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stored in shaft of the DG unit. In the case of the BBC, the electrolytic capacitor provides short-

time energy required during changes in the power references and decouples the rectifier and 

inverter stages allowing for the implementation of independent controllers.  

Taking into account the above, a new control strategy that does not require sensing the DG 

output voltages for synchronizing an IMC operating in boost mode with the grid is proposed. 

This paper is organized as follows: The system under study is described in section 3.2, the pulse-

width modulation (PWM) techniques used for the IMC rectifier and inverter stages and the 

proposed controller to regulate the grid injected currents is given in section 3.3, the experimental 

results are presented in section 3.4, and lastly, the conclusions of this research are addressed in 

section 3.5. 

 

3.2 IMC-Based DG System Description 

The topology of the system under study is given in Fig. 3.1, where the IMC is used to 

interface a DG unit with the electrical grid. The DG-side converter operates as a bidirectional 

voltage source rectifier (VSR), and the grid-side converter as a bidirectional current source 

inverter (CSI) [12] when bidirectional power flow is required for some applications like starting a 

microturbine. The bidirectional switch in the CSI stage is realized as two unidirectional switching 

devices in a common-emitter or common-collector configuration or other possible arrangements 

[20]. Filters are placed at the input and output of the IMC to adequately remove high-order 

harmonics that otherwise affect the DG unit and the quality of the power delivered to the grid. 

The total harmonic distortions (THD) for input voltages and output currents are kept below 5% 

(see [1]). The voltage source 𝑣𝑠  and the inductor 𝐿𝑠  represent the DG unit back-emf and 

synchronous reactance, respectively.  
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Fig. 3.1.  Configuration of the IMC in boost mode as the PEI for a DG unit 

The filter inductor 𝐿𝑓𝑖 serves two purposes: to interconnect the sinusoidal voltage source to 

the VSR, and to perform the function of the boost inductor to match the source voltage with the 

grid voltage. For the output filter, a parallel capacitor bank and series inductors,  𝐶𝑓𝑜 and 𝐿𝑓𝑜, 

respectively, are used to filter the current high-frequency components. The grid is represented by 

an inductor 𝐿𝑔, which represents the equivalent series impedance of the isolation (distribution) 

transformer, in series with an ideal voltage source 𝑣𝑔. 

 

3.3 Indirect Matrix Converter Control Strategy 

3.3.1 VSR and CSI Modulation 

The control of the IMC rectifier and inverter stages has been extensively investigated [21]. In 

general, space vector modulation (SVM) is implemented in both power stages to produce the 

desired input current and output voltage sinusoidal waveforms at unity power factor [22]–[24].  

The VSR switching sequence must have ZVVs to boost the input voltage (i.e., using the input 

inductance). These vectors are produced in the VSR by turning ON either 𝑆1, 𝑆3 and 𝑆5 or 𝑆2, 𝑆4 

and 𝑆6. Fig. 3.2(a) shows the six active nonzero voltage vectors 𝑉1~𝑉6 and two ZVVs, 𝑉0, 𝑉7 in 
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the VSR. The reference voltage vector 𝑉𝑖𝑛
∗  is synthesized by making use of the two adjacent 

active vectors 𝑉𝛼  and 𝑉𝛽  defining a particular sector. The duty cycles are determined by the 

controller proposed in section 3.4. 

The grid-connected converter consists of a CSI that can typically assume nine allowed 

combinations divided into six active nonzero current vectors 𝐼1~𝐼6 and three null current vectors. 

The CSI modulation keeps the dc-link voltage commutating between the largest and the second 

largest positive line-to-line grid voltages [2]. For this case, none of the ZVVs are used to avoid 

causing a short circuit between the grid phases, which in turn will make the virtual dc-link 

voltage zero [12]. For the active stages, one of the upper (bottom) switches remains ON whereas 

two of the bottom (upper) switches of different phases modulate to achieve the maximum voltage 

in the dc link. All other switches remain OFF.  

As shown in Fig. 3.2(b), the reference IMC output current can be synthesized by making use 

of the two adjacent active vectors, 𝐼𝛼 and 𝐼𝛽, defining any of the six SVM sectors to realize the 

commanded current vector 𝐼𝑜𝑢𝑡
∗ . The CSI commutates when a ZVV is present in the VSR, hence 

zero dc-link current, reducing switching losses.   

 

Fig. 3.2.  VSR (a) and CSI (b) space vector diagrams [12], [25] 
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3.3.2 Proposed Sensorless Controller 

Assuming a very high switching frequency (𝑓𝑠𝑤 ) for control purposes, the VSR can be 

considered as an ideal three-phase voltage source 𝑣𝑉𝑆𝑅  at the source fundamental frequency. 

Then, a per-phase equivalent circuit having 𝑣𝑠 and 𝑣𝑉𝑆𝑅 connected by an inductor 𝐿 = 𝐿𝑠 + 𝐿𝑓𝑖 

could be used to develop the proposed controller. Applying Kirchhoff’s voltage law to this 

circuit, the voltage in the 𝑑 − 𝑞 frame is written in the Laplace domain as follows: 

 [
𝑠𝑖𝑠
𝑑

𝑠𝑖𝑠
𝑞] =
1

𝐿
[
𝑣𝑠
𝑑 − 𝑣𝑉𝑆𝑅

𝑑

𝑣𝑠
𝑞 − 𝑣𝑉𝑆𝑅

𝑞 ] + [
𝜔𝑖𝑖𝑠
𝑞

−𝜔𝑖𝑖𝑠
𝑑
], (3.1) 

where 𝜔𝑖 is the DG unit frequency, and 𝑖𝑠
𝑑𝑞

, 𝑣𝑠
𝑑𝑞

 and 𝑣𝑉𝑆𝑅
𝑑𝑞

 represent the DG unit output current 

and internal or back emf voltage, and the VSR input voltage. The dynamic responses of the axes 

are related through the cross-coupling terms 𝜔𝑖𝑖𝑠
𝑑 and 𝜔𝑖𝑖𝑠

𝑞
. Eliminating these terms through the 

control algorithm will improve the dynamic response of the system. Several techniques have been 

proposed to regulate the active and reactive powers injected by the DG unit [17], [26]. In all of 

the cases, it is required to sense the generated voltages to determine the required VSR input 

voltages. To avoid sensing the DG unit output voltages and decouple the dynamics of the 𝑑 − 𝑞 

axes, the control technique whose schematic is depicted in Fig. 3.3 is proposed to calculate the 

control signals for the VSR [19]: 

 [
𝑣𝑉𝑆𝑅
𝑑

𝑣𝑉𝑆𝑅
𝑞 ] = −

𝐴𝑠 + 1

𝐵𝑠 + 𝑔
[
𝑖𝑠
𝑑

𝑖𝑠
𝑞] + 𝜔𝑖𝐿 [

𝑖𝑠
𝑞

−𝑖𝑠
𝑑
], (3.2) 

where 𝐴  and 𝐵  represent the forward direct gain and the forward indirect gain, respectively, 

and 𝑔 is the conductance gain  to determine the desired current injected into the grid at unity 

displacement power factor. The feed-forward terms 𝜔𝑖𝐿𝑖𝑠
𝑑 and 𝜔𝑖𝐿𝑖𝑠

𝑞
 are introduced to decouple 

the effect of the cross-coupling terms in (3.1). The terms 𝑣𝑉𝑆𝑅
𝑑  and 𝑣𝑉𝑆𝑅

𝑞
 are then used to 

determine the VSR PWM signals. Substituting (3.2) into (3.1) yields: 
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.  

Fig. 3.3.  Proposed control block diagram for the IMC 

 [
𝑖𝑠
𝑑

𝑖𝑠
𝑞] =

𝐵𝑠 + 𝑔

𝐵𝐿𝑠2 + (𝐿𝑔 + 𝐴)𝑠 + 1
[
𝑣𝑠
𝑑

𝑣𝑠
𝑞]. (3.3) 

Under steady-state conditions, 𝑠 → 0, and (3.3) becomes: 

 [
𝑖𝑠
𝑑

𝑖𝑠
𝑞] = 𝑔 [

𝑣𝑠
𝑑

𝑣𝑠
𝑞]. (3.4) 

This indicates that the currents are in phase with the DG unit output voltages. Hence, if the 

conductance 𝑔 is positive, the DG unit injects active power into the grid; and if negative, it draws 

power from the grid.  

The estimated DG unit voltages 𝑣𝑠
𝑑  and 𝑣𝑠

𝑞
 are determined as the output of the integrators 

shown in Fig. 3.3 These estimated voltages and the measured current are used to calculate the 

injected active power.  
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The analysis of the characteristic equation in (3.3) determines the performance of the 

proposed controller. For this second order equation, the stability is guaranteed when (𝐿𝑔 + 𝐴) >

0 and 𝐵 > 0. The gain 𝐴 is selected in such a way that (3.3) remains stable when 𝑔 changes 

between the maximum and minimum values, which are functions of the converter rated values. 

From (3.4), the conductance 𝑔 is equal to the ratio between the maximum current provided by the 

DG unit and the DG unit line-to-line voltage in the steady state. For positive values of 𝑔, power 

flows from the DG unit to the grid, thus 𝐴 is determined as −𝐿𝑔 < 𝐴. If negative then 𝐿𝑔 < 𝐴. 

The gain 𝐵 is chosen in such a way that 𝐵 > (𝐿𝑔 + 𝐴)2 4𝐿⁄ . 

 

3.4 Experimental Results 

The proposed controller is experimentally validated with a 5-kVA SiC-based IMC prototype 

composed of eighteen discrete SiC-JFETs (1200V/30A, 𝑇𝑗 = 125
𝑜𝐶) from SemiSouth; twelve 

for the CSI and six for the VSR. Discrete SiC Schottky diodes (1200V/17A, 𝑇𝑗 = 125
𝑜𝐶) from 

CREE are used in both converter stages. One bidirectional position (e.g., 𝑆𝑝𝐴) consists of two 

JFETs and two diodes in a common-source configuration. The prototype schematic and overall 

test setup is presented in Fig. 3.4. The VSR is connected through the 𝐿𝑓𝑖 inductor to a three-phase 

5-kVA Si-based inverter used to mimic the behavior of a microturbine operating at a fundamental 

output frequency of 100 Hz. The CSI is connected to the 60-Hz grid through the LC filter,  𝐿𝑓𝑜 

and 𝐶𝑓𝑜. Both input and output filters are designed to achieve a THD of lower than 5% in the 

input voltage and the output current, and have cut-off frequencies of 1 kHz and 4 kHz, 

respectively. A step-up transformer with equivalent series impedance 𝐿𝑔  is used to provide 

galvanic isolation between the IMC and the grid.  
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The closed-loop control of the IMC system is implemented using a TMS320F28335 DSP 

from Texas Instruments that has a 150-MHz system clock, ADC inputs and PWM outputs for the 

IMC control. In accordance with the proposed control algorithm, the input current 𝑖𝑠 is sensed 

using LEM current transducers and signal-conditioned via a DSP-based control board to interface 

with the DSP to generate the appropriate PWM signals at 𝑓𝑠𝑤. The parameters of the system are 

listed in Table 3.1. 

 

Fig. 3.4.  Overall control scheme 

Table 3.1.  System parameters 

Parameter Nominal Value 

𝐿 = 𝐿𝑠 + 𝐿𝑓𝑖 1.5 mH 

𝐶𝑓𝑜 10 µF 

𝐿𝑓𝑜 70 µH 

𝐿𝑔 0.9 mH 

𝑓𝑠𝑤 30 kHz 

𝑖𝑠,𝑚𝑎𝑥 20 Arms 

𝑣𝑠 50 Vrms 

𝐴 -0.1 mH℧ 

𝐵 9.6 μH℧2 
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The gain 𝐴  is calculated with the rated values of the DG unit, whereas the gain 𝐵  is 

determined by the step response of (3.3) illustrated in Fig. 3.5. The gain 𝐵 is selected in such a 

way that the current does not exceed 20% of the rated current of the system when the DG unit 

output voltage 𝑣𝑠 is equal to its peak value. This assures the safety of the power semiconductors 

when the converter locks onto the grid. 

