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1
INTRODUCTION

1.1. BACKGROUND
It is stated by Alliander and Energy research Centre of the Netherlands (ECN) in the
FLEXNET project report [1], "Despite a limited total number of overloaded assets the
regional distribution grids face great challenges in the form of large numbers of new
connections for EV charging points, local congestion due to local concentrations of EV,
PV and/or HP, a large increase of connections for medium size solar and wind farms, and
the phase out of gas in the built environment that creates the need and natural moment
to adapt the electricity grid. . . Geographically, most overloads are expected to arise in
city centres, because of relatively old networks. The fact that the adoption of PV, EV and
HP is lower in the city centres is offset by the density of the urban population, resulting
in a larger increase of power load in urban areas than in non-urban areas. . . "

In a few decades, the Dutch government aims to achieve low-carbon energy man-
agement and create new, sustainable economic growth opportunities. This aim requires
transitioning to large-scale utilization of renewable energy sources (RES), such as solar
and wind energies. These sources will provide a potentially unlimited amount of clean
electricity in urban areas for households and factories and new areas of electricity ap-
plications such as transportation, heating, and industrial processes. The consequence
of this development is that the existing electrical energy system has to undergo signifi-
cant changes since it cannot accommodate these developments. Technologies generat-
ing electricity from solar and wind energy must be developed together with components
and devices such as cables for direct current (DC), inverters, and charge controllers that
couple the electricity from these RES into the existing power grid that is based on alter-
nating current (AC) [2, 3].

The energy flow through the electricity network is often referred to as power. It is
of utmost importance that the electrical loads operate under power conditions that do
not cause malfunction or damage to these devices. The proper power conditions are ex-
pressed as power quality. The power quality involves magnitude, frequency, harmonics,
and resonance of the grid voltage. RES and new loads significantly influence the power
quality and need more attention than ever. The reasons include:

1
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• The intermittent nature of RES. It is well known that RES relies heavily on weather
conditions, primarily solar and wind energy, which is well-established. The sig-
nificant fluctuations in power output from RES can result in voltage flicker or fre-
quency variation of the grid [1].

• Heavy and instant power demand of the fast charger. To shorten the charging time
of EVs and make them more competitive than ICE cars, a fast charger is being de-
veloped, which usually operates at 200-300 kW in a few minutes. Considering the
capacity of the distribution grid in the neighborhood, such a load is relatively large
and can also lead to a variation in the grid voltage frequency [2].

• Many power harmonics introduced by the power electronics converters of the RES
and electric loads, e.g., e-houses, e-transportation, etc. More and more power con-
verters are connected to the grid, where their switching behavior brings EMC-EMI
issues, and their power filters can resonance with the grid [3, 4].

In order to maintain the high power quality in the grid based on electricity from RES
combined with storage, it is required to map the electrical requirements of new loads,
such as fast charging of batteries of electric vehicles, batteries for residential storage, or
processes for converting power to molecules for long-term energy storage. To increase
the flexibility of the grid, many power electronic converters have to become autonomous
assets that utilize real-time analytics, which can perform on-board execution models
and ensure energy-supplying quality for urban areas.

1.2. OBJECTIVES
The proposed IQ-GRID project report aims at maintaining high power quality in grids
with a large fraction of electricity from RES and unconventional loads. This is achieved
by designing and developing intelligent power electronic (IPE) devices to integrate the
DC transmission network into the existing AC network, ensuring high power quality of
energy supply for urban areas. The primary goal of this project is to secure high elec-
tric power quality in urban networks with significant utilization of energy from RES.
This goal will be achieved by designing and developing IPE devices that will perform
autonomous regulation or demand-response control in order to cope with the intermit-
tent nature of RES and the increase of, among others, energy storage, electric-vehicle
chargers, e-public transportation, and e-housing in the network. The specific objectives
are as follows:

• Mapping electrical requirements of loads and electricity generators, such as fast
charging of batteries in electric vehicles, systems for electricity generation from
RES, high power electric transportation in urban areas, all-electric houses, pro-
cesses for converting power to gas for energy storage

• Analysing the influence of loads and electricity generating technologies on the
power quality of the urban energy network,

• Developing design rules for power electronic systems that meet electrical require-
ments of the above-mentioned different applications,
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• Developing methods for monitoring power quality in a specific part of the grid,

• Design and fabricate intelligent power electronic converters with a focus on grid-
friendly actions,

• Test the fabricated power electronic converter and validate their performance for
maintaining and controlling high power quality of the urban grid.

1.3. EXPECTED RESULTS
An autonomous improvement of the power quality in urban networks is expected by
designing and developing intelligent power-electronic systems, such as the ones used in
RE conversion systems, electric vehicle fast chargers, e-transport, and e-houses. In the
course of the project, the following results will be demonstrated (TRL 4 will be reached):

• Identification and modeling of the typical urban area energy network and their in-
ner components: electricity sources, loads, cabling, transformers, etc. This will be
used for mapping and understanding the urban network performance on power
quality,

• Development of flexible and intelligent power electronic hardware and control al-
gorithms which can incorporate both grid-friendly functionalities and their nor-
mal work purpose,

• Methods allowing power electronic components to safely monitor the power qual-
ity in a specific part of the grid, e.g., at the places where the parts are connected,

• Design, fabrication, and testing of power electronic systems for validation of the
study.

1.4. OUTLINE OF THE REPORT
This report comprises six chapters, where the first and last chapters are introduction
and conclusion, respectively. Rest four central chapters contains the work related to the
expected results discussed in Section 1.3.

To achieve the results mentioned above, the formulated four main work packages
(WPs) in this project have been translated into four central chapters (i.e., 2-5) in this
report. Chapter 2 (WP2) deals with mapping E-loads and RES and their influence on
power quality. Chapter 3 (WP3) explains the design rules for IPE components for con-
trolling power quality in urban networks. Chapter 4 (WP4) presents IPE measurement of
grid power quality and data sharing. Chapter 5 (WP5) discusses a case study and devel-
opment of IPE components. Finally, the conclusions are given in Chapter 6.
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WP2: MAPPING E-LOADS AND

RES AND THEIR INFLUENCE ON

POWER QUALITY

2.1. INTRODUCTION
The emissions of greenhouse gases especially CO2 have increased drastically over a few
years. As a result, there has been a collective effort to reduce these emissions with the
emphasis on diminishing their detrimental impacts on the climate including the in-
crease in average global temperature. In the Netherlands, the Klimaatakkoord aims at
the reduction of CO2 emissions by 49% in 2030 and 95% in 2050 relative to the 1990 lev-
els [1]. This is well aligned with the targets set by the European Union (EU) with regards
to the climate and therefore, is within the framework of other international agreements,
like the Paris Agreement [2, 3].

One does not fulfill such targets with ease and therefore, several transformations are
inevitable in industries around the world. The intensive research in renewable energy
systems indicates the potential of renewable electricity for the efficient and carbon-free
operation of such industries. Moreover, modes of transportation such as road and rail
have been able to integrate with renewable energy systems such as wind and solar[4, 5].
However, this has not been the case for water and air transportation as they rely heavily
on carbon based fuels. Therefore, carbon recycling can prove to be a potential solution
in reducing CO2 emissions.

The reduction in CO2 can be achieved in two ways: thermo-chemical conversion into
carbon-based products and fuels and, CO2 electrolysis. Power electronics-based elec-
trolysis systems have tremendous potential if energy-dense fuels are produced with re-
newable electricity. Solutions up to the MW range in industries have been developed[6].
In [7], the challenges and future trends of low-temperature electrolysis have been dis-
cussed. Here, the study of various system architectures along with a review of converter
topologies for high-power electrolysis has been carried out. According to their study,

5
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a direct three-phase AC inverter is preferred for a grid-connected system, a current-
doubler secondary for parallel cell connection and a multi-port converter for indepen-
dent connection architecture.

This study aims to introduce the concept of adaptive modularity in power electron-
ics converters utilized for such applications. Electrolysis requires low voltage and very
high current. Figure 2.1 provides the system structure for this study. The system speci-
fications considered for future prototype development are shown in Table 2.1. A Pho-

Medium
Voltage DC

Grid

DC

DC

DC

DC

Electrolyzer
PV System

MPPT

Converter Under
Design

Figure 2.1: Structure of the electrolyzer system.

Table 2.1: System specifications considered for future prototype development

Parameter Value

Input Voltage 1.4 kV
Rated Power 100 kW
Expected Stack Voltage 70 V

tovoltaic (PV) system is integrated with the medium voltage direct-current (MVDC) grid
with the help of a DC-DC converter operating on the principle of Maximum Power Point
Tracking (MPPT). An additional DC-DC converter acts as a power electronics interface
(PEI) between the MVDC grid and the electrolyzer.

This chapter is organized as follows: Section 2.2 provides a literature review of state-
of-the-art electrolyzers. Section 2.3 explains the electrical modelling process for an al-
kaline electrolyzer along with a sensitivity analysis with 4 degrees of freedom. Moreover,
converter design challenges, trade-offs and operational challenges have been reported.
Section 2.4 provides a review of the studied converter topologies in the literature. Sec-
tion 2.5 explains the concept of adaptive modularity and how it can be applied to the
considered configurations. Section 2.6 provides various possible system architectures
reported in the literature for the electrolyzer systems. Section 2.8 provides conclusions.
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2.2. STATE-OF-THE-ART ELECTROLYZERS

2.2.1. ALKALINE ELECTROLYZERS
Alkaline electrolyzer technology is the most widely used and mature technology [8–10].
In this design, the electrodes are placed as close as possible to the diaphragm to ensure
that the gases produced on both sides, escape the electrodes at the rear. Caustic Potash
(Potassium Hydroxide, 20 - 30 % conc.) along with water is used as an electrolyte [11].
Gas separators are installed on both sides of the diaphragm for the collection of H2 at the
cathode and O2 gas at the anode. Water is fed on both sides of the diaphragm with the
help of pumps. Figure 2.2 shows the cell design of an alkaline electrolyser. The half re-

Separator Separator

A
node

C
athode

To Storage TankTo atmosphere

Diaphragm

+ -

Figure 2.2: Alkaline electrolyser Structure

actions governing the process of alkaline electrolysis at cathode and anode respectively
are shown below:

2 H+ + 2 e– H2 (Cathode) (2.1)

2 OH– 1

2
O2 + H2O + 2 e– (Anode) (2.2)

The H2 and O2 gas obtained at the cathode and anode respectively are passed through
gas separators to filter out any residual water vapour or other any impurities present for
obtaining the purest yield.

2.2.2. PROTON EXCHANGE MEMBRANE
General Electric developed the first PEM electrolyzer based on the solid porous electrode
concept in the 1960s [12]. This was based on the concept introduced by Thomas Grubb,
where a solid sulfonated polystyrene membrane was used as an electrolyte [13, 14]. As
the name suggests, the PEM electrolysis cell allows the transportation of protons from
the anode to the cathode. Unlike, the hydroxyl ions moving from the cathode to an-
ode in alkaline electrolysers, the PEM electrolyser as the name suggests allows the trans-
portation of protons from the anode to the cathode. The polymer electrolyte membrane
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(Nafion®, fumapem®) is responsible for offering high proton conductivity, low gas cross-
over, compact system design and high pressure operation. Figure 2.3 shows the structure
of a PEM electrolyser. The half-reactions governing the process of water electrolysis at

Separator Separator

A
node

C
athode

To Storage TankTo atmosphere

Naphion®/fumapen® membrane

+ -

Figure 2.3: Proton Exchange Membrane Electrolyser Structure

the cathode and anode, respectively are shown below:

2 H+ + 2 e– H2 (Cathode) (2.3)

H2O 2 H+ +
1

2
O2 + 2 e– (Anode) (2.4)

2.2.3. SOLID OXIDE ELECTROLYZER (SOEC)
The process of solid oxide electrolysis was reported by Dönitz and Erdle as part of the
HotElly project at Dornier System GmbH in the 1980s [15]. The RELHY project [16] tar-
geted the development of novel or improved, low-cost materials (and the related manu-
facturing process) for SOECs. This research indicated that the materials developed could
be operated at high temperatures and could be used for the electrolysis of CO2 to CO, and
also the co-electrolysis of H2O/CO2 to H2/CO (syngas).

The half reactions governing the process of water electrolysis at the cathode and an-
ode respectively are shown below [17]:

2 H2O + 4 e– 2 H2 + 2 O –
2 (Cathode) (2.5)

2 CO2 + 4 e– 2 CO + 2 O –
2 (Cathode) (2.6)

2 O –
2 O2 + 4 e– (Anode) (2.7)
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Anode Channel

Cathode Channel

Anode Layer 

(LSM-ScSZ, 15 um thick)

Electrolyte Layer 

(ScSZ, 10 um thick)

Cathode Active Layer 

(Ni-ScSZ, 10 um thick)

Cathode Support Layer 

(Ni-YSZ, 695 um thick)

Air

(a) Traditional structure

Anode Channel

Cathode Channel

Anode Support Layer 

(Ni-YSZ, 695 um thick)

Anode Active Layer 

(Ni-ScSZ, 10 um thick)

Cathode Layer 

(LSM-ScSZ, 15 um thick)

Electrolyte Layer 

(ScSZ, 10 um thick)

(b) CH4 assisted structure

Figure 2.4: Solid oxide electrolyser [17]

2.3. ELECTRICAL MODELLING OF AN ALKALINE ELECTROLYZER
To get a preliminary insight a pre-defined alkaline electrolyzer system will be utilized.
Several modelling approaches have been shown in literature [10, 18–20]. Despite some
differences, every approach divides the cell modelling mainly into four steps. The ap-
proach followed in [19] will be applied to this study. The voltage across an electrolysis
cell is developed as a result of the contributions made by the following four potentials:

2.3.1. REVERSIBLE POTENTIAL
The reversible potential of alkaline electrolysis cells exhibits a thermodynamic effect.
The reversible potential is given by the Nernst Equation:

Vrev =V 0
rev,Tk

+ RTk

zF
ln

(
PH2

√
PO2

PH2O

)
(2.8)

In case, the electrolyte contains an alkali such as KOH. Equation 2.8 can be rewritten as
follows:

Vrev =V 0
rev,Tk

+ RTk

zF
ln

(
(P −PKOH) ·pP −PKOH

aH2O,KOH

)
(2.9)

where Vrev is defined as the reversible cell voltage, V. V 0
rev,Tk

is defined as the temperature

dependent reversible voltage, V. R is known as the universal gas constant, JK−1mol−1. Tk

is the cell temperature, K. P is the absolute pressure, bar. z is defined as the number of
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moles of electrons transferred for 1 mol of product. F is the Faraday constant, C mol−1.
PKOH is the vapour pressure of KOH, bar. aH2O,KOH is known as the water activity of KOH
solution. As observed in Equation 2.8, the reversible cell potential can further be divided
into two types of reversible cell potentials:

• Temperature dependent cell potential at a reference standard pressure (1 bar),
V 0

rev,Tk
.