The voltage across the 𝐿𝑓𝑖 inductor is the difference between the DG unit output voltage and 

the VSR voltage. In addition, the 𝐿𝑓𝑖  inductor has the same function as the inductor in a 

conventional boost converter; therefore, it plays an important role in the performance of the IMC. 

The maximum inductor size required to boost the voltage is [27]: 

 
𝐿 <
√𝑉𝑑𝑐
2

3 −
(|𝑣𝑠|)2

𝜔𝑖𝑖𝑠
𝑑  

(3.5) 

where 𝑉𝑑𝑐 is the average value of the dc-link voltage, which is equal to 3𝑉𝑚 2⁄  [15], 𝑉𝑚 is the 

peak of the desired IMC output voltage, and |𝑣𝑠| is the peak output voltage of the DG unit. The 

maximum inductor size for the selected test conditions is 2.2 mH. 

 

Fig. 3.5.  Step response of (3.3) used to determine B 
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A high inductor value causes a small ripple in the current; whereas a low inductor value 

makes the IMC more controllable, increasing the dynamic response of the system. This ripple 

current causes the inductor to charge and discharge energy periodically. Thus, the ZVV is used in 

the VSR in the same manner as in a boost controlled rectifier. The 𝐿𝑓𝑖 inductor stores energy 

during the ZVV states (current increases), and releases energy during the active switching states. 

However, there are tradeoffs between the ripple current and inductor value as illustrated in Fig. 

3.6, which presents the relationship between the input current THD and the inductance for 

switching frequencies from 10 kHz to 40 kHz, calculated through simulations. Thus, a  𝐿 =

1.5 mH value below the calculated maximum inductance is chosen to maintain the current THD 

under 5%. 

The experimental results are presented in Fig. 3.7 and Fig. 3.8. As illustrated in Fig. 3.7, the 

output line-to-line voltage of the generator is set to 50 Vrms at a frequency of 100 Hz. It is 

desired to boost the generator voltage by 50% and to inject 2 Arms into the grid, which 

corresponds to a generator current 𝑖𝑠 of 3 Arms (𝑔 =
3

28.875
= 0.1℧). 

The variable-frequency DG unit is synchronized to the grid as follows. First, the grid-side 

breaker is closed. If the voltage drop across the output filter inductor is negligible, the voltage 

across the capacitor corresponds to the primary side of the step-up transformer. The voltage 

sensors at the output of the CSI sense the grid voltage for control purposes to obtain the virtual 

dc-link voltage. 
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Fig. 3.6.  Input current THD as a function of Lfi  

From Fig. 3.7, the grid voltage is set, through the transformer, to 75 Vrms. The virtual dc-link 

voltage waveform has six envelopes per fundamental cycle of the grid voltage, corresponding to 

the control of the CSI, and has a peak magnitude equal to that of the grid voltage. The generator-

side breaker is then closed. The transient of the generator current when the breaker is initially 

closed allows the proposed controller to lock on to the generator voltage. Since 𝑔 = 0, no current 

will flow, and the generator voltage and VSR input voltage will be equal. When 𝑔 is set to 0.1℧ 

as explained above, the VSR input voltage is boosted to the grid level as shown in Fig. 3.7. The 

generator current is 3 Arms and the injected grid current is 2 Arms; refer to Fig. 3.8.  
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.  

Fig. 3.7.  Generator output voltage (top), VSR input voltage and virtual dc-link voltage (middle), 

grid voltage (bottom) - Voltage scale is 100 V per division with a time scale of    5 ms per 

division 

 

Fig. 3.8.  Generator output current (top), injected grid current (bottom). The current scale is 5 A 

per division with a time scale of 5 ms per division 
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3.5 Conclusions 

Indirect matrix converters have several merits that warrant consideration as the power 

electronic interface for variable-frequency distributed generation units. A novel current control 

strategy for IMCs operating under the boost mode was proposed. This strategy did not require 

sensing the DG output voltage to synchronize with the power grid. Under steady-state conditions, 

the currents of the DG unit are in phase with the grid voltages, thus injecting (or drawing) the 

commanded active power. A method was illustrated to properly select the controller gains and 

thus guarantee the system stability. Experimental results were presented to validate the proposed 

current control strategy. One advantage for this sensorless controller is that it can be used as a 

back-up control strategy in the case of DG unit output voltage sensor failure. In future works, the 

proposed controller will be tested under different grid conditions such as voltage variations and 

voltage harmonic content. 
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CHAPTER FOUR 

NEW POWER ELECTRONIC INTERFACE COMBINING DC TRANSMISSION, A 

MEDIUM-FREQUENCY BUS AND AN AC-AC CONVERTER TO INTEGRATE DEEP-

SEA FACILITIES WITH THE AC GRID 

A. Escobar, Yusi Liu, J.C. Balda, K. George, “New power electronic interface combining dc 

transmission, a medium-frequency bus and an ac-ac converter to integrate deep-sea facilities with 

the ac grid,” in Proceedings of the IEEE Energy Conversion Congress and Exposition, ECCE 

2014, pp. 4335‒4344, September, 2014. 

 

Abstract  

A new bidirectional dc-ac power electronic interface (PEI) consisting of a dc link, an HVdc 

terminal based on modular multilevel converters (MMCs), medium-frequency transformers (MF-

XFMRs) – higher frequencies are also possible – and ac-ac converters is proposed for 

interconnecting two ac systems, or dc and ac systems. The advantages of each component make 

the proposed topology convenient for applications that require compactness, flexibility, and 

reliability. For example, integration of offshore and onshore wind farms with the power grid, ac 

and/or dc grids interconnections, and supplying power to conventional and future deep-sea oil 

and gas facilities. The PEI main overall topology, operating principles and design equations are 

described. Size and efficiency are evaluated for the proposed topology for different operating 

frequencies and compared with the conventional approach. A case study of a deep-sea electric 

power system (DEPS) is illustrated through time-domain simulations for different operating 

conditions to demonstrate the feasibility of the proposed ideas. 
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4.1 Introduction 

The concept of direct-current electric power transmission at any voltage but particularly at 

high and medium voltages (HVdc and MVdc) has become standard for transmitting power 

between two points across distances above 600 km without technical limitations [1]. Advantages, 

such as a reduced number of conductors, lack of series/parallel capacitors for reactive 

compensation, lower capital cost due to simpler tower structure for overhead lines, less right-of-

way requirements, and flexibility make the two-terminal HVdc transmission approach more 

attractive than conventional ac transmission, especially to integrate remote renewable energy 

resources with the grid [2], [3]. Conventionally, there are two widely used HVdc terminal 

topologies: thyristor-based line commutated converters (LCCs) and IGBT-based voltage source 

converters (VSCs). The LCC topology has a higher degree of maturity and has been operating for 

decades with high efficiency and reliability. However, due to its nature, operation requires 

reactive power support, a strong ac grid for current commutation and harmonic filters which in 

turn represent a large footprint area when compared with the VSC topology [4]. These limitations 

plus the dependency on an ac grid for its correct operation (lack of black-start operation) make 

VSC topology preferable for offshore facilities. Within the VSC HVdc, the MMC generally using 

a half-bridge in each sub-module (SM), is the preferable solution due to its multiple advantages 

when compared to the other VSC topologies [5]. Regardless of the type of VSC-HVdc terminal, a 

fundamental-frequency transformer matches the grid voltage to the MMC’s ac port keeping a 

large modulation index, provides galvanic isolation [6], [7], prevents the dc voltage from passing 

to the ac side, and avoids the flow of zero-sequence current components into the MMC-based 

terminal under unbalanced grid conditions [8], [9]. 
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In the past few decades, the use of high-frequency transformers (HF-XFMRs) and MF-

XFMRs in the so-called power electronic transformer (PET) or solid-state transformer (SST) 

topology have been reported to replace bulky fundamental-frequency transformers for traction 

[10] and utility-scale [11] applications. Advantages such as volume and weight reduction make 

the MF- and HF-XFMR more attractive for particular applications [12], [13]. However, the PET 

or SST reliability, due to the higher number of components and costs, are still open concerns that 

need to be evaluated.  

Matrix converters are ac-ac converters which do not involve energy storage components in the 

dc link. This characteristic is considered advantageous in applications where space, reliability and 

weight are major concerns. They have been successfully implemented in low-power applications 

such as aircrafts [14] and motor drives; and in high-power applications such as wind power 

generation [15] and large motor drives [16]. 

Considering the benefits of the three above mentioned power converters, a new dc-ac PEI 

suitable for interfacing two ac systems through an HVdc link, or dc and ac systems, is proposed 

as illustrated in Fig. 4.1. The proposed topology contemplates the use of two HVdc terminals 

(based on the VSC-MMC), two ac-ac converters and two MF- or HF-XFMRs.  

 
Fig. 4.1.  Proposed dc-ac PEI connecting two ac systems with  

fundamental frequency of 50/60 Hz 

MF 
XFMR

MCMMC MMCGRID A
MF 

XFMRMC GRID B
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The indirect matrix converter (IMC) is selected for implementing the functions of the ac-ac 

converter but other ac-ac converter topologies can be used (e.g., back-to-back converter or 

conventional matrix converter). At the sending-end, the IMC is used to increase the “ac grid A” 

fundamental frequency to medium frequencies (e.g., < 1 kHz). The IMC output supplies the 

primary side of a MF-XFMR which steps-up the voltage to the required transmission levels. 

Then, the MMC-based terminal is used as an ac-dc converter. At the receiving-end, this topology 

is used in reverse in order to connect with the “ac grid B”. The transformer (with ∆ connection at 

the MMC side) helps to provide galvanic insolation and to eliminate zero-sequence components 

that could flow to the MMC terminal under unbalanced grid conditions.  

The potential advantages of the proposed PEI are: 

 Fewer passive components: The MMC current and voltage ac-side waveforms are nearly 

sinusoidal, which means that filters at the MF-XFMR side are not required. The IMC 

eliminates the use of the bulky electrolytic capacitor and produces nearly sinusoidal currents. 

 Volume and weight reductions: The increase of the transformer fundamental frequency (𝑓1) 

allows for the reduction of passive components leading to compact and lightweight designs. 

Components such as the MF-XFMR and the capacitor in each SM of the MMC, are potentially 

reduced in volume since their size is inversely proportional to the frequency of the connected 

ac system [17].     

 Fault current blocking capabilities: For half-bridge based MMCs, the IMC in the sending-end 

and the receiving-end may operate as a solid-state circuit breaker controlling and/or 

interrupting the flow of fault currents. The PEI controller shuts down the converter to block 

the fault currents and thus avoids failure of the power semiconductor devices. In the case of a 

Si IGBT-based IMC, 3.3kV devices can withstand 2~4 times the nominal current for 5-10 us 
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[18]–[21], whereas lower voltage IGBTs can withstand 4~10 times the nominal current during 

the same time [22]. 

 Bidirectional power-flow capability: Both, the IMC and the MMC topologies allow for 

currents flowing in either direction. 

The remainder of the paper is organized as follows: Each stage (IMC, MF-XMFR and MMC) 

of the PEI is described in detail in section 4.2. The application for the proposed topology is 

illustrated in section 4.3. A complete analysis in terms of size and losses is presented in sections 

4.4 and 4.5, respectively. Time-domain simulations of a DEPS case study are presented in section 

4.6. Lastly, conclusions are addressed in section 4.7. 

 

4.2 Proposed Topology Overview 

The proposed dc-ac topology is illustrated in Fig. 4.2 where it is assumed that the current 

flows from the dc side to the ac side. The main components are described below. 

 

4.2.1 Modular Multilevel Converter Stage 

The use of MMCs for HVdc transmission interconnections is gaining popularity due to the 

features it possesses when compared with traditional VSC topologies [23], [24]. First, the arm 

currents are never interrupted avoiding undesirable overvoltages that may cause SM power 

semiconductors failure. Second, the inductance of each arm can be increased limiting the ac 

current rise rate in case of faults. Third, a nearly sinusoidal output waveform with low harmonic 

content is possible by stacking modules. Lastly, the semiconductors in each module can be 

switched at low frequency (𝑓𝑠𝑤_𝑀𝑀𝐶 ≅ 5𝑓1) which in turn represents less stress and switching 

loss when compared with other similar converters [25]. 
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Fig. 4.2.  Proposed PEI components (IMC rectifier and inverter stages are interleaved to reduce 

parasitics, and the IMC input and output filters are not shown) 

4.2.2 Medium-Frequency Transformer Stage 

The fundamental-frequency transformer is usually considered one of the most efficient, 

reliable and employed components for different stages of power systems. It is also considered one 

of the heaviest and bulkiest components requiring large areas in power substations and extra 

structure in the case offshore platforms. Variables like the selection of the core magnetic 

material, type of conductor and winding arrangement, thermal management to evacuate the heat 

associated with copper and core losses, and insulation requirements, need to be evaluated when 

designing power transformers. It is desired to operate the transformer at high flux density 𝐵𝑚𝑎𝑥 

without exceeding the material saturation flux density 𝐵𝑠𝑎𝑡. However, an inappropriate 𝐵𝑚𝑎𝑥 

could lead into large transformer core loss 𝑃𝑓𝑒.  
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Several hard-magnetic materials like silicon-steel are considered the preferable solution for the 

low-frequency range (<1 kHz) and power ratings from a few Watts to thousands of Megawatts 

because it provides high saturation flux density and relatively low core loss. The attention paid to 

soft-magnetic materials such as amorphous, ferrite and nanocrystalline for high-, medium- and 

low-power applications has increased with the development of fast semiconductor devices, new 

manufacturing process and the interest in new applications demanding small footprints and high 

efficiencies. A comparison between soft and hard magnetic material in terms of flux density, core 

loss among others properties is listed in Table 4.1. As indicated, silicon-steel presents a high 

saturation flux density but has high core loss at high frequencies, whereas nanocrystalline soft-

magnetic material presents superior performance to ferrite materials for high-frequency 

applications, which means that it is promising for applications demanding low volume and high 

efficiency. Yet, cost and the lack of standard off-the-shelf cores suitable for large transformers 

are limitations that delay nanocrystalline as a commercial product for medium- and high-power 

applications [11]. Ferrite cores present the lowest saturation flux density among different 

materials, however it is not suggested for high-power applications (more than 50 kVA) because 

the material is brittle. Among materials, amorphous has the potential for applications demanding 

small footprints and relatively high efficiencies since it exhibits good flux densities and low core 

losses. Also, its price is nearly comparable to silicon and it is commercially available in different 

shapes that are commonly used in the realization of medium- and high-power transformers. 

Despite advantages and disadvantages of each magnetic material, the core selection is not a 

simple task and demands the knowledge of variables such as cost, efficiency and transformer 

ratings.  
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Table 4.1.  Comparison between different magnetic materials [26], [27] 

Parameter 
Silicon-

steel 
Nanocrystalline Ferrite Amorphous 

𝐵𝑠𝑎𝑡 [T] <2 <1.4 <0.6 <1.5 

Core loss [W/kg] 

@20 kHz/0.2T 
>100 <8.0 <18 ≈35 

Permeability [Gs/Oe] 

@ 20kHz 
16,000 20,000 2,000 

10,000-

150,000 

Resistivity 

[μΩ·cm] 

Ribbon 48 80 - - 

Cut 

Core 
- 130 106 130 

Density [g/cm3] ≈7.7 ≈7.2 ≈5 ≈7.18 

Curie Temperature 

[oC]  
745 600 210 399 

Cost [$/kg] 41 

Namglass 210 

91 51 

Vitroperm 

500F 
218 

Nanoperm 288 

Finemet 

(FT-3m) 
310 

 

4.2.3 AC-AC Converter Stage 

Matrix converters have been extensively investigated as ac-ac power converter for different 

applications [28]. The main advantage is that the bulky and life-time limited electronic capacitor 

commonly used as energy storage component in, for instance, back-to-back converters is not 

required for the ac-ac conversion process. The electrolytic capacitor serves mainly two purposes: 

decouples the input and output stages for controlling purposes, and provides short-term energy 

storage in case either side demands it, for instance, during a voltage sag or transient. Despite 

these advantages, capacitors are considered one the weakest components in power converters 

because their lifetime gets reduced with operation hours, particularly at high temperatures. There 

are two types of MCs: Conventional matrix converters (CMCs) and indirect matrix converters 

(IMCs). The CMC facilitates the direct connection between the input and output by using nine 

bidirectional switches, whereas the IMC uses two stages for the ac-ac conversion which reduces 



76 
 

the clamp circuit required for overvoltage protection of the semiconductor devices and facilitates 

independent modulation of the inverter and rectifier stages. The proposed dc-ac PEI uses the IMC 

since it has more advantages over CMCs, however, the operating principle of the proposed PEI 

topology can be extended to the CMC case or any other ac-ac converter. 

 

4.3 Proposed Topology for Subsea Power Systems 

This section considers a subsea power system as an application of the proposed PEI. Offshore 

facilities, such as oil and gas platforms (also known as rigs), are increasing in production as the 

industry continues to explore for new deep-sea fields. These facilities operating at water depths of 

300 meters to 3,000 meters are responsible for the extraction of 40% of the world’s oil and gas 

[29], and require large amounts of power to drive on-site equipment such as pumps and 

compressors that are used to extract (from subsea wellheads and reservoirs) and export the 

hydrocarbons to oil tankers or nearby floating production, storage, and offloading (FPSO) vessels 

[30]. The pumps and compressors are driven by electric motors that are equipped with adjustable-

speed drives (ASDs) capable of regulating motors’ speed and torque [31]. To satisfy the energy 

demand, on-board power generation (e.g., gas turbines and internal combustion engine machines 

running in parallel reaching efficiencies from 20 to 40 %) is typically used as the main source of 

electricity to power equipment on the platform. In other cases, HVac and HVdc transmission 

lines from offshore wind farms and onshore power grids are proposed to provide power to these 

facilities [32], [33]. Unfortunately, the converter size and weight increase the platform area and 

complexity. 

In recent years, the oil and gas industry has shown interest in developing production facilities 

on the seabed [34] due to its multiple advantages compared to conventional exploration floating 
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platforms that bring power for equipment located on the seabed close to subsea production 

centers. Remote wellheads will be collected together to a main station and then to the shore 

through subsea power cables and umbilicals designed to withstand high pressures and last the 

lifetime of the subsea facility [29]. Lower operating costs and risks, due to a reduction of harsh 

weather conditions commonly present in platforms and FPSOs [35], are some of the main 

advantages of these production facilities that will be located hundreds of miles from the shore and 

will require a deep-sea electric power system for its operation. Performance, redundancy and 

reliability will be essential to ensure continuous operation at all times since repair and preventive 

maintenance for subsea facilities will be costly and challenging. Typical inland substation 

schemes such as double bus-double breaker, breaker-and-a-half and others [36] will be desirable 

in future deep-sea substations (DSS) to increase flexibility and reliability indices. Furthermore, 

special housings and heavy-seals will be required to keep power equipment such as step-up/down 

transformers, protective devices (e.g., circuit breakers, reclosers, switchgears, etc.), and power 

converters safe from corrosion, high pressure, and humidity.  

Different topologies have been proposed to supply electric power to these deep-sea production 

facilities. Reference [37] proposed a MF ac link, [38] used a fundamental-frequency HVac link, 

and [39] presented a topology using an MVdc transmission link to bring power to the deep-sea 

substation.  

Considering the requirements for future DSSs and the need to power them up from either 

inland power substations or offshore wind farms [40], one possible scenario for the novel PEI 

presented in Fig. 4.1, is to deliver power from either inland power substations or offshore wind 

farms [40] to DSSs for future offshore oil and gas subsea facilities as illustrated in Fig. 4.3.  
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At the inland power substation, the IMC is selected to increase the ac grid fundamental 

frequency to medium frequencies (e.g., < 1 kHz). The IMC output supplies the primary side of a 

MF-XFMR which steps-up the voltage to the required transmission levels (for low-power 

applications, a high-frequency transformer could be used). Then, the MMC-based HVdc terminal 

is used as the ac-dc converter. At the receiving-end, this topology is used in reverse order to 

provide power to the deep-sea equipment. 

 

Fig. 4.3.  Proposed PEI applicable to subsea facilities 
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As illustrated, the proposed DEPS is based on an HVdc link having terminals based on a 

voltage source converter (VSC), MF-XFMRs and MCs. The power from a land base power 

substation is transmitted to the DSS via a high-voltage or medium-voltage dc-link depending on 

the power rating levels. At the DSS, a VSC based on the MMC concept is used to convert the dc 

voltage into ac medium-frequency sinusoidal voltages. Then, MF-XFMRs are used to step-down 

the voltage to distribution levels required by the facility equipment. The nominal rating and 

number of MF-XFMRs depends on the power requirements of the DSS which is associated with 

the number of subsea compression modules (SCM) and other loads working at fixed frequency. 

The MF-XFMRs can be connected in parallel to increase the reliability of the system without 

affecting the short-current rating at the DSS location. At the MF-XFMR low-voltage side, a MC 

is used to reduce the fundamental medium-frequency to variable frequencies or a fixed frequency 

according to the requirements of the extraction equipment in the subsea well. Each SCM 

normally comprises a high-speed electric motor driven by a centrifugal compressor [41] which is 

used to enhance the well production by boosting the reservoir pressure. 

 

4.4 Passive Components Size Evaluation 

4.4.1 MMC Capacitor and Arm Inductor Ratings 

As illustrated in Fig. 4.2, each MMC terminal has one leg per-phase (two arms per-leg) and a 

series connection of SMs to satisfy dc-link voltage level. The number of SMs (𝑁) per-arm is 

function of the voltage across the dc link and the voltage rating of the power semiconductor 

devices in each SM. The SM capacitor serves two purposes: maintain the voltage across each SM 

constant and provide ride-through capabilities in case of transient events from either side. A 

voltage balancing technique is required to ensure that the voltage across each capacitor is 
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maintained close to +
1

𝑁
𝑉𝑑𝑐. Each SM comprises of capacitors as energy storage component, two 

power semiconductor devices (e.g., Si IGBTs) and other auxiliary components.  

The required capacitor in each SM is given by [42]: 

 𝐶𝑆𝑀 =
∆𝑊𝑆𝑀

2𝜀�̅�𝑆𝑀
2             [𝐹] (4.1) 

where 𝜀 is the capacitor maximum allowable voltage ripple, and �̅�𝑆𝑀 is the average voltage across 

each SM. The energy variation per SM, ∆𝑊𝑆𝑀, is expressed as [42]–[44]: 

 ∆𝑊𝑆𝑀 =
2

3𝑘𝜔𝑜 cos 𝜑
(

𝑃𝑑𝑐

𝑁
) [1 − (

𝑘 cos 𝜑

2
)

2

]

3
2

 (4.2.a) 

 𝑘 = 2
�̂�𝑢1

𝑉𝑑𝑐
, (4.2.b) 

where 𝑃𝑑𝑐 is the converter total power transfer from the dc-ac MMC (𝑉𝑑𝑐𝐼𝑑𝑐), 𝜔𝑜 is the angular 

frequency of the fundamental component of the ac output voltages, 𝜑 is the phase shift between 

voltage and line current, and 𝑘 is defined as the amplitude modulation index which is twice the 

ratio between each arm fundamental peak line-to-neutral ac output voltage (�̂�𝑢1) and the voltage 

in the dc link (𝑉𝑑𝑐) [45]. From (4.2.a) and (4.1), it is possible to establish that the capacitor 

nominal value is inversely proportional to the fundamental frequency of the ac output voltages; 

thus, the increase of the MMC fundamental frequency leas to its size reduction.  