• Logarithmic dependence, accounting for the pressure dependence and non-idealities
of the process due to the vapour pressures of H2 and O2.

The expressions for reversible voltage, vapour pressure of H2O and KOH and, water ac-
tivity of the KOH solution are given below:

V 0
rev,Tk

= 1.5184− (1.5421×10−3 ·Tk)+ (9.526×10−5 ·Tk · ln(Tk))+ (9.84×10−8 ·T 2
k )

(2.10)

PH2O = exp

(
81.618− 7699.7

Tk
−10.9 · ln(Tk)+9.589×10−3 ·Tk

)
(2.11)

PKOH = exp
(
2.302 ·a +b · ln(PH2O)

)
(2.12)

aH2O,KOH = exp

(
−5.192×10−2 ·m +3.302×10−3 ·m2 + 3.177m −2.131m2

Tk

)
(2.13)

where,

a =−1.51×10−2m −1.6788×10−3m2 +2.2588×10−5m3 (2.14)

b = 1−1.2062×10−3m +5.6024×10−4m2 −7.8228×10−6m3 (2.15)

2.3.2. ACTIVATION POTENTIAL

Activation potential refers to the interaction of electrolyte (chemical species) and elec-
trodes via electrical charges. Figure 2.5 shows this interaction in detail. In this figure, the
electrons are received by the electrodes from the power supply, and therefore, they begin
to accumulate. As a result of this concentration, potassium ions (positive polarity) get at-
tracted towards this electrode. A condition is reached where the charge on the electrode
is compensated by an equal amount of charge provided by the potassium ions. This pro-
cess leads to the formation of a double-layer effect [21]. In continuous DC operation,
the activation phenomena are represented in the form of a non-linear voltage[22, 23].
However, the approach followed in [19] represents this as a parallel combination of a
capacitor (electrode capacitance) and voltage-controlled current source for each elec-
trode.

The activation potential of both electrodes can be represented by the modified Tafel
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Figure 2.5: Double layer effect at cathode

Equations:

Vact(ano) = s ln

(
iact(ano)

t
+1

)
(2.16)

Vact(cat) = v ln

(
iact(cat)

w
+1

)
(2.17)

where s, t , v , w are temperature dependent constants. iact(ano) and iact(cat) are activation
currents for anode and cathode respectively. The temperature-dependent constants are
determined with the help of curve-fitting and experimental data in contrast to the tradi-
tional exchange current density parameter due to the significant variation in the numer-
ical values used in the literature [24].

s = s1 + s2Tc + s3T 2
c (2.18)

t = t1 + t2Tc + t3T 2
c (2.19)

v = v1 + v2Tc + v3T 2
c (2.20)

w = w1 +w2Tc +w3T 2
c (2.21)

Electrode’s capacitance can be obtained by electrochemical impedance spectroscopy
(EIS), which is done by injecting a small-signal current perturbation at a wide range of
frequencies and measuring the voltage [19].
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2.3.3. OHMIC POTENTIAL

Ohmic potential refers to the internal resistance offered by the electrolyte across the
electrodes. This is represented by a temperature-dependent resistance.

Vohm = icell ·Rohm = icell
r

Aelect
(2.22)

where, r is the area-specific resistance of one of the electrolysis cells, (Ωm2) and there-
fore, can be obtained from the experimental static current-voltage (I-V) characteristics
at different temperatures of the electrolyzer with the help of curve-fitting techniques.
icell is the cell current, A. Aelect is the electrode surface area, m2. Rohm is the internal
resistance of the electrolyzer cell,Ω.

In order to initiate the curve fitting technique, a starting value for r is obtained with
the help of the small signal current perturbation technique, where, each instantaneous
voltage step is divided by the instantaneous current step in accordance with Ohm’s law.
This resistance value can, therefore, be calculated since this component responds in-
stantaneously.

r = r1 + r2Tc + r3

Tc
+ r4

T 2
c

(2.23)

2.3.4. DIFFUSION POTENTIAL

Diaphragms or membranes utilized in electrolyzers are used to ensure that the products
(gases/water molecules) obtained on both sides do not diffuse into each other. How-
ever, these components are not perfect, and therefore, when the process is carried out
at high currents and pressure, these products tend to diffuse into each other. This devel-
ops an over-potential that occurs due to the concentration difference between the two
electrodes and initiates diffusion. For instance, water molecules diffuse from anode to
cathode through the polymer membrane in the PEM electrolyzer [25, 26]. This diffusion
leads to an inefficient operation. The electrolyzer which is to be modelled is an alkaline
electrolyzer and hence, this contribution has not been considered.

2.3.5. CELL VOLTAGE

Figure 2.6: Detailed equivalent circuit of the electrolysis cell.
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In case of the detailed model illustrated in Figure 2.6, the cell voltage is given by,

Vcell =Vrev +Vohm +Vact +Vdiff (2.24)

Figure 2.7: Simplified equivalent circuit of the electrolysis cell.
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Figure 2.8: Simplified Electrical Characteristics of the Regenerative Alkaline Stack, (A): Current-Voltage Char-
acteristics; (B): Current-Power Characteristics.

The activation and diffusion potentials have been neglected to simplify the mod-
elling process. As a result, the resulting equivalent circuit can be redrawn as shown in
Figure 2.7. The cell voltage can then be computed as follows:

Vcell =Vrev +Vohm. (2.25)

This approach is extended to make a regenerative stack of Ns series-connected cells.
Characteristics shown in Figure 2.8 do not give complete information about the be-

haviour of the regenerative stack. Therefore, it is important to study the effects of vary-
ing certain parameters of the regenerative stack on its electrical characteristics. For this
study, the parameters considered are stack temperature, electrode surface area, number
of series connected cells, and molar concentration of the electrolyte. Table 2.2 sum-
marises the potential converter design challenges and trade-offs for high-power elec-
trolysis based on the results of the sensitivity analysis of the alkaline regenerative stack.
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Case (D): Impact of molar concentration.
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Table 2.2: Converter Design Challenges, Preferences and Trade-Offs for High Power Electrolysis

Parameter
Effect on electrical
characteristics

Preference from converter
design perspective

Challenges/Trade-offs

Stack temperature

Higher stack temperature
increases ion mobility
thereby, increasing the
stack current.

Temperature of 15◦C would be
preferred to have a higher stack
voltage for achieving a lower operating
current for the given rated operating
power to reduce the conduction losses
in the converter

The hydrogen production rate
reduces with decrease in stack
temperature[27].

Electrode
Surface area

Influences the stack current
in accordance to Cottrell’s
Equation[28]. Internal
resistance is inversely
proportional to the surface
area and directly proportional
to the distance between the
two electrodes in accordance
to Ohm’s law.

Curve corresponding to Aelec
= 100 cm2 would be preferred
as it provides the highest possible
stack voltage at a lower operating
current for the same rated operating
power. This implies lower losses in
converter and stack as well as
component derating in current
magnitude.

A smaller electrode surface area
strongly influences the internal
resistance thereby, leading to higher
losses in the electrolyzer. For Aelec=
100 cm2, a boundary breach was
detected where the internal resistance
of the electrolyzer increased drastically.
This is due to it’s dependence on
the distance between the electrodes
as well as their surface
area.

Number of series
connected cells

Influences the reversible stack
voltage as well as the internal
resistance.

Higher number of series connected
cells is preferred to achieve a higher
stack voltage so that a lower operating
current is achieved for the given rated
operating power as this can lower
converter current rating and lower losses.

Limitations are imposed on
this parameter due to issues
associated with equalizing
fuel/gas pressure within the
cells[29].

Molar concentration
of electrolyte

Influences the stack voltage
and therefore, the internal
resistance of the electrolyzer.

An electrolyte with higher molar
concentration would be preferred
to achieve a higher stack voltage so
that a lower operating current is
achieved for the given rated
operating power.

Periodic purging of electrolyte is
essential in an alkaline electrolyzer.
This ensures that the molar concentration
is maintained. The amount of electrolyte
that can be injected into the system is
defined by the reservoir capacity.
This is desirable only at an industrial
scale.
In residential applications, water
can be used as a substitute for an
alkaline electrolyte and a cyclic process
is achieved wherein hydrogen is
generated, stored and utilized to produce
electricity and water.
However, in the case of water,
the curves shown in Case C will
be at a much lower stack voltage
which is not desirable from the
perspective of converter design.
Moreover, increasing the molar
concentration increases the viscosity
of an electrolyte. This may result in
higher electrical losses in circulating
pumps as they have to do more work
for circulating this electrolyte.



2

16 2. WP2: MAPPING E-LOADS AND RES AND THEIR INFLUENCE ON POWER QUALITY

2.3.6. OPERATIONAL CHALLENGES
In Figure 2.8 (B), the power rating of the stack during the fuel cell mode of operation
is much smaller than the power rating during the electrolysis cell mode of operation
resulting in an asymmetrical characteristic of the stack. This is because of the voltage
drop across the internal resistance and current direction [30]. More importantly, the area
that is bounded by these curves for a given temperature defines the operating region
of the converter under design. The converter must be highly efficient over this wide
operating region.

In addition to these challenges, the converter must be able to provide galvanic iso-
lation in accordance with ISO22734:2020 standard for hydrogen generators using water
electrolysis and ISO19880-1:2020 standard for gaseous hydrogen fueling stations makes
it obligatory for the frames and enclosures to be grounded that become energized under
first fault conditions. The transformer under design would have a large turns ratio, so
leakage inductance will be dominant. The switch selection must be carried out appro-
priately based on the maximum thermal handling capability which indirectly defines the
current handling capability as conduction losses will be dominant on the stack side.

2.4. CONVERTER TOPOLOGY
DC-DC converters can be mainly classified on the basis of the ability to provide galvanic
isolation[31]. It is necessary for this study to have an isolated DC-DC converter in ac-
cordance with the standards discussed in the previous section. Therefore, a review of
isolated DC-DC converters will be carried out.

In [32] a DC-DC converter topology consisting of a full-bridge converter and a rec-
tifier was proposed. The fuel cell is connected to the full-bridge converter which is in-
terfaced with the rectification unit via a multi-winding transformer. The leakage induc-
tance introduced in the circuit due to the inclusion of this transformer is utilized for
incorporating Zero-Voltage-Switching (ZVS) in the full bridge. The secondary side con-
sists of multiple electro-mechanical relays that control the transformation ratio. The
relay operation is stack voltage-dependent. A 3 kW prototype was developed and an effi-
ciency of 96.5%. The transformer losses accounted for 50% of the total losses at 1 kW, and
the losses in Metal Oxide Semi-Conductor Field Effect Transistors (MOSFET) accounted
for 20%. However, it should be noted that the rectification unit consists of diodes, and
therefore, power flow is unidirectional.

Seoul National University of Technology proposed a design for integrating fuel cells
with residential loads [33]. The design had 3 stages namely, a front-end DC-DC con-
verter, a DC-AC converter, and an auxiliary power supply operated by a bi-directional
DC-DC converter. Phase-shifted ZVS was utilized for this topology to minimize switch-
ing losses, and the series connection of DC outputs allowed the reduction of the trans-
former turns ratio. The reported efficiency was found to be 90 %. However, MOSFETs
in high voltage (HV) bridges are required to carry the full load current and therefore,
they need to have higher thermal handling capability. The transformers on the primary
side are branched after the full bridge and therefore, control over the branch currents
is lost. As a result, this topology requires appropriate control such that power is evenly
distributed among the transformers. More importantly, ZVS is no longer applicable at
lighter loads and, therefore, leads to high switching losses in the MOSFETs.
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Virginia Tech [34] proposed a topology that consisted of 3 full bridges on the primary
side and 3-phase uncontrolled rectifiers on the secondary side. A 3-phase transformer
has been utilized for this design. Reported efficiency was 96 %. This topology does not
suffer from the issue of operating at lighter loads in comparison to the topology dis-
cussed in [33]. Nevertheless, it has a similar problem of current distribution as discussed
in [34] due to the series-parallel connection on the secondary side.

In [35], the proposed topology addresses the issues discussed in [33, 34]. The trans-
formers were center tapped, each accommodated with their own rectification unit and
connected in series thereafter. The center tapping leads to a reduction in turn ratio ir-
respective of the mode of operation. The series connection forced the current to be the
same, which in turn forced the primary side current to be the same. The even distri-
bution of the current on the primary side allows the converter to operate at a higher
efficiency despite being at light loads. This makes the converter behave as if it is operat-
ing at full load and ensure ZVS operation over the entire range. The reported efficiency
was found to be 96.4 % at full load. [36] proposed a multi-port bidirectional system. The
system consisted of CLLC resonant converter and an interleaved buck converter. The
power flow in each parallel connected stack is controlled independently with the help of
the interleaved buck converters. Each stack, therefore, was decoupled. [37] proposed a
Partial Parallel Dual Active Bridge Converter (P2DAB) for high power renewable energy
system integration. This topology offered 2 degrees of freedom to control either voltage
or power. A similar connection, as discussed in [35], has been utilized to force the current
components on the low voltage (LV) side to remain essentially the same. Experimental
results indicated that by regulating the phase angles, the converter efficiency can be im-
proved at light loads. Based on this review, two-parent topologies were identified, Dual
Active Bridge (DAB) and resonant converter.