The required SM capacitance when the frequency varies between 60 Hz and 1 kHz is shown in 

Fig. 4.4. As illustrated, there is a drastic change in the capacitor size by increasing the 

fundamental frequency and changing the rated voltage of the semiconductor devices. In the case 

of a 3.3 kV SM, the capacitance is reduced by a factor of four when the fundamental frequency of 

the output voltages varies from 60 Hz to 250 Hz. This indicates that there is an advantage in 

terms of the MMC terminal as the fundamental frequency increases.  
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Fig. 4.4.  Capacitor size comparison as function of the fundamental frequency 
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model. The complexity in the design increases when the excitation waveform is not sinusoidal as 

in the case of dc-dc converters. This is not the case for a MMC terminal since the output voltage 

waveform is nearly sinusoidal. Furthermore, losses due to parasitic and winding capacitances are 

not a problem since the frequency is too low to contemplate these effects. 

Increasing the transformer fundamental frequency leads to a reduction in the core size which 

in turn will potentially reduce transformer cost when the same material for the core is considered 

for different frequencies. However, other considerations must be evaluated since transformer’s 

design is not a straightforward task, mainly due to the number of variables involved and their 

non-linear dependency. The volume of the core 𝑉𝑐 and the windings 𝑉𝑤 for a power transformer 

can be calculated as function of the area product 𝐴𝑝 as indicated in [47]: 

 
𝑉𝑐 = 𝑘𝑐𝐴𝑝

3
4⁄
 (4.3.a) 

 
𝑉𝑤 = 𝑘𝑤𝐴𝑝

3
4⁄

, (4.3.b) 

where 𝑘𝑐 and 𝑘𝑤 are constants that depend on the transformer characteristics [47] and 𝐴𝑝 is 

calculated as function of the transformer total power rating ∑ 𝑉𝐴 as: 

 

𝐴𝑝 = (
√2 ∑ 𝑉𝐴

𝐾𝑣𝑓1𝐵𝑜𝑘𝑓𝐾𝑡√𝑘𝑢∆𝑇
)

8
7⁄

, (4.4) 

where 𝐾𝑣 is the waveform factor (i.e., 4 for sinusoidal excitation), 𝑘𝑓 is the core stacking factor, 

𝑘𝑢 the window utilization factor and ∆𝑇 the temperature rise. The optimum flux density for a 

particular frequency is given by [47]: 

 

𝐵𝑜 =
(ℎ𝑐𝑘𝑎∆𝑇)

2
3

√4
3

(𝜌𝑤𝑘𝑤𝑘𝑢)
1

12(𝑘𝑐𝐾𝑐𝑓1
𝛼)

7
12

(
𝐾𝑣𝑓1𝑘𝑓𝑘𝑢

∑ 𝑉𝐴
)

1
6

 (4.5) 

where ℎ𝑐 is the coefficient of heat transfer, 𝜌𝑤 the resistivity of the conductor and the 

coefficients 𝐾𝑐, and 𝛼 are obtained by full-fitting the core loss curve in the material datasheet 
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provided by manufacturers. As indicated in (4.4), the 𝐴𝑝 is reduced by increasing the transformer 

fundamental frequency 𝑓1, however, this can lead into a reduction of 𝐵𝑜 as shown in (4.5). The 

potential transformer size reduction for different operating conditions is illustrated in Fig. 4.5. 

For the comparison, each transformer is carefully sized to not exceed both the maximum 

magnetic flux density and the Curie temperature for each core material. Other components such 

as tanks, fans, and insulators are not included in the analysis, but they can potentially increase the 

size of the transformer by a factor of three [48]. 

 

Fig. 4.5.  Transformer volume for different fundamental frequencies 
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4.5 Topology Loss Analysis 

4.5.1 MF Transformer Losses 

In order to evaluate the transformer core loss per unit of volume or weight (i.e., depending on 

the information provided by manufacturers), the Steinmentz equation (4.6) is commonly used: 

 𝑃𝑓𝑒 = 𝐾𝑐𝑓1
𝛼𝐵𝑚𝑎𝑥

𝛽
, (4.6) 

where  𝑓1 is the excitation fundamental frequency, and the coefficient 𝛽 is obtained by full-fitting 

the core loss curve in the material datasheet provided by manufacturers. Equation (4.6) assumes 

pure sinusoidal voltage excitation at the transformer input. For other waveforms, like the square 

waveform in the SST case, the use of the modified Steinmentz equation becomes necessary to get 

an approximation of the core loss [49]. Such a case is not considered here since the excitation of 

the transformer is a sinusoidal with a fundamental frequency lower than 1 kHz. 

 

4.5.2 IMC Conduction and Switching Losses 

The IMC conduction losses in the rectifier stage are calculated as [50]: 

 𝑃𝑐_𝐶𝑆𝐵 =
9

2𝜋
(𝑉𝐶𝐸𝑜 + 𝑉𝐷𝑜)𝑚𝑟𝐼𝑜𝑐𝑜𝑠𝜑𝑜 +

3√3

2𝜋2
(𝑟𝐶𝐸 + 𝑟𝐷)𝑚𝑟𝐼𝑜

2(1 + 4𝑐𝑜𝑠2𝜑𝑜) (4.7) 

where 𝑚𝑟 is the rectifier modulation index, 𝐼𝑜 the peak of the output current and 𝜑𝑜 the output 

angular displacement. The switching losses are not considered in this stage since the rectifier 

commutates when a zero-voltage state vector is applied to the inverter stage [51]. 

The conduction and switching losses of the inverter stage are calculated as [50]: 

 

𝑃𝑐_𝑉𝑆𝐵 = 6 [
(𝑉𝐶𝐸𝑜 + 𝑉𝐷𝑜)𝐼𝑜

2𝜋
+

(𝑉𝐶𝐸𝑜 − 𝑉𝐷𝑜)𝐼𝑜

8
𝑚𝑖𝑐𝑜𝑠𝜑𝑜 +

(𝑟𝐶𝐸 + 𝑟𝐷)𝐼𝑜
2

8

+
(𝑟𝐶𝐸 − 𝑟𝐷)𝐼𝑜

2

3𝜋
𝑚𝑖𝑐𝑜𝑠𝜑𝑜] 

(4.8.a) 

 𝑃𝑠𝑤_𝑉𝑆𝐵 =
27

𝜋2
𝑓𝑠𝑤_𝐼𝑀𝐶(𝐸𝑜𝑛 + 𝐸𝑜𝑓𝑓 + 𝐸𝑟𝑟)

𝑉𝑖

𝑉𝑑𝑐𝑛𝑜𝑚

𝐼𝑜

𝐼𝑐𝑛𝑜𝑚
𝑐𝑜𝑠𝜑𝑖 (4.8.b) 
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where 𝑚𝑖 is the inverter modulation index, 𝑉𝑖 the peak input phase voltage, 𝜑𝑖 the input angular 

displacement and 𝑓𝑠𝑤_𝐼𝑀𝐶 the IMC switching frequency.  

 

4.5.3 MMC Switching Losses 

One of the advantages of MMCs is their low switching loss when compared with 2-level and 

3-level VSC HVdc topologies. Their modular characteristic allows low harmonic content at low 

switching frequency; however, there is a trade-off between harmonic content, number of SM and 

switching frequency. The method suggested in [46] is applied to calculate the MMC conduction 

and switching losses. The switching frequency is set to be five times the fundamental frequency 

for each case (e.g., 𝑓𝑠𝑤𝑀𝑀𝐶
= 300 Hz for 𝑓1 = 60 Hz). If the equivalent MMC arm inductor is 

kept as 0.15 pu, then the MMC modulation index remains constant for all different fundamental 

case calculations. Therefore, each IGBT’s turn-on and turn-off intervals with regards to its 

fundamental period are the same for different fundamental frequencies. With this consideration, 

the switching losses are proportional to the fundamental frequency whereas the conduction losses 

are the same.  

 

4.6 Proposed PEI Topology Case Study 

Many factors influence the power rating and the voltage level of the HVdc link used to bring 

power to the DSS. In general, there is not a standard dc voltage level to transmit power using an 

HVdc link, however, issues like type of conductors, insulation requirements, and the application, 

are considered for their selection. 

For offshore platforms, sensitive equipment like circuit breakers, dc-ac converters, switch 

gears and transformers, are usually located on a platform where they are kept dry. The cable to 
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connect the offshore substation with the one on the shore is the only component located under the 

water. Its manufacturing process is very mature and uses materials with polymeric insulation 

designed to withstand high pressures and mechanical stress allowing the submarine transmission 

to reach up to ±450 kVdc to deliver power up to 1 GW [52], [53].  

Nowadays, transformers for subsea applications (<20 MVA, 132/22.5 kV) have been deployed 

in waters reaching 3 km deep for oil and gas production applications [54]. They have the same 

characteristics as conventional oil-filled transformers with the only difference of especial 

enclosures designed to operate under high-pressure, keeping internal component insulated from 

the external conditions.  

In order to present the feasibility of the proposed topology, the three-phase system illustrated 

in Fig. 4.2 is extensively simulated in the time-domain environment using Matlab/Simulink™. 

The parameters for the whole system are listed in Table 4.2. Four different fundamental 

frequencies for the converter are evaluated for the loss and volume analysis. Due to the voltage 

and power ratings requirements for motor drives in the oil and gas industry [55], the system is 

designed to bring power to a 5 MW 4.16 kV IMC-based motor drive operating at 50% full-load. 

The transmission dc-link voltage is assumed as ±20 kVdc, thus the output line-to-line voltage of 

the MMC (with 𝑁 = 8) is 22 kVac. 

The MMC SM capacitor and arm inductor and the global efficiency for the proposed PEI 

when the fundamental frequency at the output of the MMC changes from 60 Hz to 1000 HZ are 

listed in Tables 4.3 and 4.4, respectively. The conduction and switching losses for the IMC and 

the MMC are evaluated using a third generation 6.5 kV IGBT. As presented the total losses in the 
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MMC terminal at 250 Hz is almost 3.3 times the losses at 60 Hz, and the system efficiency is 

reduced from 93.52% to 90.42%.  

Table 4.2.  General parameters for the case study 

MODULAR MULTILEVEL CONVERTER 

Power rating (S) 5 MVA 

DC link voltage (𝑉𝑑𝑐) ±20 kV 

Number of SM per-arm 8 

Arm reactance (𝐿𝑎 = 𝐿𝑏 = 𝐿𝑐) 0.2 pu 

Amplitude modulation index 0.91 

Power Semiconductor Device 

5SNA 0600G650100 ABB 

VCE=6.5kV, IC=600 A @ Tc=85oC 

Eon=3.8 J, Eoff=1.95 J  

@ VCC=3600V, IC=600A 

STEP-DOWN TRANSFORMER 

Power Rating 3x2 MVA 

Voltage ratio (𝑎) 25/5 kV 

Total leakage inductance  0.05 pu 

Core material Amorphous 

INDIRECT MATRIX CONVERTER 

Power Semiconductor Device 

(two per-switching position) 
5SNA 0600G650100 ABB 

Table 4.3.  MMC Capacitor and inductor size reduction 

Parameter @ 60 Hz @ 250 Hz @ 500 Hz @ 750 Hz @ 1000 Hz 

SM Capacitor [mF] 0.1954 0.0469 0.0234 0.0156 0.0117 

Arm Inductor [mH] 28 6.72 3.36 2.24 1.68 

Table 4.1.  Estimated global efficiency for the PEI 

Stage loss [kW] @ 60 Hz @ 250 Hz @ 500 Hz @ 750 Hz @ 1000 Hz 

MMC (@𝑓𝑠𝑤_𝑀𝑀𝐶 = 3𝑓1) 29.63 100 192.87 285.74 378.37 

MF-XMFR  217.20 330 405 441 474 

IMC (@𝑓𝑠𝑤_𝐼𝑀𝐶 = 4 kHz) 99.70 99.70 99.70 99.70 99.70 

Total 346.53 529.70 697.57 826.44 952.07 

System Efficiency (%) 93.52 90.42 87.76 85.82 84.00 
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The system’s steady-state operation when the MMC operates at a fundamental frequency of 

250 Hz is depicted in Fig. 4.6. As shown, the MMC output voltage is stepped down to 4.16±10% 

kV to feed the IMC as shown in Fig. 4.6 (bottom left). The IMC’s switching frequency is set to 4 

kHz and the time step for the simulations is 1 us. For the IMC operating as an ASD at the above 

mentioned power conditions, the currents at the input and the output of the MF-XFMR are shown 

in Fig. 4.6 (top right) and (bottom right), respectively. 