For this study, the dual active bridge converter has been chosen due to its ability
to provide galvanic isolation, operate at very high efficiency (greater than 99 %), and the
ability to incorporate soft-switching without introducing additional passive components
in contrast to the resonant topology.

2.5. CONCEPT OF ADAPTIVE MODULARITY
With reference to specifications provided in Table 2.1, the stack current is expected to be,

Istack =
Prated

Vstack
= 1.42 kA

This is an extremely high current on the low-voltage side of the converter. If a single con-
verter was designed to deliver this current, the overall losses especially, the conduction
losses will be dominant and converter efficiency would deteriorate. More importantly,
due to prolonged operation, the switches on the low voltage side will have a smaller life-
time, and therefore, reliability takes a bigger hit. This is evident from the converter topol-
ogy review discussed in the previous section. Adopting a modular architecture for the
converter utilized in such an application may prove to be a potential solution to achieve
this objective. [38] provides an overview of isolated dual active bridge converter for high-
frequency link power conversion systems. The authors have emphasized on the typical
applications of DAB for high-power link AC-AC Solid State Transformer (SST), DC-DC
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Figure 2.10: Dual Active Bridge Converter.

SST, and Back to Back (BTB) configurations. In this chapter, multiple DAB modules are
used as power electronic interfaces between the DC grid and the electrolyzer stacks to
handle the high operating current rating, each consisting of two H-bridges as shown
in Figure 2.10. Herein, H-HV and H-LV are the HV- and LV-side H-bridges respectively.
Three different configurations are considered to redistribute the current on the LV side
and ensure that there is minimal stress on the switches, and therefore improve the effi-
ciency of the system.

CONFIGURATION A (FIGURE 2.11)

H
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Figure 2.11: Configuration A: Series connected H-HV and parallel connected L-LV bridges for a common elec-
trolyzer stack.

Each DAB module is connected in series on the HV side and in parallel on the LV
side. This may be beneficial as the voltage and current rating of individual switches for
H-HV and H-LV bridges can be reduced by 1

N , respectively. This is similar to the topology
proposed in [39] that describes DAB systems for MVDC distribution grids.

CONFIGURATION B (FIGURE 2.12)
Each DAB module is connected in parallel to the DC bus on both the HV- and LV- side of
the system. While the current rating of individual switches of the H-LV bridges reduces
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High Voltage DC Bus Low Voltage DC Bus

Figure 2.12: Configuration B: Parallel connected H-HV and parallel connected H-LV bridges for a common
electrolyzer stack.

by 1
N , the voltage rating of all H-HV bridge switches must be rated according the dc grid

voltage. However, unlike configuration A, each DAB module can be activated or deac-
tivated during operation to route the power efficiently between the electrolyzer and the
grid.

CONFIGURATION C (FIGURE 2.13)

High Voltage DC Bus Low Voltage DC Bus

Figure 2.13: Configuration C: Parallel connected H-HV and parallel connected H-LV bridges for a dedicated
electrolyzer stack for each DAB module.

Each DAB module is connected to a dedicated electrolyzer stack such that there are

N independent systems, each with power rating
( 1

N

)th
of the rated system power. De-

pending on the adaptive operation of DAB modules in accordance with the power flow,
the IV characteristics of the active stack can be modified, thus influencing the system
efficiency.
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2.6. SYSTEM ARCHITECTURE
In order to design a conversion system with high efficiency, both converter topology and
system architecture need to be discussed. The unification of the electrolyser stack size
and working parameters of the electrical power supply serves as the principal aspect of
the overall system efficiency and investment value. One can define four main architec-
ture types for electrolysis systems which will be described in the following:

• Direct/Independent Connection

• Series Connection

• Mixed Connection

2.6.1. DIRECT/INDEPENDENT CONNECTION

(a) Direct Connection (b) Independent Connection

Figure 2.14: Direct/Independent Connections

This architecture implies that electrolyser cells are directly connected to the electrical
energy source, in other words they are independent of one another. In this way, each cell
can be controlled to operate at its optimal power and any fault on the electrolyser side
would not propagate to other cells. This architecture is appealing for standalone systems
with renewable-based electrical energy generation because it allows for operation at the
maximum power in all conditions by use of, for example, module level converters for
PV panels, see Figure 2.14a [40]. Direct coupling between PV modules and electrolysers
without additional conversion stages can be considered, as the lower number of conver-
sion stages and lack of a battery energy storage system BESS, which is popular in stan-
dalone systems theoretically leads to higher conversion efficiency and lower system cost
[41–43]. The arrangement should be so that the static I-V curve of the water electrolyser
should match the maximum power point (MPP) curve of the solar panel configuration
[44, 45].

However, control systems for the flow of water and outtake gasses still have to be
implemented and experiments show that even if solar-to-hydrogen efficiencies of 8.5 %
were recorded, a converter stage with maximum power point tracking (MPPT) algorithm
provides better energy efficiency by about 14.5 % [46]. One other way of connecting the
individual cells or stack of cells is by a shared DC or AC bus within the plant as shown in
Figure 2.14b.
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2.6.2. PARALLEL CONNECTION

Figure 2.15: Parallel Connection

Studies have pointed out that the selectivity of reaction products for CO2 electro-
chemical reduction heavily depends on the cell voltage, thus one of the options for up-
scaling an electrolysis system is to connect the electrolysers in parallel as shown in Figure
2.15 [47–49]. In this way the cell voltage and implicitly the electrolysis reaction can be
controlled, this connection is analogous to the extension of the electrode surface and
essentially linearly increases the production rate. The production rate of a given elec-
trolysis process is given by

f = ηF
jcell Acell

zF
(2.26)

where f is the production rate (mol s−1) of the electrolysis product, for example, fH2

in the case of water splitting or fCO in the case of CO2 electrochemical reduction, ηF is
the Faraday efficiency of the reaction, jcell is the current density (A cm−2), Acell is the
effective cell area (cm2), z is the number of moles of electrons transferred and F is the
Faraday constant (96485 C mol−1).

For the power supply, up-scaling such a system entails the necessity of providing
the entire system with a voltage equal to the cell voltage, in the range of 3 V for low-
temperature CO2 electrochemical reduction, and a current intensity proportional to the
system power. It is easy to observe that such an architecture is very limited because it
quickly leads to unrealistic current requirements for high-power systems (e.g. 3.33 MA
for a 10 MW system). The implementation of this connection type is not used in practice
due to the low capacity of up-scaling to high power.

2.6.3. SERIES CONNECTION
Stacking up the electrolyser cells in series is one other method of up-scaling, and its es-
sential benefit over the parallel connection is that it can be provided with a higher voltage
level, resulting in a lower current intensity value when system power is accounted for, as
shown in Figure 2.16. Both power supply and connecting wires’ conduction losses are
greatly reduced due to the proportionality to the square of the effective current value
I 2

RMS.
The series connection also has limits as small voltage imbalances that can be ob-

served among a string of series-connected electrolyser cells can add up to large imbal-
ances in a stack with a large number of cells, and as stated in the previous section, the
selectivity of the electrochemical reaction is strongly dependent on the cell voltage.

The limiting factor for this architecture is also the gas-pressure equalization within
the cells, in the case of alkaline electrolysers [29], and the overall stack voltage which
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Figure 2.16: Series Connection

should be kept low enough to avoid discharges and the danger of explosions (for hydro-
gen systems). This architecture is used in the highest power commercial water electrol-
ysers [19, 22, 50, 51]

2.6.4. MIXED CONNECTION

Figure 2.17: Mixed Connection

A combination of the previous architectures should be considered for high-power
electrolysis units as shown in Figure 2.17. Connecting multiple strings in parallel allows
for higher power systems with a low component count. The supplied current will be
higher than what is required for a single series connected stack because of the limiting
requirement for stack voltage, but lower than the parallel scheme.

Just like the series connection, this architecture is also limited by the overall stack
voltage and input gas-pressure equalization. Modular mixed connection systems have
been proposed in the literature, where each module comprised of a stack or series con-
nection of stacks is independently operated by DC-DC converters [52]. This allows for
system control strategies such as selective shut-down of modules with the purpose of
an efficient system operation under variable power conditions (also known as a load-
following operation).
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Figure 2.18: Prefered power source to drive large-scale electrolysis projects worldwide. With data from [53].

2.7. OPERATION WITH SOLAR ENERGY
Solar photovoltaic (PV) energy is gaining popularity as the preferred source for powering
large-scale electrolysis projects either as a single source or combined with wind power
as seen in Figure 2.18.

The solar-to hydrogen (STH) efficiency is a metric to evaluate the amount of irra-
diance needed to produce hydrogen. It combines the efficiency of the PV system and
of the electrolysis system. Figure 2.19a shows the reported STH efficiencies in the last
ten years. although there is an increasing trend, there is still a place for improvement.
Figure 2.19b shows the STH per coupling type. Battery-assisted and grid-connected sys-
tems reach higher efficiencies, possibly because of the continuous operation of the elec-
trolyzer, even at night [54].

(a) (b)

Figure 2.19: (a) Reported solar-to-hydrogen efficiency per year [54]. The dashed line at 10% indicates the limit
at which the projects become economically feasible [55], while the line marked as "Photoelectrochemical"
marks the target of the Department of Energy of the United States [56]. Although it is a different technology, it
is included as a reference. (b) Solar-to-Hydrogen efficiency per coupling strategy [54]

The electrical response of low-temperature water electrolyzers is extremely fast and
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is well suited for variable operation. The evolution of gases and the operating tempera-
ture impose the limits on the power ramp that an electrolyzer can withstand. The ramp
rate which electrolyzers can tolerate is higher than the ramps of irradiance. Hence irra-
diance variability is not the bottleneck for solar-powered electrolysis. More importantly,
the operation at partial load can raise safety concerns, while slow varying variables, as
temperature, have a strong influence on the process efficiency [54].

2.7.1. EFFECT OF SOLAR IRRADIANCE VARIABILITY ON MAXIMUM POWER

POINT TRACKING

A maximum power point tracker is an algorithm embedded into a power controller that
sets the photovoltaic module’s operating point at its maximum power. The Perturb & Ob-
serve algorithm is a simple, yet effective maximum power point tracking algorithm which
is based on the hill-climbing method. The algorithm constantly perturbs the module’s
voltage in small steps and observes the power output. Depending on whether this power
is higher or lower than the previous step, it will increase or decrease the module’s voltage
until it swings around the maximum power point. Despite its simplicity, this algorithm
is widely implemented in industry.
However, its operation is sensitive to changes in irradiance, causing efficiency losses due
to the algorithm tracking away from the maximum power point as seen in Figure 2.20.
This happens due to the logic of the algorithm and is independent of the converter con-
trolling the PV module.

Figure 2.20: Confusion of the Perturb & Observe maximum power point tracking algorithm under changing
irradiance. The crosses indicate the maximum power point of the PV module, the solid dots, the steps of
P&O and the diamond, the starting point. Note that the algorithm moves the module’s voltage away from the
maximum power point due to the changing irradiance [57].

The efficiency loss can be related to the variability of solar irradiance by binning the
efficiency and irradiance variability. The relation between these two quantities is de-
scribed with a quadratic polynomial (Eq. 2.27) [57].

η̄MPP = p1V̄ 2 +p2V̄ +p3 (2.27)
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Where η̄MPP is the average bin efficiency, p1, p2, and p3 are the fitting coefficients
and V̄ =σ(∆G) is the irradiance variability metric given by the standard deviation of the
differences of the solar irradiance G [57].

P&O is described by two operating parameters. The perturbation step (in percentage
of the module’s open circuit voltage) and the sampling time (indicating how frequent
the perturbations will be made). These two parameters influence the efficiency of the
algorithm, especially under high variable irradiance conditions [57].

(a) (b)

Figure 2.21: Efficiency loss due to P&O parameters under (a) clear skies, and (b) variable irradiance [57].

2.7.2. VERY SHORT-TERM PREDICTION OF SOLAR IRRADIANCE
The quick variations in irradiance impose a challenge in the operation of PV systems.
To alleviate this, forecasting in the very-short term (a few minutes ahead) appears as a
potential solution to these challenges.

Images from the sky provide forecasting models with information about the the clouds:
type, location in the sky dome, and, direction and speed in which they move. This infor-
mation can be incorporated with measured irradiance and artificial intelligence to per-
form an intra-hour irradiance prediction. One of the main problems with this approach
is that the artificial intelligence models tend to smooth the irradiance variations and un-
derperform when the sky conditions change rapidly. One solution is to this is to train
several AI models on a specific sky condition. This results in different highly specialized
models that require less training data to outperform the single-model version [58].

This solution, requires a pre-processing step that determines the current sky condi-
tion and classifies it into five classes. Then the prediction model chooses the appropri-
ate AI model for that particular class [58]. Figure 2.22 shows the block diagram for the
pre-processing step. Figure 2.23 shows the structure of the complete model. Each Con-
volutional Neural Network (CNN) is based on a ResNet50 architecture that receives a
three-channel color image plus two extra channels containing the optical flow informa-
tion (magnitude and direction of pixel movement). A a fully-connected neural network
processes the additional data (clear-sky index and the Sun’s coordinates in the image)
[58].
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Figure 2.22: Block diagram of the sky classifier. The model detects the location of the Sun in the image and
applies a cloud detection algorithm depending on whether the sun is blocked or not. Finally the cloud cover
in the image is determined from the detected cloud pixels [58].

Figure 2.23: Complete structure of the prediction model. The pre-processing steps are the sky classifier and the
optical flow, which returns the movement of the pixels between two consecutive images. After the clasification,
a particular convolutional neural network trained for specific sky conditions makes the forecasting [58].