 

 

 

 

Fig. 4.6.  MMC output line-to-line voltages (a) at 10 kV/div and output currents (b) at 20 A/div. 

MF-XFMR output voltages (c) at 2 kV/div and output currents (d) at 200 A/div. All figures with 

a time scale of 1ms per division 
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4.7 Conclusions 

A new PEI suitable for the interconnection of two ac systems or dc and ac systems was 

introduced. The topology combined a MMC, a MF-XMFR and an IMC. The fundamental 

frequency of MMC ac output can be increased to allow for reductions of the passive component 

sizes; however, semiconductor devices losses in this stage set the upper limit of the operating 

fundamental frequency. A case study of a deep-sea facility for an oil or gas field demonstrated 

the proposed ideas. 

The analysis of the case study showed that operating the MMC at a fundamental frequency of 

250 Hz enabled a 75% reduction in the required capacitance per module, which in turns, it should 

allow for a significant reduction in the total system footprint. The penalty was a 3% reduction in 

the efficiency at the system level.  

The main challenges for deep-sea facilities are the cost and design of the enclosures that can 

withstand the high pressures and keep sensitive equipment isolated from the water. The cost 

associated with maintenance due to the limited availability of components will be high, thus the 

proposed PEI brings the possibility of keeping down the initial cost since allows for volume 

savings and reduction in passive components. 
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CHAPTER FIVE 

A SENSORLESS GRID SYNCHRONIZATION METHOD FOR MODULAR 

MULTILEVEL CONVERTERS IN HVDC SYSTEMS 

A. Escobar, J.K. Hayes, J.C. Balda, C.A. Busada, “A sensorless grid synchronization method for 

modular multilevel converters in HVdc systems,” submitted to IEEE Transaction on Industry 

Applications, in review. 

 

Abstract 

The modular multilevel converter (MMC) topology is currently preferred for high-voltage 

direct current (HVdc) power applications since it has many advantages over other comparable 

multilevel topologies for power ratings under 1 GW. A new control technique not requiring grid 

sensors for synchronizing a MMC-based HVdc terminal with the grid is proposed in this paper. 

The sensorless technique is implemented in the rotating 𝑑 − 𝑞  synchronous frame to 

independently regulate the active and reactive power flow exchange. Resonant controllers are 

used to ensure proper performance of the current controller under abnormal grid conditions such 

as small fundamental frequency variations and temporary voltage unbalances caused by ac faults. 

Results from extensive time-domain simulations using an 8-level, 400-MW, ±200-kV MMC 

terminal demonstrate the operation of the proposed controller under balanced and unbalanced 

situations. 

 

5.1 Introduction 

High- and medium-voltage direct current (HVdc and MVdc) electric power transmission have 

become more common for transmitting power over long distances [1]. Advantages such as lower 

conduction losses, lower capital costs, flexibility, smaller right of way requirements, and smaller 
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footprint area, among others [2], [3], make HVdc more attractive than conventional ac 

transmission systems, especially to integrate renewable energy resources (e.g., off-shore wind 

farms) [4], [5] with the transmission grid or to interconnect two ac grids [6]–[8].  

Among the many types of voltage source converters (VSCs), modular multilevel converter 

(MMC), using a half-bridge in each sub-module (SM), presents multiple advantages when 

compared to the other VSC topologies [9]. The concept of MMCs, first introduced in [10] and 

[11], is becoming more attractive in different HVdc projects based on VSC-HVdc [12]–[14]. 

Features such as modularity, simple structure, low switching losses and less harmonic content in 

the output voltages (i.e., minimum filter size to meet IEEE standard 519-1992 total harmonic 

distortion requirements) [15]–[17] make MMCs suitable for high- and medium-voltage 

applications rated less than 1 GW [18]. The general topology of a MMC-based terminal 

connected to the grid through a ∆/Y step-down transformer is illustrated in Fig. 5.1. The half-

bridge configuration is implemented here because it is widely used due to its increased efficiency 

and simplicity when compared with other SM topologies [12]. 

The control methods and modulation techniques proposed to connect VSCs with the grid 

[19], accomplishing zero steady-state error at the fundamental frequency, can be extended to 

regulate the power flow in ac-dc and dc-ac MMCs [20], [21] as in the case of the well-known 

vector control approach in the 𝑑 − 𝑞 synchronous frame [22], [23]. This controller requires a 

minimum of five sensors (four on the ac side for voltages and currents and one for the dc link) 

and a synchronization algorithm or phase-locked loop (PLL), which extracts the amplitude, phase 

angle and/or the frequency of the grid voltage fundamental component in order to accomplish the 

𝑑 − 𝑞 transformation. The ac-side sensors are usually placed at the output of the converter filter, 

which is located at a distance that depends on the physical characteristics of the MMC terminal. 
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Avoiding the use of these sensors will potentially contribute to the improvement of the reliability 

of the MMC terminal by reducing the amount of components that can potentially fail [24].  

Different sensorless schemes have been proposed for VSC to estimate the grid voltages under 

grid balanced operation [25], [26], however, during unbalanced conditions, the performance of a 

sensorless controller will deteriorate and the proportional-integral (PI) controller commonly 

implemented to track the current reference is unable to achieve zero steady-state error.  

 

Fig. 5.1.  HVdc terminal based on the MMC concept. Thyristors within the SM are used for 

bypassing the SM in case switch failure 
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Several publications have evaluated the performance of MMC-based HVdc terminals under 

balanced and unbalanced grid conditions. In [27], a mathematical model for the back-to-back (ac-

dc and dc-ac) MMC-based HVdc system is presented along with the proposed control strategy for 

balanced and unbalanced grid operating conditions. In [28] a proportional-resonant controller is 

proposed in the stationary frame to limit the impact of grid unbalances into the MMC. Reference 

[29] tackles the second-order harmonic issue in the dc current and voltage by implementing a 

voltage ripple controller. In all cases, it is required to sense the grid currents and voltages in order 

to fully control the MMC terminal as well as a dedicated controller to reduce circulating currents 

due to the distorted nature of the arm voltages [20], [30].  

In the case of three-phase VSCs, reduced order generalized integrators (ROGIs)-based current 

controllers have been proposed to control the power transfer during normal and abnormal grid 

conditions [31], [32]. This ROGI eliminates only a particular frequency of positive or negative 

sequence in the rotating 𝑑 − 𝑞 frame with better performance and less computational effort than 

the second order generalized integrator (SOGI) [33]. The use of resonant controllers in the 

rotating 𝑑 − 𝑞 frame allows for the injection of harmonic-free currents into the grid, improving 

the performance of the converter during unbalanced grid conditions. 

A current control scheme for MMC-based transmission systems that eliminates the need for 

voltage sensors on the grid side is proposed in this paper. The proposed controller allows for 

independent control of the active and reactive powers injected into the grid by properly 

controlling the output voltages of the VSC-based MMC terminal. In conjunction with the 

proposed controller, standard integrators in a rotating frame and resonant controllers in a 

stationary frame facilitate the elimination of unwanted components that are caused by unbalanced 

voltages. 
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The remainder of the paper is organized as follows: the traditional current control technique 

for the inverter terminal of an HVdc link, including the equations modeling the controller, is 

briefly described in Section 5.2. The proposed sensorless controller for controlling the active and 

reactive powers injected into the grid during balanced and unbalanced conditions is presented in 

Section 5.3. The functionality of the proposed control technique is demonstrated under different 

conditions in Section 5.4 using Matlab/Simulink™ simulations. Finally, conclusions are given in 

Section 5.5. 

 

5.2 MMC AC-Side Current Control Conventional Approach 

Traditionally voltage oriented control (VOC) in the rotating 𝑑 − 𝑞 reference frame has been 

used as a current controller for grid-connected converters [22], [23], [27]–[35]. For MMC-based 

HVdc systems, this control technique can also be applied to regulate the active and reactive 

power flows [27], [36]. To this end, a MMC terminal with an infinite number of levels is 

assumed, leading to sinusoidal current and sinusoidal voltage waveforms at the ac side. As a 

result, the MMC terminal presented in Fig. 5.1 can be replaced by an ideal three-phase voltage 

source whose amplitude and phase can be determined by an appropriate controller. Then, an 

equivalent per-phase circuit having two voltage sources connected by the transformer equivalent 

impedance (𝑅𝑡 and 𝜔𝑜𝐿𝑡 referred to the MMC side) can be used for control purposes. Applying 

Kirchhoff’s voltage law to this equivalent circuit of the HVdc terminal and grid combination at 

the MMC side, the voltages in the 𝑑𝑞 frame are written in the Laplace domain with zero initial 

conditions as follows: 

 
𝑠𝑖𝑢
𝑑𝑞 =
1

𝐿𝑡
(𝑣𝑀𝑀𝐶
𝑑𝑞 − 𝑣𝑔

𝑑𝑞 − 𝑅𝑡𝑖𝑢
𝑑𝑞 − 𝑗𝜔𝑜𝐿𝑖𝑢

𝑑𝑞), (5.1) 
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where s is the Laplace operator, ωo is the grid fundamental frequency and vectors like 𝑣𝑀𝑀𝐶
𝑑𝑞
=

𝑣𝑀𝑀𝐶
𝑑 + 𝑗𝑣𝑀𝑀𝐶

𝑞
 are constant and rotate at the MMC synchronous speed under steady-state 

conditions (i.e., 50/60 Hz). The inductance 𝐿𝑡 represents the nominal value of the transformer 

leakage inductance. The cross-coupling term 𝜔𝑜𝐿𝑡𝑖𝑢
𝑑𝑞

 shows the dependency between axes and 

thus it is desirable to remove it in order to improve the system dynamic response. The term 𝑣𝑔
𝑑𝑞

 

represents the equivalent grid voltages referred to the MMC side. To this end, and assuming 

that 𝑅𝑡 ≈ 0, the control law for the MMC is written as [23]: 

 
𝑣𝑀𝑀𝐶
𝑑𝑞 = (𝐾𝑝 +

𝐾𝑖
𝑠
) (𝑖𝑢
∗𝑑𝑞 − 𝑖𝑢

𝑑𝑞) + 𝑣𝑔
𝑑𝑞 ++𝑗𝜔𝑜𝐿𝑡𝑖𝑔

𝑑𝑞 . (5.2) 

The analysis of the MMC terminal operation during unbalanced conditions requires the 

decomposition of (5.1) into positive, negative and zero sequences (𝑖𝑢
+𝑑𝑞

, 𝑖𝑢
−𝑑𝑞

,𝑖𝑢
0). In the case of 

asymmetric faults on the grid side, the current controller (5.2) is not fully effective in a 

transformerless configuration since the zero-sequence component can circulate into the dc side 

causing power fluctuations [28] and only the positive and negative components can be effectively 

controlled [36]. For a three-wire system (i.e., Y/∆ transformer connection with the ∆-connection 

on the MMC side), the zero-sequence circuit is excluded from the analysis due to the absence of a 

fourth wire. As shown in (5.2), the control action requires sensing the grid currents, frequency 

and voltages, as well as having good knowledge of the transformer equivalent inductance 𝐿𝑡.  