This approach leads to a forecasting improvement of up to 20% with respect to the
simple persistence model (which assumes constant irradiance throughout the forecast-
ing horizon), and around 10% improvement with respect to the unclassified model as
seen in Figure 2.24

2.7.3. OPTIMIZATION OF THE SOLAR-HYDROGEN PLANT

In a stand-alone PV-hydrogen system, the PV provides all the power the electrolyzer
needs (and supporting equipment, Balance of Plant). Focusing only on the electrolyzer,
there are two main coupling methods. The first is to connect the PV modules to the elec-
trolysis stack without any interface. If the number of electrolyzer cells and PV modules
are chosen correctly, the system will operate close to the maximum power point of the PV
modules, even at changing or low irradiance. The second option is to use a power con-
troller with a maximum power point tracking algorithm. This ensures that the system
will operate at the PV module’s maximum power point most of the time. The optimiza-
tion of these systems requires to distribute the PV power into the electrolyzer and the
auxiliary equipment. Figure 2.25 shows a schematic of the studied system [59].

The optimization procedure relies on the Particle Swarm Optimization (PSO) algo-
rithm to find the azimuth and tilt of the PV modules and the ratio between the nominal
power of the electrolyzer and the PV system (oversize factor). The objective function is
either one of three proposed indicators [59]:
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Figure 2.24: Improvement of the prediction (given by the forecast skill) of the classified and unclassified models
against the persistence model. positive values indicate that the proposed models outperform the persistence
model. Negative values indicate that the persistence model performs better than the proposed models [58]

Figure 2.25: Overview of the studied stand-alone solar-hydrogen system [59]
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1. Energy consumption (Eq. 2.28). Is a measure of efficiency of the system and re-
lates the produced energy from the PV system

∫
year PPV to the yearly production of

hydrogen
∫

year Ḣ2. the units are in kWh/kgH2
.

Energy use =
∫

year PPV∫
year Ḣ2

(2.28)

2. Wasted energy ((Eq. 2.29). Is a measure of energy that could be produced by the
PV system but cannot be used to produce hydrogen as it would exceed the nom-
inal capacity of the electrolyzer, hence, it it curtailed Pcurtailed, or, it is below the
minimum threshold to start the process, so it is unused Punused.

Wasted energy =
∫

year(Punused +Pcurtailed)∫
year Ḣ2

(2.29)

3. Levelized Cost of Hydrogen (LCOH) (Eq. 2.30). Represents the cost of hydrgogen
along the lifetime of the project. It and Mt are the investment and maintenance
costs in year t , respectively. r represents the interest rate and Ht the produced
hydrogen in year t .

LCOH =
∑n

t=0
It+Mt
(1+r )t∑ Ht

(1+r )t

(2.30)

Figure 2.26 show the orientation of the PV modules to minimize the indicators. Two
scenarios were studied, single-sided PV systems (Figure 2.26a) and double-sided (Fig-
ure 2.26b). Note that in single-sided systems, the optimal orientation does not coincide
with the optimum orientation which maximizes the electricity yield of PV modules. And
even more remarkably, the energy consumption is minimized with north-facing mod-
ules (even when the system under study is in the Northern hemisphere), with a very large
oversize factor (the PV system should be 5 times larger than the hydrogen system). Nat-
urally, cost-wise the system is aligned closer to the optimum PV orientation with smaller
systems (an oversize factor slightly above 2.5). This configuration also results in a bet-
ter use of the electrolyzer as it causes it to operate longer at full load than configuration
optimizing energy consumption or wasted energy [59].

2.8. CONCLUSIONS
The presence of low voltage and high current at the stack side is not straightforward to
solve from the converter design perspective. This necessitates developing power elec-
tronics solutions with the objective of redistributing this current such that the losses are
minimized. In this chapter, a simplified model of an alkaline regenerative stack is de-
veloped, and the effect of varying certain parameters on its electrical characteristics is
discussed. Furthermore, the insights obtained from the same are co-related with the
power electronics converter design challenges, operational challenges, and their associ-
ated trade-offs with regard to the electrolyzer system. A converter topology review has
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(a) (b)

Figure 2.26: Optimized configurations after 10 runs of PSO for (a) Single-sided (All PV modules have the same
azimuth and tilt) and (b), double-sided orientation (half of the PV modules share the same tilt but their azimuth
is shifted 180°) [59].

been conducted, followed by an introduction to the concept of adaptive modularity for
power electronics converters employed for green hydrogen production. Three poten-
tial configurations based on the DAB converter are introduced, and the advantages of
applying adaptive modularity to these configurations have been discussed. The mod-
ular converter configurations can also be influenced by the type of system architecture
of the electrolyzer systems. Therefore, various electrolyzer system architectures in the
literature were emphasised upon along with their key features, merits, and demerits.
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POWER QUALITY IN URBAN

NETWORKS

3.1. INTRODUCTION

G RID-connected power electronics converters are getting more attention due to cli-
mate change, renewable energy sources integration, and fossil-free transportation

[1]. The extensive interconnection of power electronics-based systems into power grids
is affecting the reliability of the system. Modular multilevel converter (MMC) is an at-
tractive topology among others for medium to high voltage applications [2]. MMC is a
promising candidate due to its modularity, scalability, high efficiency, and superior har-
monic performance [3]. However, higher modularity consequently increases the num-
ber of components in the system, thereby influencing the risk of failure [4]. Therefore,
the cost-effective design for reliability by considering the trade-off between modularity
and redundancy is important [5].

For the MMC design, reliability and cost-based methods by only considering redun-
dancy are reported in [6–9]. In [6], the cost-based model of the MMC with two redun-
dancy strategies is evaluated, and it is presented that standby redundancy has a lower
cost than active redundancy. Authors in [7] present an optimization method by con-
sidering the cost and redundancy aspects of the MMC with hybrid sub-modules (SMs).
In [8], a method is proposed that provides reliability indices to plan periodic preventive
maintenance for the MMC in off-shore applications. In [9], three converter topologies,
including 2-level, 3-level neutral-point-clamped (NPC) and MMC with fixed switch volt-

35



3

36
3. WP-3: DESIGN RULES FOR INTELLIGENT POWER-ELECTRONIC COMPONENTS FOR

CONTROLLING POWER QUALITY IN URBAN NETWORKS

Table 3.1: COMPARISON OF THE EXISTING LITERATURE AND PROPOSED STUDY FOR MMC DESIGN

Reference Mod† Red‡ Cost Varying Varying
DC link vol loading

[15] ✓ ✓ ✓
[16] ✓ ✓ ✓
[9] ✓ ✓ ✓ ✓

[18] ✓ ✓ ✓
[6–8] ✓ ✓

[10–14] ✓
Current study ✓ ✓ ✓ ✓ ✓

† Modularity ‡ Redundancy

age rating of 4.5 kV are compared for Medium Voltage (MV) applications. Analysis of [9]
shows that using 3-level NPC is the most economical when the rated current is below
400 A and DC link voltage is below 56 kV. If the rated current is in the range of 500 A-
700 A and DC link voltage is above 46 kV, MMC is the most cost-efficient choice. Like-
wise, for the current rated above 700 A, regardless of DC link voltage, MMC is the most
cost-efficient converter. The design of the MMC that only focuses on redundancy are
well-explored in [10–14], where the system reliability is improved by applying different
redundancy strategies. For instance, in [11], a redundancy strategy is proposed where
the redundant SMs can be shared among all arms. It is presented that with this redun-
dancy strategy, the number of required redundant SM is decreased by 33 % compared to
the conventional redundancy strategies.

Modularity (switch voltage rating) is another factor in the MMC that can play an im-
portant role in the reliability and cost (initial investment and operational loss) aspects.
Few works [15–18] have reported on the design of the MMC by considering modularity
aspects of the MMC. In [15], a mission profile method is proposed to design the 17 MW
28 kV DC link MMC with the focus on modularity to suggest that SM with switches of
3.3 kV voltage rating are the most reliable and cost-efficient choice as compared to other
market available ratings. The impact of redundancy is considered in [16], and it is sug-
gested that 3.3 kV switch is the optimal choice for line-to-line AC side voltages between
22 kV and 58 kV in an MV cascaded H-bridge AC-DC converter. In [17], the reliability
of the MMC by applying individual insulated-gate bipolar transistor (IGBT) SM using
Hipak style IGBTs, and series valve SM using press-pack IGBT are compared. It is shown
that using Hipak style IGBTs has the lowest conduction losses, while for the first few
operational years, presspack IGBTs are more effective in preventing the arm’s voltage
from decreasing, and the need for installing redundant SMs decreases. [18] compares
the semiconductor with different rated voltages to find the optimum choice based on
SM utilization and losses for high-voltage direct current (HVDC) applications. Authors
conclude that HVDC in the power range below 900 MW, 4.5 kV switch is optimal. For
the power range between 900 and 1000 MW, both switches with rating voltage of 4.5 kV
and 6.5 kV have similar performance, while the switch with a rating voltage of 6.5 kV is
optimal for power range above 1000 MW.

Table 3.1 summarizes and compares the existing literature with the proposed method
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in this study. In this chapter, both concepts of redundancy and modularity as two as-
pects of reliability in the MMC are combined to suggest the optimum voltage rating of
the switch. Concerning costs, the insights of [15] are extended by considering the costs
associated with redundancy and its corresponding sensitivity to different system param-
eters such as DC link voltage, average converter loading, required lifetime, and energy
price. This chapter aims to quantitatively establish the trade-off between the impact of
higher modularity on converter reliability corresponding to the redundancy costs for the
given lifetime requirements while considering the operational efficiency. The key con-
tributions of this study are as follows:

• Quantify the MMC’s trade-off between modularity and redundancy by varying the
submodule switch rating and suggesting the optimal number of levels for the given
DC link voltage and operating power considering the capital cost, efficiency, and
reliability.

• Derive a generalized insight on selecting the optimal switch rating considering the
above trade-off with varying DC link voltage, power rating, average loading, re-
quired lifetime, failure rate (FR), components cost, and energy price.

• It also investigates the influence of using two different methodologies (Military
Handbook (MIL-HDBK) and FIDES) for calculating the FR of components and the
effect of various current ratings.

The rest of the chapter is organized as follows. In Section 3.2, the characteristics
of the system and the method for analyzing the MMC reliability are given. Section 3.3
defines a case study and evaluates the system’s cost, reliability, and efficiency. Sensitivity
analysis is carried out in Section 3.4. In Section 3.5, the general application proposed in
this chapter is recommended, and the conclusions are given in Section 3.6.

3.2. SYSTEM DESCRIPTION AND RELIABILITY DESIGN
This section provides a system description and the methodology for evaluating the reli-
ability.

3.2.1. MODULARITY DESIGN
The general configuration of the MMC with half-bridge (HB) SM is presented in Figure
3.1. MMC is composed of three phases, and each phase has two arms. Each arm has a
number of SMs connected in series with arm inductance. In this study, as an example,
the considered MMC system has rated power (Sn) of 10 MVA with line voltage (Vg) of 8.16
kV. The DC link voltage (Vdc) can be estimated by [16]:

Vdc =
2
p

2×Vsp
3×m

(3.1)

where m is the modulation index and it is equal to 0.96, Vs is the RMS of line-to-line
voltage equal to

p
3/
p

2 Vg. The minimum number of required SMs (Nmin) in each arm
depends on the selected power switch rating. Besides this, the maximum value of SM
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Figure 3.1: Illustration of an MMC with half bridge sub-modules.

capacitors voltage ripple kmax needs to be considered (which in this study is equal to
10 %). Hence, Nmin is defined as (3.2) [19]:

Nmin = Ceil

[
kmax ×Vdc

Sf ×VIGBT

]
(3.2)

where Ceil (x) function returns the smallest integer that is greater than or equal to x, Sf is
the safety factor of IGBT that can be determined based on the voltage limits for steady-
state operation of MMC, VIGBT is the IGBT blocking voltage. In this work, the safety factor
is equal to 0.65, which is in the range of maximum steady state voltage of IGBT [18]. A
design element that plays a crucial role in the cost, reliability, and operation of MMC is
the SM capacitor. The time-average stored energy and peak value of capacitor voltage
are needed to determine the SM’s capacitor. According to [19], the required capacitor is
given by:

CSM = Nmin ×Sn ×WMMC

3(kmaxVdc)2 (3.3)

where WMMC is the required energy storage per MVA that is approximately 40 kJ/MVA as
defined in [20].

The operating switching frequency ( fsw) is chosen in this study such that the effec-
tive frequency ( feff = Nmin× fsw ≈ 3 kHz) is constant for the chosen switch rating with the
given DC link voltage. This ensures that the harmonic performance of the designed con-
verter is compliant with IEEE 519 with similar power quality for the same arm/filter in-
ductance when different switch ratings and hence the number of levels are selected [21].
Correspondingly, the varying switching and conduction losses for different operating
frequencies and the number of levels can be calculated while ensuring that harmonic
performance is the same for the given DC link voltage. Table 3.2 summarizes the number
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of SMs per arm, SM capacitance, and switching frequency which are all defined based
on the withstand voltage of the IGBT module (VIGBT).

Table 3.2: MMC PARAMETERS FOR FIVE DIFFERENT SWITCHES RATING

VIGBT Vdc Nmin fsw CSM VSM,av Sf,act

(kV) (kV) (Hz) (mF) (kV)
(3.1) (3.2) (3.3) (3.4) (3.5)

1.2 17 24 125 9.2 0.71 0.650
1.7 17 17 177 6.5 1.00 0.647
3.3 17 9 334 3.4 1.89 0.629
4.5 17 7 429 2.7 2.43 0.594
6.5 17 5 600 1.9 3.40 0.575

Herein, Nmin is given by (3.2) and the average operating SM voltage (VSM,ave) is given
by (3.4).

VSM,ave = Vdc

Nmin
(3.4)

Consequently, the actual operating safety factor (Sf,act) associated with maximum SM
voltage is given by (3.5),

Sf,act =
kmaxVSM,ave

VIGBT
(3.5)

As observed, Sf,act is closer to the initial design value Sf for lower switch rating due to
the impact of ceiling function in (3.2). Consequently, it results in a slightly lower switch
utilization and SM FR with higher switch ratings. This effect is reduced when a second
ceiling function is applied with redundancy requirements for the given B10 lifetime, as
discussed in the subsequent section. Furthermore, the difference in switch utilization in
trade-off with reliability is further reduced for higher DC link voltages as shown in Fig-
ure 3.2.