Once  𝑣𝑀𝑀𝐶
𝑑  and 𝑣𝑀𝑀𝐶

𝑞
 are calculated, they are transformed into the abc natural reference 

frame using the inverse Park’s transformation to determine the appropriate gate signals for each 

SM. From Fig. 5.1, the grid current for phase 𝑢 is calculated as: 

 𝑖𝑢(𝑡) = 𝑖𝑢1(𝑡) − 𝑖𝑢2(𝑡), (5.3) 
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where 𝑖𝑢1 and 𝑖𝑢2 are the MMC upper- and lower-arm currents, respectively, which are sensed as 

part of the capacitor balancing technique [23]. Since current sensors are part of the converter in 

each leg, there is no need to implement extra current sensors to measure the grid current. 

 

5.3 Proposed Sensorless Control Technique 

5.3.1 Balanced Operating Conditions 

From (5.2), the desired MMC output voltages  𝑣𝑀𝑀𝐶
𝑑𝑞

 are determined by sensing the grid 

voltages in the 𝑎𝑏𝑐 natural reference frame and making use of the Park’s transformation to obtain 

the equivalent grid voltages 𝑣𝑔
𝑑𝑞

 in the rotating 𝑑 − 𝑞 reference frame referred to the MMC side. 

In a MMC terminal, this signal is usually obtained from voltage sensors located at the 

transformer secondary side (grid side) [25]. In order to avoid sensing the grid voltages, the 

control technique, whose schematic is illustrated in Fig. 5.2, is proposed to calculate the control 

signals for the MMC as [37]: 

 
𝑣𝑀𝑀𝐶
𝑑𝑞 = −

𝐴𝑠 + 1

𝐵𝑠 + 𝑔𝑑𝑞
𝑖𝑢
𝑑𝑞 + 𝑗𝜔𝑜𝐿𝑡𝑖𝑢

𝑑𝑞 , (5.4) 

where 𝐴  and 𝐵 , ∈  ℝ , are defined as the forward direct gain and the forward indirect gain, 

respectively, and 𝑔𝑑𝑞 = 𝑔𝑑 + 𝑗𝑔𝑞 ,  𝑔 ∈  ℝ, is the conductance vector, whose components are 

used to determine the active and reactive power exchanges between the grid and the MMC 

terminal. To decouple the effect of the cross-coupling term in (5.1), and thus, to improve the 

system dynamic response, the feed-forward term 𝜔𝑜𝐿𝑡𝑖𝑢
𝑑𝑞

 is introduced. The vector 𝑖𝑢
𝑑𝑞

 

represents the sensed grid currents (or calculated using 𝑖𝑢1  and  𝑖𝑢2 ) in the rotating 𝑑 − 𝑞 

reference frame. Substituting (5.4) into (5.1) and assuming that the transformer resistance is 

negligible, 𝑅𝑡 ≈ 0, yields:  
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𝑖𝑢
𝑑𝑞 = −

𝐵𝑠 + 𝑔𝑑𝑞

𝐿𝑡𝐵𝑠2 + 𝑠[𝐴 + 𝐿𝑡𝑔𝑑𝑞] + 1
𝑣𝑔
𝑑𝑞 . (5.5) 

If the transfer function in (5.5) is stable, then, under steady-state conditions (𝑠 → 0): 

 𝑖𝑢
𝑑𝑞 = −𝑔𝑑𝑞𝑣𝑔

𝑑𝑞 , (5.6) 

which is rewritten as follows: 

 {
𝑖𝑢
𝑑 = −𝑔𝑑𝑣𝑔

𝑑 + 𝑔𝑞𝑣𝑔
𝑞

𝑖𝑢
𝑞 = −𝑔𝑑𝑣𝑔

𝑞 − 𝑔𝑞𝑣𝑔
𝑑 .

 (5.7) 

 

 

 

Fig. 5.2.  Proposed control block diagram in the d axis (a) and q axis (b) 
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From (5.7), the proposed controller in (5.4) allows the injection of currents that are 

proportional to the grid voltages in the rotating 𝑑 − 𝑞 reference frame. Different cases can be 

considered depending on the magnitude and sign of the conductance vector. If  𝑔𝑞 = 0 , the 

injected grid currents are in phase with the grid voltages (unity power factor). If the conductance 

𝑔𝑑 is positive, the active power flows from the grid to the MMC terminal; if negative, the active 

power flow is reversed. When 𝑔𝑞 ≠ 0, the MMC output currents are no longer in phase with the 

grid voltages, allowing for reactive power flow exchange with the sign of 𝑔𝑞  determining 

whether it is lagging or leading. 

From the control schematic illustrated in Fig. 5.2, the output of the integrators in (a) and (b) 

are calculated as: 

 𝑥1 = −
𝑖𝑢
𝑑(𝐵𝑠 + 𝑔𝑑) + 𝑖𝑢

𝑞𝑔𝑞

(𝐵𝑠 + 𝑔𝑑)2 + (𝑔𝑞)2
        𝑎𝑛𝑑      𝑥2 = −

𝑖𝑢
𝑞(𝐵𝑠 + 𝑔𝑑) − 𝑖𝑢

𝑑𝑔𝑞

(𝐵𝑠 + 𝑔𝑑)2 + (𝑔𝑞)2
 (5.8) 

which can be written in steady-state (𝑠 → 0) as: 

 𝑥1 = −
𝑖𝑢
𝑑𝑔𝑑 + 𝑖𝑢

𝑞𝑔𝑞

(𝑔𝑑)2 + (𝑔𝑞)2
       𝑎𝑛𝑑      𝑥2 = −

𝑖𝑢
𝑞𝑔𝑑 − 𝑖𝑢

𝑑𝑔𝑞

(𝑔𝑑)2 + (𝑔𝑞)2
. (5.9) 

Solving (5.6) for 𝑣𝑔
𝑑𝑞

 and comparing its real and imaginary components with (5.9), it is 

established that 𝑥1 and 𝑥2  correspond to the estimated grid voltage vector  [ 𝑣𝑔
𝑑  𝑣𝑔
𝑞]
𝑇

. These 

estimated voltages and the sensed grid currents are used to calculate the active and reactive 

powers flowing into/from the grid in accordance with the commanded references. These values 

are then compared to the active and reactive power references to generate the conductance vector 

 [𝑔𝑑  𝑔𝑞]𝑇as shown in Fig. 5.3.  
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Fig. 5.3.  Outer control loop to determine the gains of the conductance vector [𝒈d 𝒈q]T 

5.3.2 Distorted and Unbalanced Operating Conditions  

As indicated in (5.6), the proposed controller synthesizes the currents such that they track the 

grid voltage waveform, thus – in a balanced three-phase system–, the grid currents can be seen as 

constants in the rotating 𝑑 − 𝑞 reference frame. However, in the presence of unbalanced voltages 

caused by faults or sags on the ac-grid side, the currents 𝑖𝑢
𝑑 and 𝑖𝑢

𝑞
 are no longer constant and 

oscillates at twice the fundamental frequency due to the presence of the negative component in 

the 𝑣𝑔 voltages. This condition and the presence of harmonic pollution cause unbalances in the 

injected currents which are considered undesirable. This is because the ac grid requires balanced 

currents and the dc-link voltage must remain constant to keep the active power flow [28], [38].  

In general, the currents 𝑖𝑢
𝑑 and 𝑖𝑢

𝑞
 in Fig. 5.2 can be written as: 

 𝑖𝑢
𝑑 = √
3

2
 (𝐼𝑢_max _ℎ)cos[( 𝜔0 −  ℎ𝜔0)𝑡]

𝑛

ℎ=1

 

(5.10) 

 𝑖𝑢
𝑞 = √
3

2
 (𝐼𝑢_max _ℎ)sin[( 𝜔0 −  ℎ𝜔0)𝑡]

𝑛

ℎ=1

, 

where 𝑛  represents the maximum considered harmonic component, and ℎ  the harmonic 

component with {ℎ ∈ ℤ|ℎ ≠ 0}. For a pure sinusoidal waveform, both values can be seen as 

constant. However, the harmonic spectra of the currents 𝑖𝑢
𝑑  and 𝑖𝑢

𝑞
 consist of the sum of 

x�̂�𝑠
𝑑𝑞

 

𝑖𝑢
𝑑𝑞

 

3

2
 𝑃𝐼   

𝑃∗ 

𝑔𝑞  
𝑔𝑑  x�̂�𝑠

𝑑𝑞
 

𝑖𝑢
𝑑𝑞

 

3

2
 𝑃𝐼   

𝑄∗ 



109 
 

harmonics of different sequences, limiting the action of the conventional PI controller presented 

in (5.2) [39]. 

Resonant controllers implemented in the rotating 𝑑 − 𝑞  frame and tuned at specific 

frequencies, ℎ𝜔0, filter out the undesired harmonic components by having infinite gain at the 

selected resonant frequency [40]. In a balanced system with voltage harmonic distortion, the 

−5𝜔0  (negative sequence) and +7𝜔0  (positive sequence) are commonly present. These 

components cause an oscillation in the 𝑑 − 𝑞 frame which corresponds to the ±6𝜔0 harmonic as 

indicated in (5.10), thus, a SOGI in the 𝑑 − 𝑞 frame is able to compensate for two harmonic 

components at the same time [33] leading to a significant reduction of the computational effort 

when compared with similar controllers implemented in the stationary frame. In general, a single 

resonant controller in 𝑑 − 𝑞 tuned at the frequency 6𝑘𝜔0 is required to compensate for each pair 

of harmonics at (6𝑘 ± 1)𝜔0 with {𝑘 ∈ ℕ|𝑘 ≠ 0}. For extremely unbalanced systems, (caused by 

severe faults) other harmonic components such as the +5𝜔0, −7𝜔0 and −𝜔0 become important; 

therefore, the use of SOGIs and ROGIs in parallel becomes effective to control the MMC 

terminal during fault conditions while accomplishing the required total harmonic distortion 

(THD).   

In addition to the controller presented in Fig. 5.2, the controller scheme illustrated in Fig. 5.4 

is proposed to reduce the effect of voltage harmonics and unbalances in the 𝑎𝑏𝑐  frame. As 

illustrated, a ROGI tuned at −2𝜔0  to compensate for −𝜔0  and a SOGI tuned at ±6𝜔0  to 

compensate for the −5𝜔0 and  +7𝜔0 are combined. If required, multiple resonant controllers can 

be paralleled to achieve the required current THD. The combined action of the two resonant 

controllers is written as:  

 𝑦𝑑𝑞 = [
2𝑠

𝑠2 + (6𝜔0)2
+
1

𝑠 + 𝑗2𝜔0
] 𝑢𝑑𝑞 (5.11) 
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Fig. 5.4.  Proposed control block diagram in the d and q axes with ROGI and SOGI controllers 

5.3.3 Controller Parameter Selection 

For the balanced and unbalanced cases, the pole location of (5.5) determines the stability and 

performance of the proposed controller. The gains 𝐴 and 𝐵 are calculated to accomplish a fast a 

reliable lock between the MMC terminal and the grid with current transients of minimal duration 

and magnitude. For the analysis, it is assumed that no reactive power flows between the MMC 

terminal and the grid, ergo 𝑔𝑞 = 0. The stability of (5.5) is guaranteed when (𝐿𝑡𝑔
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 𝐴 > {
−𝐿𝑡𝑔

𝑑      Grid to MMC

 𝐿𝑡𝑔
𝑑          MMC to grid

  ,     with    𝑔𝑞 = 0. (5.12) 

From (5.12), the gain 𝐴 is function of the transformer equivalent inductance, the power flow 

direction and the magnitude of the injected current. From (5.7) the conductance 𝑔𝑑 is determined 

as the ratio between the phase current and the grid phase voltage in the steady-state condition. 