Figure 3.2: The actual safety factor value with varying DC link voltage.

3.2.2. RELIABILITY DESIGN
For reliability analysis of MMC, the FR of the components within the MMC needs to
be evaluated. Also, redundancy as a fault-tolerant strategy is applied to increase the
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MMC reliability [22]. The following scrutinizes the FR of power components and the
redundancy effect.

FR CALCULATION

In MMC, SMs construct the arms, and its configuration is shown in Figure 3.1. The SM is
composed of two IGBTs, a capacitor bank, and auxiliary components [10]. The FR of the
switches and capacitor can be calculated by using equations from the MIL-HDBK [23]
as (3.6) and (3.9).

λMIL-IGBT =λbase-IGBTπTπSπAπRπE (3.6)

where λbase-IGBT is the base FR of IGBT equals to 100 FIT [6]; πT is the temperature factor
calculated as (3.7); πS is the factor for voltage stress formulated as (3.8); πA stands for the
application factor; πR defines the power rating factor, and πE is the environmental factor
[6].

πT = exp[−2114× [
1

Tj +273
− 1

298
]] (3.7)

πS = 0.045×exp[3.1
Vapplied

Vrated
] (3.8)

where Tj is the junction temperature, Vapplied and Vrated are the actual and nominal volt-
age across the IGBT, respectively.

λMIL-Cap =λbase-CapπTπVπSRπQπEπC (3.9)

where λbase-Cap is the base FR for film capacitor that is equal to 100 FIT [6]; πSR defines
the influencing factor of the series resistance of the capacitor; πQ is the quality coeffi-
cient; πE stands for environmental factor; πC is the capacitance coefficient, πV is the
voltage stress factor calculated as (3.10), and πT is the temperature factor formulated as
(3.11) [6].

πV = [
Voperating

0.6×Vrated
]5 +1 (3.10)

πT = exp[
−0.15

8.617×10−5 [
1

Tj +273
− 1

298
]] (3.11)

where Tj is the ambient temperature, which depends on the loading of the converter.
In this study, it is assumed if the MMC is not operating (0% loading), the junction tem-
perature of the capacitor and IGBT is equal to the ambient temperature (25o C) and If it
operates at full load (100% loading), the junction temperature is 100o C. So, the junction
temperature can be estimated at any chosen loading. Voperating and Vrated are the actual
and nominal voltage across the capacitor, respectively.
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RBD of the MMC for Active Redundancy 
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Figure 3.3: RBD model of MMC under active redundancy.

REDUNDANCY EVALUATION

Redundancy as a fault-tolerant strategy is applied to have a normal post-fault opera-
tion without degradation [24]. Different redundancy strategies are explored in [10, 20]
and the optimal choice depends on many factors such as efficiency, dynamics, and eco-
nomics. This chapter applies the fixed-level active redundancy strategy [6, 9, 16], and the
reliability block diagram (RBD) of MMC with this redundancy is presented in Figure 3.3.
In this redundancy strategy, the number of operating SMs within the arm always equals
Nmin. However, in this operating mode, all the SMs (n) are energized, but the triggering
signal is only sent to random Nmin SMs. Hence, all the SMs take turns operating. In this
redundancy strategy, triggered SMs could be either original or redundant [16]. As it is
shown in Figure 3.3, in fixed-level active redundancy operational state, if Nred = n-Nmin

is the number of redundant SMs in each arm, the reliability of the arm can be calculated
by applying k-out-of-n given by (3.12) [25].

Rarm(t ) =
n∑

Nmin

C Nmin
n R(t )Nmin (1−R(t ))n−Nmin (3.12)

R(t ) = e−λSMt (3.13)

λSM = 2×λMIL-IGBT +λMIL-Cap (3.14)

where λSM is failure of the SM with Nmin operational SM. For calculating the MMC relia-
bility, since there are six arms, the MMC’s reliability is formulated as (3.15)

RMMC(t ) = (Rarm(t ))6. (3.15)
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Figure 3.4: Reliability results of 10 MW 17 kV DC link MMC with 57% loading, (a) reliability output for differ-
ent switch voltage rating with no redundancy, (b) reliability output for different switch voltage rating with one
redundant SM in each arm, and (c) number of required redundant SM in each arm to meet B10 lifetime re-
quirement of 10 years.

RELIABILITY INDEX

In this study, the percentage of the lifetime Bα is used, which determines what percent-
age of devices fail at the time as (3.16):

FMMC(Bα) = 1−RMMC(Bα) = α

100
(3.16)

where unreliability function FMMC represents the proportion of population failure. B10

lifetime is expressed as the required time to reach 90% of the system’s reliability (or 10%
of devices fails). Hence, the number of redundant SMs is selected in the design process
to reach the required B10 lifetime. Table 3.3 shows the B10 lifetime of the MMC without
redundancy and having one redundant SM in each arm with different switch ratings (ob-
tained from Figure 3.4 (a) and (b) respectively). According to [6, 9, 26, 27], the required
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Table 3.3: OBTAINED B10 LIFETIME IN YEARS (FIGURE 3.4 (A) AND (B)) FOR 10 MW 17 KV DC LINK MMC WITH

DIFFERENT SWITCH RATINGS

Switch ratings 1.2 kV 1.7 kV 3.3 kV 4.5 kV 6.5 kV
B10 No red 0.12 0.17 0.34 0.48 0.72

lifetime One red 1.31 1.85 3.63 5.14 7.44

lifetime of power electronic systems can vary from 2 years to more than 30 years. Still,
the necessary lifetime in most applications falls between 5 to 20 years. Hence, this work
considers B10 lifetime of 10 years as the reliability index for determining the number of
redundant SMs in each arm. Additionally, the sensitivity analysis will be carried out in
the case if the required B10 lifetime is 5 and 20 years.

Figure 3.4 (a) and (b) show the reliability of the MMC with different switch voltage
ratings at 57% loading with no redundancy and only one redundant SM in each arm,
respectively. It can be seen from Figure 3.4 (a) and (b) that the inclusion of one redun-
dant SM in the MMC with a higher switch rating improves the reliability much more than
the case where a switch with a lower rating is used. However, it is essential to remem-
ber that the cost of one redundant SM, for example, for a 6.5 kV switch is higher than a
1.2 kV switch. Hence, there is a trade-off between modularity, redundancy, and cost of
the MMC. The MMC’s B10 lifetime without redundancy and one redundant SM in each
arm, as shown in Table 3.3, is less than 10 years. In order to reach the required lifetime
of 10 years, more redundant SMs are needed. Figure 3.4 (c) shows the number of redun-
dant SMs required in each arm for the MMC with various switch voltage ratings to meet
the 10-year lifetime requirement at 57% loading.

3.3. CASE-STUDIES FOR COST, RELIABILITY, AND EFFICIENCY-
BASED OPTIMAL SWITCH SELECTION

With respect to the total cost of the MMC, the capital investment (CI) and operational
losses are considered, which are explained in the following.

3.3.1. CAPITAL INVESTMENT

Major components’ costs are considered for calculating the CI of the MMC. The domi-
nant components for consideration in CI are power electronics components (semicon-
ductors, control system, power supply) and capacitor cost. Hence, the estimated CI of
the power electronics components C IPE is formulated as follows [15]:

C IPE = KPENsemiVIGBTInominal (3.17)

where Inominal is the nominal or rated current of the IGBT, which in this study is calcu-
lated and equals to 480 A, Nsemi is the total number of IGBT switches in the MMC that
is equal to Nsemi = 6× 2×n, KPE is the estimated price of installed power that is equal
to 3.5e/kVA [28]. The estimated CI of capacitance (C ICap) can also be calculated from
(3.18) - (3.20):
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C ICap = KCapECap (3.18)

ECap = 6×n ×ECell (3.19)

ECell =
1

2
CSMV 2

SM (3.20)

where KCap is the estimated price of the installed capacitor equal to 150e/kJ. Hence, the
CI of the MMC can be estimated by adding the CI of installed capacitance and power
electronics switches. In Figure 3.5 (a), the CI of the MMC with different switch ratings for
varying DC link voltage at 57% loading is presented. As shown in Figure 3.5 (a), switch
rating of 1.2 kV is the most economical option from the only CI point of view throughout
the varying DC link voltage. The normalized price can be obtained from (3.21).

Normalized CI(/ekVA) = C Itotal

Sn
, (Sn in kVA). (3.21)

As mentioned in section 3.2, redundancy is applied to increase the MMC reliability
with various modularity (Figure 3.4 (b)). However, the cost of using redundancy and CI
of the MMC differs for different switch ratings; hence, cost aspects are a determining
factor in selecting the cost-efficient switch rating while the reliability requirements are
met. Figure 3.5 (b) presents the ratio of redundancy costs concerning the total CI of the
MMC. As shown from Figure 3.5 (b), applying redundancy has a lower price for higher
DC link voltage ranges, while it is more costly for lower DC link voltage ranges. Also, it
can be realized that the cost of applying redundancy for the MMC with higher switch
voltage rating is more.
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Figure 3.5: Cost results of the MMC with 57% loading, (a) normalized CI of the MMC with different switch
voltage rating, (b) redundancy percentage of total CI with B10 = 10 years.

3.3.2. OPERATIONAL LOSSES
The model developed in [29] is applied to obtain the MMC’s operational efficiency with
various modularity levels. The physics-based methodology explained in [16] is used to
estimate the switching and conduction losses of IGBTs. Also, switching and conduction
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losses are evaluated for varying loading. For calculating the annual energy losses (El )
with different modularity levels, (3.22) is applied as follows:

El =
∫

(100−η(ti ))×PMMC (3.22)

where η(ti ) is the efficiency of the MMC at time ti and PMMC is the MMC rated power in
MW.

3.3.3. CASE STUDY FOR OPERATIONAL LOSSES
Figure 3.6 (a) and (b) show the histogram of two Mission Profiles (MPs) used in this study
based on the hourly data adapted from [30]. The average power demand (Pave) of MP I
and MP II is 38 % and 57 %, respectively. Figure 3.7 presents the cumulative yearly energy

Figure 3.6: Histogram of hourly annual power demand for (a) MP I and (b) MP II.

losses for MMC with different switch ratings according to the daily power demand for
two cases shown in Figure 3.6.

279
244 243

293

432
480

417 402

472

668

1.2 kV 1.7 kV 3.3 kV 4.5 kV 6.5 kV

Switch blocking voltage

0

200

400

600

800

E
l (

M
W

h
/Y

ea
r)

38% Annual average loading

57% Annual average loading

Figure 3.7: Cumulative yearly energy losses El for 10 MW 17 kV MMC.

Likewise, these calculations can be repeated for varying DC link voltage other than
17 kV considered. For this evaluation, the phase current is kept constant, and the DC
link voltage is changing (as well as the rated power of the MMC). Since the rated current
is kept constant, the same switch rating with the same character can be applied, but the
number of levels, operational losses, reliability, and CI will change. In Figure 3.8, the con-
duction and switching losses of the MMC are presented. Switching loss is dominant for
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low DC link voltages, while conduction loss is becoming the dominant factor in higher
DC link voltages. Figure 3.9 shows the total losses of the MMC for the annual loading
shown in Figure 3.6 for varying DC link voltage (with 1 kV resolution).
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To better clarify the importance of annual loading, two points as P1 and P2 are con-
sidered from Figure 3.9. For MP I, the switch with a rated voltage of 4.5 kV is the most
efficient for the DC link voltage range between P1 ≈ 65 kV to P2 ≈ 157 kV. However, this
range is P ′

1 ≈ 62 kV to P ′
2 ≈ 138 kV when higher average loading corresponding to MP II is

considered.
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To generalize the scenarios mentioned in this sub-section for two different annual
loading, an average annual loading point is considered, which can change from 1 % to
100 %. Figure 3.10 shows the heat map of the most efficient switch for varying DC link
voltage and annual average loading. As it can be seen from Figure 3.10, for a DC link
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Figure 3.10: Optimal switch voltage rating choice map based on the efficiency of the MMC under various an-
nual average loading with varying DC link voltage.

voltage higher than 200 kV, a switch with 6.5 kV rating voltage is the most efficient choice
regardless of the average loading of the converter. For lower DC link voltages, there is
a trend between an optimal switch dependent on the MMC’s annual average loading.
From Figure 3.10 can be seen that higher DC link voltage leads to a shift in preference
towards higher rated voltage of switch for the same average yearly loading. Likewise, for
the same DC link voltage, a higher annual load leads to a shift in preference toward a
higher switch voltage rating. Please note that the energy savings obtained from constant
average annual loading are slightly different when an hourly power demand of MMC is
considered. This is shown in Figure 3.10 as points P1, P2, P ′

1, and P ′
2 obtained originally

from hourly power demand in Figure 3.9. As it can be seen, the points are not exactly on
the boundary between switches with 4.5 kV and 6.5 kV ratings, and it is slightly different.

3.4. SENSITIVITY ANALYSIS FOR GENERALIZED SWITCH VOLT-
AGE RATING SELECTION

As presented, many variables are needed to determine the most economical switch for
every specific DC link voltage and annual average loading. Figure 3.11 summarizes the
characteristic comparison of the MMC for three switches with rated voltage of 1.2, 3.3,
and 6.5 kV. The trend shown in Figure 3.11 is valid for all DC link voltages and annual
average loading. Nevertheless, combining all these characteristics defines the most eco-
nomically viable choice for the rated voltage of the switch.

A financial index must be defined to compare different rated voltage of switches and
find the economic viability range of each switch concerning DC link voltage and annual
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Figure 3.11: Overview of the trade-offs for 10 MW 17 kV DC link MMC affected by switch voltage rating.

average loading. This study considers payback as the economic index for determining
the most economical switch choice. The payback helps make a financial decision based
on how long it takes to get the profit for extra invested money. The CI and savings of the
various switch choices are compared to calculate the payback as follows:

Payback (PB) = ∆C I

Si
(3.23)

Si =
∫
∆Ei ×Pt (3.24)

where ∆C I is the difference of CI between different switch ratings, Si is the difference in
cost saving due to efficiency,∆Ei (kWh) is the energy saving difference, P t is the price for
electricity that in The Netherlands is equal to 0.190 €/kWh. In this study, the economic
viability boundary is defined based on a considered payback time of 10 years. The steps
given in the flowchart in Figure 3.12 can be followed to find the optimum rated voltage
of the switch in the MMC with specified characteristics (DC link voltage and annual load
demand). The methodology for finding the cost-efficient switch rating is shown in Figure
3.13. This algorithm evaluates if investing extra money in the MMC with the lowest CI to
use other switch ratings could have a payback of 10 years or less.

Figure 3.14 presents the economic viability regions among various rated voltage of
switches for B10 = 10 years with varying DC link voltage and annual average loading con-
sidering a 10-year payback. Similar to the obtained heat map of efficiency, the current
and voltage rating of the switches are fixed. A comparison is performed among different
rated voltage of switches. Figure 3.14 suggests that each rated voltage of the switches
is more economically viable for a specific DC link voltage and loading. As presented in
Figure 3.5 (a), the MMC with a rating voltage of 1.2 kV has the lowest CI, and Figure 3.14
shows if extra money invested in the MMC with higher switch voltage rating has a pay-
back of 10 years or less. For instance, Figure 3.14 suggests that if the DC link voltage is
50 kV and the expected annual loading is 50 %, extra investment in the MMC that uses a
switch with a rating voltage of 3.3 kV (instead of 1.2 kV and 1.7 kV) will have a payback of
10 years or less.
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Select the DC link voltage and annual 
average loading 

System description
Calculate the system parameters as given in table II for 

different blocking voltage switch using (1)-(5) 

Reliability design
Calculate the components failure rate using (6)-(11).
Calculate the MMC reliability by applying redundancy using (12)-(15). 
Find the number of redundant SM to achieve required B10 lifetime.

Cost analysis
Calculate CI using (17)-(21).
Calculate the MMC annual energy losses (El) 
using [27],[9] and equation (22).

Sort the switches rating from lowest to highest CI (SW1, 
SW2, …, SW5). So, the MMC with SW1 has the lowest CI 

while SW5 has the highest CI.

Find the optimum switch blocking 
voltage (Flowchart-A in Fig. 13)

End

Figure 3.12: Flowchart of the proposed methodology for finding the optimum rated voltage of switch.

Start

if If

j < 5

Update

i = j, j = j+1, k = 

k+1

Select SWjSelect SWi

End

Initialize i=1, 

j=2, k=1

 PBk =
CI SWj −CI SWi

 El SWi −El SWj  𝑃𝑡
 

 0 ≤  PBp ≤ 10 𝑦𝑒𝑎𝑟𝑠𝑘
𝑝=1  

If

j < 5

Update

i = i, j = j+1, k = k

Flowchart-A

Yes

YesNo

Yes

No No

Figure 3.13: Algorithm for finding the optimum switch voltage rating among five options.

The two considered case studies are shown with dashed black lines in which fixed
load is representative of annual average loading. From Figure 3.14 can be seen that in
the case of MP II, the switch with a rated voltage of 1.7 kV is the most economical for the
range of 10-22 kV DC link voltage. Regarding the case with MP I, 1.7 kV switch is econom-
ically viable for DC link voltages between 10 kV and 27 kV. Regarding extra investment in
the switch with 3.3 kV rated voltage for MP II, the economically viable DC link voltage is
estimated to be between 22 kV and 72 kV. For MP I, the estimated range is 27 kV to 83 kV.
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The same economically viable DC link range can be estimated for the switches with rated
voltage of 4.5 kV and 6.5 kV. Another example is 10 MW 17 kV DC link MMC in which the
switch rating of 1.7 kV is the best choice, as shown in Figure 3.14. If the lifetime require-
ment is 10 years, using a switch with a 1.2 kV rating voltage results in lower initial cost
(according to Figure 3.5). But, choosing a 1.7 kV switch leads to a 15% reduction in op-
erational losses (according to Figure 3.9). Hence, in this case, the switch with the rated
voltage of 1.7 kV is selected because the extra investment will have a payback of less than
10 years, and it is due to the higher efficiency.

3.4.1. SENSITIVITY ANALYSIS FOR DIFFERENT FR, B10 LIFETIME REQUIRE-
MENT, COMPONENTS COST AND ENERGY PRICE

The sensitivity of the switch regions’ payback to different B10 lifetime requirements, FR,
component cost, and energy price is shown in Figure 3.15. The boundary line (L3.3) be-
tween economic regions of 1.7 kV and 3.3 kV switches is considered since the same trend
is valid for other boundary lines between other regions.

The required B10 lifetime can vary from 5 to 20 years. hence, the effect of higher
or lower required B10 lifetime is shown in Figure 3.15 (a). As can be seen, there is no
specific trend with an increase or decrease in the required B10 lifetime. As explained in
Section 3.2 B, the methodology in MIL is used to estimate the FR of the IGBT and capac-
itor. However, the obtained values might not be precise as many environmental factors
(πx) can change the SM’s actual FR. Moreover, there are other components within the
structure of the SM, such as gate drives, control systems, and power supply, which might
experience random failure. Therefore, for sensitivity analysis, the SM’s FR’s exact value
is 20% higher and lower than the obtained values. It can be observed from Figure 3.15
(b) that the boundary line between regions of 1.7 kV and 3.3 kV switches has a limited
dependence on the FR variation.
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Figure 3.15: Shift in L3.3 with change in (a) B10 lifetime; (b) FR; (c) capital investment (CI), and (d) electricity
price (Pt).

Considering the component’s cost, the dependence of the boundary line on CI is
shown in Figure 3.15 (c). It can be realized that if components are more expensive, the
boundary line (L3.3) moves upwards quite trivially, and the economic viability region of
the switch with 1.7 kV rated voltage (purple) increases. However, an increase in energy
price has a reverse effect on the boundary line compared to the CI presented in Fig-
ure 3.15 (d), which is negligible.

3.4.2. SENSITIVITY ANALYSIS BY USING MIL AND FIDES
In this section, a more recent FIDES method [31] to calculate the FR of components
(λFIDES) is compared with λMIL used thus far in the chapter. Unlike λMIL, λFIDES con-
siders the technical control over manufacturing (Πpm), field operation and maintenance
(Πprocess) and physical failure (λphysical) that is given by (3.25) and (3.26).

λFIDES =λphysical ×Πpm ×Πprocess (3.25)

λphysical =
phases∑

i

[
tannual

8760

]
Πiλi (3.26)

where tannual denotes the duration of the i th phase of the mission profile for one year. Πi

and λi are associated with environmental and operation stress-specific factors for each
phase i . The complete methodology for FIDES is described in [31] and not repeated
here for conciseness. Under assumptions corresponding to similar operating and en-
vironmental conditions, the estimated λFIDES compared with λMIL for the two mission
profiles is shown in Table 3.4.

The sensitivity analysis is carried out to evaluate the impact of FIDES and MIL meth-
ods on the boundary line (i.e., L3.3 in Figure 3.14). Table 3.4 shows that the FIDES method
estimates the FR of components to be lower than MIL. Therefore, the shift in the bound-
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Table 3.4: FR OF THE CAPACITOR AND IGBT CONSIDERING MIL AND FIDES

Components MP FR (occ/year)
FIDES MIL

IGBT I 0.00052 0.0017
II 0.00086 0.0022

Capacitor I 0.00042 0.0009
II 0.00068 0.0012

ary line (L3.3) between regions of 1.7 kV and 3.3 kV switches can be seen in Figure 3.16.
The sensitivity analysis represents that if the FIDES method is used for estimating the
FR, the economic viability region of 1.7 kV switch expands for annual average loading of
more than 30%.
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Figure 3.16: Shift in L3.3 using FIDES and MIL to estimate the component’s FR.

3.4.3. IMPACT OF CONVERTER POWER CAPACITY
The selection of switch voltage rating for various DC link voltage and loading at a fixed
rated capacity has been discussed. In this section, further evaluation is carried out to
determine the most economically viable switch rating with variation in current rating
and varying DC link voltage at 100% loading. As shown in Figure 3.17, the MMC-rated
current is changed from 480 A to 1025 A, corresponding to the converter power rating
from about 6.5 MVA to 275 MVA. From Figure 3.17, it can be observed that the switch
rating selection is independent of rated current and only depends on loading and DC
link voltage.

3.5. GENERALIZED APPLICATION SPECIFIC RECOMMENDATIONS
MMC can be applied for different applications having different DC link voltage and cur-
rent ratings[32]. The most economical switch voltage rating in these applications de-
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Figure 3.17: Economic viability region for different switch voltage rating with variation in MMC current rating
and DC link voltage at 100% loading (i.e., 480 A, given in Figure 3.14) considering a payback of 10 years and a
required B10 = 10 years.

pends on the selected DC link voltage and loading. In this context, to generalize the
proposed method, equation (3.27) is derived from Figure 3.14.{

if L
100 +m(V −Vref) ≥ 0, Select the higher switch rating

else, Select the lower switch rating
(3.27)

where L is the annual average loading of the MMC in percentage, m and Vref are specified
in Table 3.5, and V is the considered DC link voltage. In Figure 3.14, a line with slope m
connects two points (A, B) on boundaries between different switch ratings at 100 % and
1% loading. For instance, to find these two points between 4.5 kV and 6.5 kV switches
at 100 % loading, the voltage rating is 108 kV. This voltage rating is calculated by taking
the average of Ami n and Amax , as shown in Figure 3.14. Thus, points A and B coordinate
(108 kV, 100%) and (215 kV, 1%), respectively. Hence, the slope m can be calculated by
having these two points.

For example, in [9], the DC link voltage is 54 kV, and the annual average loading is
about 60 %. Since the DC link voltage is within the range of the second column of Table
3.5, the second column values are used. After putting these values in (3.27), it suggests
that the most economical rated voltage of the switch is 3.3 kV. However, 4.5 kV switch
is used in [9], which is overrated and can impact the cost and efficiency of the system.
Table 3.6 summarizes some of the MMC applications found in the literature and shows
the optimal rated voltage of the switch using the proposed method.

3.6. CONCLUSION
This chapter presents cost-oriented reliability and modularity-based trade-offs to select
an optimal rated voltage of the switch for MMC. The steps involved in the proposed
method are explained through flowcharts, and a heat map is provided for varying DC
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Table 3.5: THE SPECIFICATIONS OF EQUATION (3.27)

Transition 1.7 ↔ 3.3kV 3.3 ↔ 4.5kV 4.5 ↔ 6.5kV
m 3.3×10−5 2×10−5 9×10−6

Vref 40 kV 110 kV 220 kV
Voltage 10 ≤V ≤ 50 50 <V ≤ 110 110 <V

range(kV)

Table 3.6: OPTIMAL SWITCH VOLTAGE RATINGS FOR DIFFERENT APPLICATIONS

[Ref] Application Vdc Sn Pl,ave VIGBT (kV)
kV MVA % Used Optimal

[9] MVDC Grid ±27 30 60 4.5 3.3
[6] MVDC Grid 10 3 30 1.7 1.7
[7] Wind 17 10 10-100 † 4.5 1.7/3.3

[30] MVDC Grid 17 10 38 & 57 3.3 1.7
[15] STATCOM 28 17 25-100 † 3.3 1.7/3.3
[17] HVDC ±320 1000 - 4.5 6.5
[33] Wind-HVDC 32 18 0-100 † 6.5 1.7/3.3
[34] Wind-HVDC 160 320 - 3.3 4.5/6.5

† Variable power

link voltage and yearly loading of the MMC. It is presented that the system’s modularity
increases when a lower switch voltage rating is selected for the MMC SMs. For example,
in a 10 MW MMC with a DC link voltage of 17 kV, a switch rating of 1.7 kV is optimal for
both case studies. Higher modularity can be achieved with 1.2 kV rated voltage with a
lower CI for a B10 lifetime of 10 years. But, when 1.7 kV switch is selected instead of 1.2
kV switch, the operational losses are approximately 15 % lower in both cases (MP I and
MP II), leading to payback of less than 10 years. Higher DC link voltage leads to a shift in
preference towards a higher switch rating for the same average loading. For example, the
optimal choice of switch rated voltage changes from 1.7 kV to 3.3 kV in both case studies
(MP I and MP II) if the given DC link voltage is increased from 17 kV to 50 kV. Transitions
between preferred switch ratings with variation in DC voltages between 10-220 kV are
shown for different average loading. The sensitivity analysis shows that the preference’s
boundary changes from 1.7 kV to 3.3 kV switch rating shifts downward slightly with lower
CI and higher energy price. However, the preferred switch choices show limited sensitiv-
ity to variation in required B10 lifetime and assumed FR of individual components. Also,
the preference’s boundary from 1.7 kV to 3.3 kV shifts downward if FIDES methodology
is used for estimating the components FR.

In conclusion, this study proposed selection regions for the optimum rated voltage
of the switch in the MMC for varying DC link voltage and yearly load demand. Sensitiv-
ity analysis shows that for MMC with fixed-level active redundancy, the variation among
switches’ regions has limited dependence on the precise FR value and required B10 life-
time. Also, it was observed that changes in CI and energy prices have a negligible effect.
However, using the methodology proposed in FIDES for calculating the FR can affect the
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region as a specific trend was realized for annual loading higher than 30%. The effective-
ness of the method proposed in this study is demonstrated by presenting a generalized
version of it and applying it in published works.
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WP4: IPE MEASUREMENT OF GRID

POWER QUALITY AND DATA

SHARING

4.1. INTRODUCTION
Multi-domain simulation tools are essential for designing mechatronic (mechanics, elec-
tric, and electronics) systems and authenticating their operational characteristics [1].
Specifically for power electronics-based energy transition systems, complete life-cycle
management can be accomplished using a Digital Twin (DT) that accurately reflects its
operating states so as to map the physical body into a virtual body [2]. For developing
DT, simulation applications are laying a crucial role. Furthermore, simulation tools are
getting more powerful in the way that the behavior of a physical object can be deter-
mined due to physical force on it [3]. DT includes the use of simulation, workflows, and
seamless simulation along with life cycle phases. From the simulation viewpoint, DT
will be the next level in modeling, simulation, and optimization technology, as shown in
Figure 4.1 [4].