With the operating conditions listed in Table 5.1, the conductance 𝑔𝑑 varies between ±7.53 mƱ. 

In order to accomplish both conditions present in (5.12), the gain 𝐴 is selected to be larger 

than |𝐿𝑡𝑔
𝑑|. In the case of the gain 𝐵, smaller values reduce overcurrents caused by changes in 

the reference, and make the system’s response time very fast since the poles’ real component 

moves far from the origin. The variation of both 𝐴 and 𝐵 as functions of the maximum current 

overshoot when the CB1 in Fig. 5.1 is closed is illustrated in Fig. 5.5. As indicated, the gain 𝐴 is 

selected to be 3.16𝑥10−3 (i.e., 15𝐿𝑡𝑔
𝑑), whereas the gain 𝐵 is calculated in such a way that the 

poles of the characteristic equation (5.5) ∈ ℝ and are located in the left-hand side of the 𝑠-

plane,thus: 

 𝐵 < 64𝐿𝑡(𝑔
𝑑)2 (5.13) 

Table 5.1.  System parameters [41] 

Parameter Nominal value 

𝑃 400 MW 

𝑉𝑑𝑐 ±200 kV 

𝑉𝑔 230 kV 

𝐶𝑆𝑀 750 µF 

𝐿 7 mH 

𝑓𝑠𝑤 1 kHz 

𝑓 60 Hz 

𝐿𝑡 28 mH (8%) 

𝑅𝑔 0.8 Ω 

𝑘𝑝 5x10-12 

𝑘𝑖 1.5x10-8 
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Fig. 5.5.  Gains A and B variations for 10%, 20% and 30% current overshoots when CB1 is closed 

With these considerations, 𝐵 is calculated as 0.1𝑥10−3 (i.e., 0.86 times 64𝐿𝑡𝑔
𝑑). This assures 

safe operation when the MMC terminal locks onto the grid, keeping the current response settling 

time under 2.5 ms (one-quarter cycle) and a magnitude that does not exceed 30% of the MMC 

rated current when the grid voltage 𝑣𝑔 is equal to its peak value. 

 

5.4 Proposed Controller Validation 

To evaluate the performance of the proposed controller presented in Section III, the topology 

depicted in Fig. 5.1, with parameters listed in Table 5.1, is implemented in Matlab/Simulink™ 

and extensively evaluated in the time domain under ideal and non-ideal conditions such as 

voltage variations of the grid voltages, harmonic pollution, frequency changes and unbalanced 
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grid faults. The number of levels (𝑁) of the MMC per arm is eight (accomplishing a THD of 

3.45%); MMC terminals in the field have a number of levels which could exceed 200, depending 

on the ratings of the power semiconductor devices and the rated voltage of the HVdc link [8]. 

The technique proposed in [23] is implemented for balancing the capacitor voltages. It is assumed 

that each SM capacitor is pre-charged at the average voltage  𝑉𝑑𝑐 𝑁⁄ . The time-step for the 

simulations is carefully selected as 10 us in order to observe transients during changes in the 

reference.  

The estimated active and reactive powers in the 𝑑𝑞  reference frame are calculated as 

indicated in Fig. 5.3 as follows [34]:  

 �̂� =
3

2
(𝑣𝑔
𝑑𝑖𝑢
𝑑 + 𝑣𝑔

𝑞𝑖𝑢
𝑞) 

(5.14) 
 �̂� =

3

2
(−𝑣𝑔
𝑑𝑖𝑢
𝑞 + 𝑣𝑔

𝑞𝑖𝑢
𝑑). 

Each value is then compared with the commanded references, 𝑃𝑟𝑒𝑓and 𝑄𝑟𝑒𝑓, respectively, to 

generate error signals, which are then processed through PI controllers whose outputs are 𝑔𝑑 

and 𝑔𝑑, respectively, as shown in Fig. 5.2. The gains for the PI controllers are listed in Table 5.1. 

  

5.4.1 Grid-Lock and Operation under Ideal Conditions 

Normally, during the start-up process, a conventional PLL uses the information from voltage 

sensors located at the transformer secondary side to lock the MMC terminal onto the grid. In the 

case of the proposed controller, this information is not needed. Instead, the information is 

extracted from the current response and used to estimate the grid voltages. Once the circuit 

breaker CB1 is closed at t = t0, current will flow in either direction due to the initial difference in 

the phase angle between the MMC output and grid voltages. The current change is used by the 

controller to extract the information of the grid angle and frequency, and estimate the magnitude 
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of the grid voltage 𝑣𝑔. The proper selection of the controller parameters 𝐴 and 𝐵 helps both the 

system bandwidth and the stability, as mentioned in Section III, as well as to reduce the time that 

it takes for the controller to bring the current transient down to zero, avoiding power 

semiconductor device damage due to overcurrents [25]. The three-phase waveforms for the grid 

voltages, MMC output voltages and grid currents during initial grid-lock are illustrated in the top, 

middle, and bottom of Fig. 5.6, respectively. When CB1 is closed at t0  =  8.33 ms, the current 

transient increases, reaching a maximum of 700 A, and is then brought down to zero in less than 

a quarter cycle. As indicated in Fig. 5.5, the gains 𝐴 and 𝐵 are selected so that the current never 

exceeds 130% of the MMC terminal maximum current; however, as the transformer equivalent 

series inductance opposes the change in current, the transient gets reduced, reaching a maximum 

of 50% of the peak rated current. 

The MMC line-to-line voltages and grid currents during variations in the power references are 

shown in Fig. 5.7. Initially, the grid power factor (PF) is set to unity. At t =  140 ms the active 

power flow is reversed from 200 MW (MMC injects power to the grid) to -200 MW (MMC 

draws power from the grid). Then at t =  170 ms the active power is set to 100 MW. The sudden 

power flow reversal is performed to demonstrate the stability of the controller when power flows 

in both directions. As shown, there is no current or voltage overshoot during reference changes. 

At t =  200 ms the grid PF is changed to 97% (lagging) to evaluate the decoupling between the 

axes controllers. 
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Fig. 5.6.  Grid voltage (top), MMC output voltage (middle) and grid current during locking up for 

a time scale of 2 ms 

 

Fig. 5.7.  MMC terminal line-to-line voltage (top) with 2N+1 number of levels and grid currents 

(bottom) under variations of the power references for a time scale of 10 ms 
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For the same condition, the commanded power reference (blue), the estimated active power 

(green) and the measured active power (red) are shown at the top of Fig. 5.8, whereas the reactive 

power is displayed at the bottom. The selected PI gains for the controller assure no overshoot and 

similar settling times; 6.3 ms for the active power and 6 ms for the reactive power. Increasing the 

PI gains will improve the response of the controller to changes in the reference, reducing the 

settling time. In return, an overcurrent that could damage the SM semiconductor devices will be 

present in each phase.   

 

Fig. 5.8.  Active power (top) and reactive power (bottom) under ideal grid conditions for a time 

scale of 20 ms 
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5.4.2 Harmonic-Voltage Pollution Condition 

For voltages above 161 kV, IEEE Standard 519-1992 establishes that the voltage THD must 

be equal or less than 1.5% for the total voltage and equal or less than 1.0% for the individual 

voltage components. These maximum limits are exceeded for a time frame of 100 ms (250 ms 

to  350 ms) by considering the 5−𝑡ℎ - and 7+𝑡ℎ -order voltage harmonics (5% and 2% of the 

fundamental, respectively) to get a voltage THD of 5.39% as shown in Fig. 5.9. This is done with 

the purpose of evaluating the performance of the controller under severe distortion conditions. As 

illustrated in Fig. 5.9 (bottom), the injected currents are distorted since the controller is designed 

to track the estimated grid voltages.  

 

Fig. 5.9.  Grid voltages (top), MMC output voltage (middle) and grid current (bottom) under 

harmonic pollution for a time scale of 20 ms 
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Between 250 ms and 300 𝑚𝑠 the current THD is calculated as 8.28%, which exceeds the 

current distortion limits set in the IEEE Standard 519-1992 for grids with a short-circuit ratio 

lower than 50 and at this voltage level. The standard has more strict limits for lower short-circuit 

ratios at the point of common coupling. 

At t = 300 ms a SOGI tuned at +6𝜔0 in the 𝑑𝑞 reference frame is introduced to reject the 

two harmonic current components providing zero steady-state errors for the 5−𝑡ℎ- and 7+𝑡ℎ-order 

voltage harmonics in the 𝑎𝑏𝑐  frame. Under this condition the current THD gets reduced to 

1.67%. Thus, it is not required to add any additional filtering or control technique to cancel out 

harmonic effects. Having such a high requirement on the THD for this voltage level makes the 

controller feasible for interfacing with a HVac grid without any extra modifications to the 

proposed technique. 

 

5.4.3 Grid-Frequency Variation Condition 

To evaluate the controller under grid-frequency variations, the grid frequency is changed 

from 60 Hz to 59 Hz at t =  410 ms  and then changed back to 60 Hz at  t =  450 ms . 

Furthermore, the active power injected into the grid increases from 200 MW to 400 MW at t =

 420 ms. From Fig. 5.10, there is no considerable difference between the estimated (green) and 

actual (red) active powers. Therefore, the proposed controller is able to keep injecting the 

commanded active power with minimum error during grid-frequency changes. Similar results are 

obtained when the grid frequency changes from 60 Hz to 61 Hz using the same time frame, 

which indicates the robustness of the proposed controller when the reactance changes around 

±2% its nominal value. Once the frequency returns to 60 Hz at t =  460 ms, the controller has 

no transient during the frequency recovery. 
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Fig. 5.10.  Active power (top) grid currents (bottom) under grid-frequency variations for a time 

scale of 10 ms 

5.4.4 Grid Voltage-Magnitude Variation Condition 

In this case, the grid voltage magnitude drops by 5% from t =  520 ms to t =  620 ms. 

During the voltage drop, the reference in the active power increases from 200 MW to 400 MW. 

The blue line at the top of Fig. 5.11 is the actual grid voltage and the green one is the estimated 

grid voltage 𝑣𝑔
𝑑. The middle graph shows the active power injected into the grid. The transients 

observed at t =  570 ms and t =  620 ms (with an 8.5% overshoot as the worst case scenario) 

are produced by the changes in the estimated grid voltages; however, the controller is able to 

keep tracking the active power reference.  

Despite the overshoot observed in the estimated grid voltage 𝑣𝑔
𝑑  during the change in the 

active power reference, no overshoots are present in the active power and current waveforms. 

The estimated grid voltage 𝑣𝑔
𝑑 for 5% voltage magnitude increase as shown at the top of Fig. 

5.12. The blue line represents the actual grid voltage and the green line is the grid voltage 

estimated by the controller.  
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Fig. 5.11.  Grid voltage decreases by 5%: voltage in the d axis (top), active power (middle) and 

grid currents (bottom) for a time scale of 20 ms 

At t =  570 ms, there is an increase in the active power reference that produces a 20% 

voltage overshoot on 𝑣𝑔
𝑑 . Nevertheless, this overshoot does not cause any grid current or any 

active power overshoot. The middle graph presents the commanded active power reference (blue) 

and the active power estimated by the controller (green). The controller is able to follow the 

commanded reference and accurately detect when the grid voltage is increased. The bottom graph 

shows the currents injected into the grid. There are no transients when the grid voltage increases. 