In an attempt to clarify the distinction between a DT and a system model, [5] suggests
that DT is the highest fidelity computation model that is as close to real-time as possible.
Since there is no clearly defined boundary for the fidelity level of the model and clock
time for this distinction, we can relax our definition to encompass all system models as
fundamentally some form of DT representation of reality. However, Real-Time Digital
Twin (RTDT) is a specific class of DTs required when a part of the physical system is
integrated with it, as shown in Figure 4.2. The utility of such a test bed is that it effectively
combines the flexibility of software simulation with the fidelity of a physical system in a
real-time environment.

Such Power Hardware-in-the-Loop (PHIL) set-ups are a cost-effective and scalable
means for de-risking experimental validation of the developed models [6]. Specifically,
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Figure 4.1: Different waves of simulation technology [4].

Real Time 

Digital Twin

Physical 

System

Real time Data 

Communication

Flexibility Fidelity

Figure 4.2: Concept diagram of RTDT interfaced physical system.

one or more of the following technical challenges are addressed by utilizing the RTDT-
based PHIL test beds:

• Flexibility of RTDT offers a practical and scalable way of realizing very large sys-
tems such as electrical networks and high power/voltage multilevel converters.
Furthermore, different test scenarios and configurations can be described in real-
time simulation, which is difficult to achieve in a reasonable time frame in research
labs.

• When fidelity of actual hardware is difficult or impossible to achieve through sim-
ulation. This aspect is particularly valid for reliability research because wear-out
mechanisms are probabilistic and can never be modelled accurately.

• Real-time clocking is necessary to ensure response validity during fast transients,
and random behaviors must be investigated. This is very important for the demon-
stration of innovative concepts at a higher Technological Readiness Level (TRL-3
or above).

The rest of the chapter is organized as follows: Some use cases for implementing
RTDT-based PHIL testbed for research in reliable power electronic systems are discussed
in Section 4.2. Finally, the conclusions are given in Section 4.3.
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4.2. USE CASES FOR POWER ELECTRONIC SYSTEMS

4.2.1. FAULT TOLERANT CONVERTERS
Most advanced simulators for Power Electronics Converters (PECs) are specified to ad-
dress one specific problem or investigate a particular part of the system; hence, they
result in different descriptions of simulators. Real-time emulation of device-level PEC
models is critical by providing precision prediction of element stresses to lay out better
control and protection methods. Developing a trustworthy, adequate, and cost-effective
PEC requires multiple replications on costly and time-consuming hardware prototypes.
Therefore, real-time hardware-in-the-loop (HIL) simulation systems such as DT can dis-
play a substantial role in getting the real system behavior and reducing the cost in the pri-
mary design stage. With PECs models, the system’s primary circuit is created to evaluate
the voltage and currents at various points. In PECs, the system is characterized by multi-
ple requirements such as power transmission, harmonics, time-related load movement,
electromagnetic compatibility, fault-tolerant operation, condition monitoring, etc. [7].
By applying DT, as shown in Figure 4.3, all previous problems can be addressed, and
accurate models of PECs can be achieved [8].

PECs are susceptible to errors and may be exposed to mechanical vibrations and
electromagnetic interference (EMI) since they contain a control portion, a power circuit,
and different sensors, among other things. Due to these problems, fault detection and
maintenance analysis in PECs has emerged as a crucial topic that can reduce deviations
and transients. While offline simulations might aid in analyzing an uncommon scenario
in a specific area, simulating numerous irregularities and defects throughout the entire
PECs would be difficult. Therefore, using DT and real-time HIL in this field is crucial [7].
As previously stated, timely defect detection in PECs is essential for availability, reliabil-
ity, and safety. It is crucial to gather, compile, and process precise data on the technical
status of the equipment to reduce the failure risk in PECs. It can offer a forecast for any
damage to the electric machinery. Following PECs infrastructure, condition monitoring
is fault diagnosis and maintenance [7, 9].

4.2.2. ROBUST INTERFACE FOR GREEN TECHNOLOGIES
Power electronics for high-power electrolysis require careful design and consideration.
The application’s low voltage and extremely high current requirement impose constraints
for component selection and selected topology of the converter interface [10, 11]. To
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handle the significant operating current requirements, modular power electronics ex-
hibit much potential. It can be time-consuming and costly to experimentally validate
different system configurations and their robustness to different fault scenarios. There-
fore, developing an RTDT-based PHIL testbed of such a system, as shown in Figure 4.4,
is essential. A digital twin of the modular converter, along with an electrolyzer, can be
modelled in a real-time simulator such as an OPAL-RT. One of the converter modules
can be integrated as PHIL with this digital twin, as shown in Figure 4.4. The data such as
stack voltage, current, and hydrogen production profile can also be shared in real-time
if the electrolyzer is present as PHIL.
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Figure 4.4: Power hardware-in-loop setup for robustness assessment of high power electrolysis grid interface.

4.2.3. PROTECTION OF MULTI-TERMINAL DC SYSTEMS

Stringent requirements of protection in DC systems restrict the process of fault isola-
tion to a few milliseconds from fault inception [12]. Time-domain-based fault detec-
tion algorithms have merit (in comparison to traveling-wave-based methods) of robust
performance against high-impedance faults using low computation [13]. As a trade-off,
time-domain-based methods inherently depend on parameters (unit resistance, induc-
tance, and capacitance) of overhead lines (OHL) and underground cables (UGC) for fault
detection [13]. DC fault transients are low-frequency, meaning the maximum contribu-
tion in the total fault impedance is of the inductance of the line (in comparison to DC
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steady state impedance, which is merely resistive). The contribution is further comple-
mented by the external modification of current-limiting reactors (CLRs) used to limit
the rate of rise of current upon a DC fault inception [12–14]. This means any variation
in the true value of unit inductance may jeopardize the selectivity and dependability of
time-domain-based fault detection algorithms [13].

Since regular monitoring of system parameters is inconvenient and challenging, a
real-time DT of UGC and OHL would give accurate values of line or cable parameters.
As shown in Figure 4.5, the inputs can be used to model the line or cable parameters in
RTDS. The line parameters would be adaptively adjusted to their true values (r,l,c), which
could be then used by the time-domain-based algorithms to detect faults in a multi-
terminal DC system. This ensures the selectivity and dependability of the time-domain-
based protection algorithms with the inherent merits of low computational burden and
robust performance.
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Figure 4.5: PHIL setup for selective and dependent protection of multi-terminal DC systems.

4.2.4. RECONFIGURABILITY IN HYBRID AC-DC LINKS

Reconfigurability in the hybrid AC-DC distribution links is being researched due to sev-
eral benefits such as improved efficiency, increased reliability, enhanced flexibility, re-
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Figure 4.6: PHIL setup for reconfigurable hybrid ac-dc links.

duced costs, and improved power quality [15, 16]. A concept of offline reconfigurability
of such a system is reported in [15]. However, implementing and testing such systems in
real-time is challenging, complex, and costly. Therefore, the DT with PHIL of this system
could be an alternative to test and validate the new configurations and algorithms for a
real scenario. Figure 4.6 shows an example setup of DT with PHIL of reconfigurability in
hybrid AC-DC links in case of faults and/or capacity enhancement during (n-1) contin-
gencies. In Figure 4.6, a digital model of the link’s hardware and software components,
as well as a representation of the link’s operating environment, is highlighted in the blue
box, and the PHIL part (i.e., dc/ac converter) is in the red box. In PHIL, dc and ac ampli-
fiers are used at the input and output of the dc/ac converter, respectively, and the power
is fed back to the lab grid. The voltage control signals (marked in the green arrow) for dc
and ac amplifiers are generated by DT, and the feedback signals are given back to the DT.
This setup would be able to simulate and test the functioning of the link under a range
of conditions, including variations in load levels and configurations of the link in case of
link fault(s).

4.3. CONCLUSION

In this chapter, a real-time DT-based PHIL test bed for reliable PES has been explained,
which is a cost-effective and time-efficient way to test the system under development.
Some use cases applications such as fault-tolerant converters, power electronic inter-
faces for green technologies, protection of multiterminal dc systems, and reconfigurable
hybrid ac-dc links have been discussed using this test bed. Thus, this work shows the
potential use of a real-time DT-based PHIL test bed to research popular and new areas.
In the future, a real-time DT-based PHIL of reconfigurable hybrid ac-dc links will be pre-
sented.
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5
WP-5: CASE STUDY AND

DEVELOPMENT OF IPE
COMPONENTS

5.1. INTRODUCTION
Targeting the goal of climate neutrality starts to strain the power transmission and distri-
bution systems significantly [1, 2]. With the recent emergence of all-electric houses, heat
pump systems, and e-mobility, the localised energy demand has grown significantly.
Furthermore, energy consumption has shown an astringent pattern caused by electric
vehicle charging [3]. On the other end, renewable generators like wind and photovoltaic
possess the downsides of intermittency and unpredictability [2]. Power fluctuations on
both the supply and demand side cause the curtailment of RES and put stresses on the
power distribution infrastructure [4, 5]. All of these contribute toward the more frequent
occurrence of congestions in domestic power grids [6, 7]. A commonly proposed so-
lution for grid congestions is to incorporate DC links as a backbone to the existing AC
power networks [8]. DC links provide enhanced power flow control, lower operating
losses, and improved power transfer capacity over the ac alternative [9, 10]. Implement-
ing DC links can enhance the overall grid stability and improve the utilisation of renew-
able energy sources by aggregating remote demand-supply imbalances [11, 12]. Also,
existing ac links can be repurposed into DC links to enhance the transfer capacity of the
given cable [13]. This improved utilisation of the existing grid infrastructure can fulfil the
increasing load demand in densely populated areas.

Because of its characteristics, the modular multilevel converter (MMC) can be used
to support an exciting medium voltage ac (MVAC) distribution network by incorporating
two terminal medium-voltage dc (MVDC) distribution links [6]. The MMC is a highly
efficient converter which can be used as an interface between an AC grid and a DC bus.
It provides promising reliability and fault handling aspects while maintaining a highly
scalable design [8]. The MMC-based MVDC distribution link, illustrated in Figure 5.1,
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connects two possibly asynchronous ac networks (Vg1,Vg2) via two back-to-back con-
nected MMCs[14]. Normally, an MVDC link is operated at a fixed rated DC voltage, set
through one of the MMCs. Though as proposed in [15], the distribution link can be op-
erated at an enhanced DC voltage Vd that exceeds the rated value Vdr while maintaining
the MMC performance under specific operating conditions. This is achieved while pre-
serving the average stored energy in the MMC and the ac-side harmonic performance.
Hence, the MMC can be operated at an enhanced DC voltage while encountering the
same submodule (SM) stresses.

+

-

Figure 5.1: MVDC distribution link with back-to-back MMCs.

Operating the distribution link at an enhanced dc voltage while maintaining the rated
current condition improves the power transfer capacity of the link, e.g. during grid con-
gestions. Consequently, the same SM switch and capacitor voltage ratings achieve a link
capacity enhancement. Alternatively, for a given operating power, the voltage enhance-
ment can improve the efficiency of the link system by reducing the dc component of the
circulating current.

In the present work, the voltage and capacity enhancement concepts are explained
and verified using a simulation of a 10MW MVDC distribution link. In addition, it elabo-
rates on the challenges encountered when implementing this enhancement in a practi-
cal DC distribution link. The rest of the chapter is organised as follows: Section 5.2 spec-
ifies the DC link system parameters and introduces the enhancement concept. Section
5.3, provides various simulation results, indicating the performance of the enhanced link
system. Section 5.4 elaborates on the practical implementation concerns. Finally, con-
clusions are drawn in Section 5.5.

5.2. METHODOLOGY

5.2.1. SYSTEM DESCRIPTION

The simulated 10MW MMC-based MVDC link connects two 10kV ac distribution net-
works via back-to-back MMCs, forming a symmetrical monopolar configuration. The
MMCs are configured along the double-star topology, as shown in Figure 5.2 [16]. The
six MMC arms are each composed of 9 series connected half-bridge submodules and a
100µH arm inductance. The submodules are constructed using two 3.3kV IGBT switches
and a 3.3mF capacitance. During the operation of the distribution link, the link current
id,max is thermally limited to 585A [9] and the rated DC voltage Vdr is set at 17.1kV to
ensure compliance with the maximum modulation index as proposed in [17]. Regulat-
ing the MMC is a controller which is derived from [18, 19]. The system parameters used
during the simulation are summarised in Table 5.1.
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Figure 5.2: MMC schematic in double-star configuration.

Table 5.1: MVDC distribution link model parameters

System parameters: Symbol Value
Control frequency fc 10kHz
AC grid:
Grid frequency ω1 314.2 rad/s
Grid voltage L-N (rms) vg 5.77kV
Grid inductance Lg 287µH
Grid resistance Rg 9mΩ
DC link:
DC link resistance Rl 0.1Ω
DC link inductance Ll 100µH
Rated DC link voltage Vdr 17.1kV
MMC:
Rated apparent power Smax 11MVA
Submodule capacitance C 3.3mF
DC link capacitance Cd 100µF
Number of arm submodules N 9
Arm inductance L 4mH
Arm resistance R 0.1Ω
Maximum output current is,max 907A
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5.2.2. ENHANCEMENT CONCEPT

As mentioned in [15], the DC link voltage enhancement considers two crucial quantities
of the MMC: the arm voltage vu,l and the sum capacitor voltage vΣcu,l. The arm voltage is
defined as the potential across the arm submodule string and is characterised by (5.1).
vu,l retains a common-mode phase-leg voltage of 0.5Vd and the sinusoidal output volt-
age of v̂s cos(ωt ).

vu,l = vc ∓ vs = 1

2
Vd ∓ v̂s cos(ωt ) (5.1)

The sum capacitor voltage is defined as the sum total of the SM capacitor voltages in the
respective arm, and is given by (5.2). vΣcu,l is controlled to have an average component Vd

and has two ripple components caused by the total energy ripple ∆WΣ and imbalance
energy ripple ∆W∆ as expressed in (5.3) and (5.4), respectively [19, 20]. Note that ∆WΣ

and ∆W∆ depend on the operating power of the MMC.

vΣcu,l ≈Vd +
N

2CVd
(∆WΣ+∆W∆) (5.2)

∆WΣ =− V̂s Îs

4ω1
sin(2ω1t −φ) (5.3)

∆W∆ = Vd Îs

2ω1
sin(ω1t −φ)− 2V̂sic

ω1
sin(ω1t ) (5.4)

To achieve the link enhancement, the DC voltage Vd is operated beyond the nominal
value Vdr. Though, to preserve the converter performance, both the submodule stresses
and the ac side harmonic character must remain equal to the rated condition. Following
(5.1) and (5.2), the voltage enhancement corresponds to a biasing of the arm voltage

vu,l while maintaining the average sum capacitor voltage vΣcu,l at Vdr. This enhancement
concept is illustrated in Figure 5.3. The figure contains the sum capacitor voltage and
corresponding upper arm voltage for multiple operating DC link voltage values. In Figure
5.3 Vdr is considered as one p.u.
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Figure 5.3: MMC steady state arm voltages.