The previous results demonstrate the capability of the controller to accurately detect changes 

in the grid voltages without the use of any voltage sensors on the grid side. The controller is able 

to follow the commanded reference for the active power by increasing or decreasing the injected 

current to compensate for the grid voltage changes.  
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Fig. 5.12.  Grid voltage increases by 5%: voltage in the d axis (top), active power (middle), grid 

currents (bottom) for a time scale of 20 ms 

5.5 Conclusions 

A sensorless control technique was proposed to independently control the active and reactive 

powers injected into a grid by a MMC-based HVdc terminal. The proposed control technique 

evaluated through Matlab/Simulink™ simulations under different grid voltage conditions was 

capable of maintaining system stability.  

The proposed technique accurately detected grid voltage and frequency changes without 

sensing the grid voltages. When the grid frequency or voltage changed, there were no evident 

current transients that affected the controller normal operation since the system remained stable 

500 520 540 560 580 600 620
160

180

200

220

240

260
V

o
lt

a
g

e 
[k

V
]

 

 

500 520 540 560 580 600 620 640
0

200

400

600

P
o

w
er

 [
M

W
]

 

 

500 520 540 560 580 600 620 640
-1.5

-0.5

0.5

1.5

C
u

rr
en

t 
[k

A
]

Estimated

Measured

Reference

Estimated

Measured



122 
 

and the commanded references were accurately tracked. In case of existing voltage sensors, the 

proposed controller can be implemented to increase reliability in case of voltage-sensor failure.  

Resonant controllers in the 𝑑 − 𝑞 reference frame achieve double harmonic compensation in 

the stationary frame facilitating the injection of pure sinusoidal currents. The implementation of 

the SOGI tuned at −2𝜔0  in the 𝑑 − 𝑞  reference frame mitigates the effect of the negative 

component at fundamental frequency due to unbalances. This helps to reduce the voltage ripple in 

the dc link. 

Summarizing, the feasibility of the proposed control technique to synchronize and connect an 

MMC-based HVdc terminal with a grid was validated via Matlab/Simulink™ simulations. The 

proposed sensorless technique should reduce the implementation complexity of the MMC-

terminal controller, and could also be implemented as a backup technique in case of sensor 

failure, increasing the reliability of the MMC terminal. 
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CHAPTER SIX 

CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

6.1 Conclusions 

Besides the conclusions provided at the end of each chapter, the activities in this doctoral 

dissertation have also led to the following novel conclusions:  

 

6.1.1 BBC and IMC Efficiency Comparison 

An analytical comparison between the BBC and the IMC in terms of conduction and switching 

losses was presented in Chapter Two. As indicated in Figure 2.3, the efficiency of both 

converters was about 98.34% for a switching frequency of 10 kHz. Above this frequency the 

IMC becomes more efficient. For instance, at 40 kHz its efficiency was about 97.52% whereas 

the BBC had an efficiency of 95.84%. Despite the fact that the number of semiconductor devices 

in the rectifier stage doubles, its ability to switch under zero current is beneficial at high 

switching frequencies. Analysis showed that the switching losses of the BBC rectifier stage at 40 

kHz account for 17% of the total converter losses.  

From this analysis it can be concluded that wide bandgap devices such as SiC MOSFETs are 

more attractive for IMC realizations since they have superior thermal properties. This allows high 

switching frequencies while reducing the requirements for thermal management systems. Results 

also show that the IMC could be used as a standard PEI for small-scale DG units, such as 

microturbines connected to a 480 V bus in a data center. 
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6.1.2 IMC New Sensorless Controller 

A new method to synchronize a microturbine-based DG unit to the power grid was introduced 

in Chapter Two. As shown in Figure 2.5, the method was developed in the 𝑑 − 𝑞 frame and did 

not require the implementation of voltage sensors. Instead, the information from current sensors 

was used to accurately estimate the grid conditions to regulate the active power injected into the 

grid. Simulation results in the time domain validated the proposed controller for different 

operating conditions. As illustrated in Figure 2.6, the settling time was around 7 ms and the 

current overshoot is under 25% when the reference changed from zero to its rated value. No 

significant changes in the reactive power were detected, indicating the ability of the proposed 

sensorless algorithm to decouple the 𝑑 and 𝑞 reference frames. As shown in Figure 2.8, there was 

a 5% and 24% overshoots in two of the output phase currents when the converter locked onto the 

grid. The magnitude and duration of the overshoots are function of the instantaneous values of 

the grid voltages at the instant the connection is made and the series inductor, along with the time 

that the controller took to identify the grid voltages. When the commanded current reference 

changed in t=50 ms, the current overshoot was 12% for one of the phases.     

 

6.1.3 IMC in Boost Operation Mode 

The IMC operating in the “reverse”1 configuration is presented in Chapter Three. As 

illustrated in Figure 3.1, this configuration allowed operation of the IMC in the boost mode, 

overcoming the voltage ratio limitation typical of MCs.  

A laboratory test setup comprising of a 5 kVA Si IGBT-based VSC (generating 50 Vrms at 

100 Hz) and a 5 kVA SiC JFET-based IMC (accomplishing a power density of 5.7 kVA/liter) 

                                                           
1 Initially proposed for grid-connected DG units in [1]. 
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operating in the reverse configuration was built to experimentally validate the sensorless 

controller. The IMC comprises of four stages: the CSI and VSR power stage, input and output 

filters, gate driver board and DSP-based control board. The guidelines presented in [2] were 

followed to minimize power stage trace parasitic inductances that may lead to harmful 

overvoltages across the SiC devices.  

The selection of the switching frequency 𝑓𝑠𝑤 was a compromise between the IMC efficiency 

and size, and the DSP processing time. From the power semiconductor device point of view, 𝑓𝑠𝑤 

may be selected according to the maximum power that the device is able to dissipate without 

exceeding its maximum junction temperature; theoretically the SiC JFET can be switched up to 

500 kHz without damage. Similar Si-based semiconductor devices (e.g., IGBTs) are usually 

switched up to 8 kHz in the case of medium-power converters and less that 3 kHz for high-power 

converters. Considering that the control algorithm runs in 35 µs and that the IMC becomes more 

efficient than the BBC for frequencies above 10 kHz, as demonstrated in [3], the  𝑓𝑠𝑤 is selected 

as 30 kHz, allowing the control algorithm to run in one switching period, while leaving a 5 µs 

dead-time to compensate for any delays in the execution of the algorithm.  

 A method to accurately calculate the controller parameters 𝐴 and 𝐵 (forward direct and 

indirect gain respectively) was presented to synchronize the DG unit and the grid in the Chapter 

Three. The proper selection of the controller gains were calculated to minimize the duration of 

current transients (i.e., less than 20% as illustrated in Figure 3.5), achieve a fast and reliable lock 

with the DG unit, and guaranteeing system stability during steady-state operation (the poles of 

the characteristic equation (3.3) were located in the left-hand side of the 𝑠-plane). It was 

stablished that a good practice is to select values of 𝐴 to be larger than |𝐿𝑔| since both generation 

and motor conditions are included above this limit. The selection of the gain 𝐵 determines the 
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location of the zero in the controller transfer function. Small values for this gain reduce 

overcurrents caused by the change in the reference, but cause the zero to move far from the 

origin, thus making the system’s response time very slow.  

As expected, the boost inductor (input inductor) plays an important role in the performance of 

the IMC in terms of boost ratio, input current harmonic content and switching frequency. 

According to the results presented in Figure 3.6, it was established that to guarantee a current 

waveform THD within the IEEE 519 limits, the input inductor must be selected between 0.7 p.u 

(𝑓𝑠𝑤 = 10 kHz ) and 0.2 p.u (𝑓𝑠𝑤 = 40 kHz). 

The experimental results presented in Figure 3.7 and Figure 3.8 proved the effectiveness of the 

proposed controller and the ability of the IMC to boost the voltage to 75 Vrms (50% boost). Even 

though the inverter and the rectifier stages were synchronized to switch the latter under zero 

current, errors associated with delays caused small currents to flow in the dc-link during this 

state. The inherent 𝑑𝑖 𝑑𝑡⁄  of these currents interacting with the partial parasitic inductances of the 

current path in the IMC power stage caused spikes in the virtual dc-link. The duration and 

magnitude of these spikes are determined by volt-seconds applied to these partial inductances 

over the switching period. 

One advantage for this sensorless controller is that it can be used as a back-up control strategy 

in the case of DG unit output voltage sensor failure. 
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6.1.4 New PEI Involving the IMC 

In Chapter Four, the IMC was combined with MMCs and MF-XFMRs interfaces (as given in 

Figure 4.1) to develop a new bidirectional ac-ac PEI topology, demonstrating further that the 

IMC could be a standard PEI for particular applications where space is a constraint. 

A practical application was identified to show the potential feasibility of the proposed PEI. As 

shown in Figure 4.3, the new PEI could be used to deliver electric power to future oils and gas 

subsea facilities. To this end, the potential advantages of the involved stages were described. The 

size requirements of the MMC capacitance and arm inductance were evaluated for different 

fundamental frequencies. From an analysis of the Figure 4.4, the capacitor size in each SM was 

significantly reduced when the MMC fundamental frequency increased from 60 Hz to 1 kHz. The 

same analysis was performed for the MF-XMFR. The results showed that among amorphous, 

ferrite and nanocrystalline materials, amorphous demands less space for different fundamental 

frequencies. For the considered case study, the target was to achieve a 90% system efficiency. 

Under this consideration, the fundamental frequency in the MF-XMFR was set to 250 Hz, which 

led to a 76% reduction in the capacitance requirements in the MMC terminal and 71.64% 

reduction in the transformer volume when compared to a transformer operating at a fundamental 

frequency of 60 Hz. At a fundamental frequency of 500 Hz the capacitor size is reduced up to 

88% and the transformer volume up to 66%. However, the penalty was a 2.24% reduction in the 

desired efficiency at the system level. 

 

6.1.5 Proposed Sensorless Controller for a High Power Rating Converter 

The sensorless controller proposed in the Chapter Two was successfully extended to a 400 

MW, ±200 kV MMC-based HVdc terminal in Chapter Five. Two new functionalities were added 

to this controller. First, the controller was capable of regulating the reactive power flows between 
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the dc and ac grids. Second, resonant controllers were added to counteract the effect of grid 

imbalances. The controller was extensively simulated in the time domain for different operating 

points. The results illustrated that the current transient during the initial synchronization reached 

a maximum of 700 A and then reduced to zero in less than a quarter cycle. The 𝑑𝑖 𝑑𝑡⁄  was 

calculated as 3.5x10-3 A μs⁄ , which is much smaller than the maximum change in current that a 

commercially available 6.5kV, 800A IGBT can withstand (3200 A μs⁄ ). Disturbances such as 

grid frequency and voltage variations were introduced to validate the controller robustness during 

severe grid conditions. The results indicated that no large current transients were present during 

the initial grid synchronization or changes in the power reference. 

 

6.2 Recommendations for Future Work 

The following improvements are suggested for future work: 

 Explore increasing the IMC switching frequency by improving the control board 

architecture. The DSP must execute the analog-to-digital conversion process as well as the 

closed-loop control algorithm within one switching period to avoid errors in the gate driver 

signals. An FPGA that performs the lower level functions (e.g., generating the space vector) 

in conjunction with the DSP, which perform the main control algorithm, can be used to 

enable higher switching frequencies and increase functionalities (e.g., temperature sensing), 

of the entire system [4]. 

 Reduce computational overhead of the proposed sensorless controller by moving it from the 

rotating 𝑑 − 𝑞 frame to the stationary 𝛼 − 𝛽 reference frame. This eliminates the need to 

transform the sensed signals, and anti-transform the generated control signals, reducing the 
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computational time per sample [5]. This might lead to an increase in the switching 

frequency. 

 Explore the capability of the IMC operating in the “reverse” configuration to overcome grid 

disturbances such as voltage sags. 

 Analyze the performance of the proposed PEI for motor drives under different operating 

conditions such as regeneration during motor deceleration, startup and torque variations. 

 Evaluate the power density of the IMC considering input and output filters for different 

switching frequencies. 
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