It can be concluded from Figure 5.3 that the ripple in vΣcu,l, caused by the arm’s energy

exchange, creates a positive spacing between the vΣcu,l and vu,l near ωt = π. This ripple
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margin can be used to bias vu,l, while avoiding an intersection with vΣcu,l. The DC com-
ponent of vu,l can thus be increased by an enhancement factor kd , causing an increase
in the DC link voltage to Vd = kdVdr.

Though, observe from Figure 5.3 that the voltage enhancement is limited by the in-
tersection of vu,l with vΣcu,l. As this intersection of the arm voltage and sum capacitor
voltage induces high-frequency arm voltage components, degrading the MMC’s output
harmonic performance. Eventually, this can lead to stability issues in the converter op-
eration [21].

5.3. SIMULATION RESULTS

5.3.1. ARM VOLTAGES

To verify the workings of the DC link voltage enhancement, a simulation of the 10MW
MMC-based MVDC distribution link is performed. The simulation is based on the arm-
level averaged (ALA) model of an MMC, as introduced in [19, 22, 23]. The arm voltage and
sum capacitor voltage of the phase a upper arm of MMC1 are simulated. Both MMC1
and MMC2 supply a reactive power Q of 3MVAr to the grid and together provide an ac-
tive link power P of 10MW. Figure 5.4 shows the resulting vu,l and vΣcu,l for three values of
the enhancement factor kd = {1.0,1.05,1.1}. It can is concluded that transitioning from
no DC voltage enhancement kd = 1.0 to a small enhancement kd = 1.05, the arm volt-
age is biased but maintains its sinusoidal shape. Meanwhile, the sum capacitor voltage
is kept at the rated condition. This observation indicates a feasible 5% enhancement of
the DC link voltage. Though, at an enhancement of kd = 1.1 the arm voltage intersects
the sum capacitor voltage and saturates. This flattening imposes a harmonic distortion
in vu, which causes distortion in the sinusoidal output voltage vs. An excessive enhance-
ment thus degrades the output harmonic performance of the MMC. This indicates that
the proposed distribution link, operating at the given (P ,Q), has a feasible voltage en-
hancement of kd = 1.05 but fails to comply at kd = 1.1.

5.3.2. ENHANCEMENT DEPENDENCIES

The voltage enhancement utilises the spacing between vΣcu,l and vu,l to facilitate the rise
in Vd. The minimal value of this spacing is defined as the spacing voltage Vspace, as given
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by (5.5). Observe in Figure 5.4 that a rise in kd causes a biasing of vu, which in turn
results in a reduction of the spacing voltage. Furthermore, notice that if Vspace becomes
zero, harmonic components start to appear in the arm voltage, lowering the MMC ac
side performance.

Vspace = min t∈[0,2π/ω]

(
vΣcu,l − vu,l

)
(5.5)

To study the impact of the DC link voltage enhancement on Vspace, a simulation is per-
formed. The result is provided in Figure 5.5, which shows the spacing voltage as a func-
tion of the enhancement factor kd for different values of Q and a constant value P at
10MW. From Figure 5.5 can be concluded that a negative correlation is encountered be-
tween the enhancement factor kd and spacing voltage. In accordance with Figure 5.4,
it is found that the spacing voltage is reduced in order to facilitate the enhancement of
the DC side potential. Furthermore, Vspace is shown to be positively correlated with the
operating Q. This implies that Vspace can be expanded by operating the converter at a
larger reactive power. These two observations combined imply that for a fixed operat-
ing spacing voltage, e.g. 430V, an increase in Q enables a rise of the enhancement factor
while maintaining the MMC performance. The exact solution of the enhancement factor
as a function of reactive power Q is necessary to know but is not the focus of the current
work.
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A contrary observation is made from Figure 5.6, which shows the spacing voltage as
a function of the enhancement factor kd for different values of P and a constant reactive
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power of 3MVAr. The graph indicates that the spacing voltage is nearly unaffected by the
active power passing through the distribution link. This denotes that changes in Vspace

are dominated by changes in kd and not P . For the practical operation of the distribution
link, the MMCs are simulated with a modulation index of m = 0.95 in accordance with
[17]. This caused a preliminary spacing voltage of 390V. This margin is crucial to han-
dle the total- and imbalance energy ripple in vΣcu,l for different operating (P ,Q). Besides,
the spacing is utilised to prevent ac side harmonics injection during system transients.
Therefore, a fixed positive Vspace must be maintained throughout the enhancement to
preserve the steady-state and transient ac-side harmonic performance. Using the con-
cept of restricting the operating spacing voltage, the maximum DC voltage enhancement
increases with the grid-injected reactive power and remains unaffected by the link’s ac-
tive power.

5.3.3. SM STRESSES AND HARMONIC PERFORMANCE
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Figure 5.7: Performance of MMC-based DC link under voltage- and power enhancement.

Another system simulation is performed to verify the preservation of the submodule
stresses and ac side harmonic performance under the DC voltage enhancement. Later
this is extended to verify the MMC performance under a transfer capacity enhancement
of the link. The simulation results are provided in Figure 5.7. This figure shows the DC
link voltage Vd, DC link current Id, active link power P , and the MMC1 spacing voltage,
peak SM switch current, and sum capacitor voltage all as a function of time. The simu-
lated variables show the response of the DC link system to a 5% voltage enhancement at
t = 3s (kd from 1.00 to 1.05) and a 1.5% power enhancement at t = 4.5s (kp from 1.00 to
1.015). During the simulation, MMC1 and MMC2 supply a reactive power Q of 3MVAr to
their corresponding ac network, and the link operates at a rated active power of 10MW.

It is observed in Figure 5.7 that for t < 3s, both the DC link voltage and sum capaci-
tor voltage are in quasi steady state at the rated value of 17.1kV. Meanwhile, the DC link
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current is constant at 584A to provide the active power transfer of 10MW. Notice that at
the rated condition, the peak submodule switch current îsw is 625A. After t = 3s, the DC
link voltage reference is enhanced by 5% to 18.0kV. Figure 5.7 shows the dynamic transi-
tion of the Vd from its rated value to the enhanced reference. It can be observed that the
spacing voltage Vspace is reduced from 823V to 394V in order to facilitate this voltage en-
hancement. Because the active link power is maintained, the 5% voltage enhancement
causes a 5% reduction in the link current to 556A. This 28A reduction contributes directly
to a reduction of the DC circulating current component and lowers the peak submodule
switch current from 625A to 615A. Following [12], this leads to an improved efficiency of
MMC and corresponding link system. In Figure 5.7 can also be observed that the average
sum capacitor voltage is controlled constant at the rated value of 17.1kV throughout the
enhancement. Note that a downside of the voltage enhancement is the +1.2% increase
in capacitor voltage ripple.

The simulation results of Figure 5.7 are summarised in Tables 5.2 and 5.3, which pro-
vide the MMC performance parameters regarding the currents and capacitor voltages,
respectively. Table 5.2 also provides the total harmonic distortion (THD) of the MMC1’s
output current is before and after the voltage enhancement. It is noted that the THDi
increases slightly from 0.419% before to 0.422% after the voltage enhancement. So over-
all the 5% voltage enhancement achieves a system efficiency gain while preserving the
submodule switching stresses and maintaining the ac side harmonic performance of the
MMC.

Table 5.2: MMC performance in enhanced operation: currents

kd kp AC side T HDi (%) Id (A) Peak isw (A)
1.00 1.00 0.4196 - 583.9 624.76 -
1.05 1.00 0.4226 +0.7% 555.7 615.12 -1.541%
1.05 1.015 0.4111 -2.0% 564.1 623.97 -0.126%
1.10 1.015 0.4606 +9.8% 538.2 616.69 -1.291%

Table 5.3: MMC performance in enhanced operation: capacitor voltage

kd kp Average vΣcu,l (kV) Ripple vΣcu,l (kV) ∆/µ of vΣcu,l
1.00 1.00 17.12 2.61 15.2%
1.05 1.00 17.12 2.83 16.4%
1.05 1.015 17.12 2.88 16.8%
1.10 1.015 17.14 3.12 18.2%

At t = 4.5s, the power reference of the MMCs is enhanced from 10MW to 10.15MW.
Figure 5.7 shows the dynamic transition of P from the rated to the enhanced value. It
can be observed that the spacing voltage and DC link voltage remain nearly unaffected
by active power change. Consequently, the link current id is enhanced to 564A to enable
the active power enhancement. This increase in link current causes a rise in the DC
circulating current component, which increases the peak submodule switch current to
624A. The average sum capacitor voltage is again controlled constant at the rated value of
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17.1kV. Note that a downside of the power enhancement is the additional +0.4% increase
in capacitor voltage ripple. The simulation results of Figure 5.7 are again summarised in
Tables 5.2 and 5.3. From Table 5.2, it is noted that the THDi of MMC1 reduces slightly
from 0.419% before to 0.411% after the power enhancement. So overall, the 1.5% active
capacity enhancement is achieved while preserving the submodule switching stresses
and maintaining the ac side harmonic performance of the MMC.

Additionally, Tables 5.2 and 5.3 summarise the performance parameters of a 10%
voltage enhancement with a 1.5% power enhancement. This excessive enhancement
causes the injection of output current harmonics, increasing the THDi by 9.8% com-
pared to the rated operation. This observation is in line with the expectations and veri-
fies the limit to the voltage enhancement. Combined, this set of simulations verifies that
the DC link voltage enhancement can accommodate a transfer capacity enhancement
in the MVDC distribution link while preserving the SM stresses and the ac side perfor-
mance.

5.4. IMPLEMENTATION CHALLENGES
The previous two sections focus on the link enhancement concept, implying a set of
assumptions that simplify the analysis. Though to integrate this concept in a practical
MMC-based distribution link, a set of challenges is faced regarding the implementation
and operation of the link system. This section elaborates on some of these challenges.

5.4.1. OPERATIONAL DISCREPANCIES
As discovered during the simulations, the set performance constraints limit the rise in
the DC voltage. Though, when restricting the spacing voltage, the injection of reactive
power extends the voltage enhancement limit. An important assumption made during
the simulation is that both MMC1 and MMC2 of the DC link operate at the same reactive
power. This operation is illustrated in case 1 of Figure 5.8. It was found that case 1 allows
for a feasible 5% voltage enhancement.

However, an issue occurs if the MMCs operate at different reactive power references,
as shown in case 2 of Figure 5.8. Following the result of Figure 5.5, it was found that an
increase in Q led to an extension of the maximum kd. This implies that the enhancement
limit is bounded by the MMC operating at the lowest reactive power reference. So, in this
scenario, MMC1 determines the limit to the voltage and power enhancement.

In case 3 of Figure 5.8, both MMCs operate at a reactive power of 3MVAr. Though
MMC1 supplies reactive power to the AC network, whereas MMC2 consumes reactive
power from the AC network. Following (5.2), (5.3), and (5.4), it is discovered that an
MMC consuming reactive power reduces the spacing voltage below the rated condition.
This effectively fixes kd at the lower limit of 1 when the MMC operates at a lagging pf, to
ensure compliance with the performance constraints. Combining the three cases leads
to the definition of (5.6), in which fkd is an empirical function converting Q into the
operating enhancement factor.

kd = max{1, fkd(min{Q1,Q2})} (5.6)
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Figure 5.8: Operating cases of the DC link system.

5.4.2. DESIGN DISCREPANCIES
Another challenge with integrating the enhancement concept in the distribution link
system relates to the MMC configuration. Till now, the DC link system was assumed to
be in a symmetrical monopolar configuration, where MMC1 and MMC2 have the same
structure. Though in practical implementations, the two MMCs might deviate in the
number of submodules N and the submodule capacitance C . Notice from (5.2) that the
sum capacitor voltage ripple is directly proportional to N . Similarly, the ripple in vΣc,u is
inversely propositional to C . As this ripple directly affects the spacing voltage, it can be
concluded that the MMC with the lowest N to C ratio determines the limit of kd when
both MMCs operate at the same Q.

5.4.3. DYNAMIC OPERATION
Another implementation challenge concerns the dynamic character of the enhanced
link system. With practical grid-tied converters, reference changes can occur for both P
and Q. Note that the enhancement limit depends on the reactive operating power of the
MMC. Therefore any reference change in Q should be done cautiously considering the
operated enhancement. For a dynamic implementation of the DC link enhancement, a
controller must regulate kd, kp and Q based on an input reference Q∗. As kp is admis-
sible due to voltage enhancement kd and kd is admissible due to the reactive operating
power Q, a dependency is imposed. This causes a strict dynamic order for changing kd,
kp and Q upon a reference change Q∗. When the MMC operates in an enhanced voltage
state, an increase of Q can directly be performed. Once Q has reached its steady state,
kd can be increased. Then upon the settling of Vd, kp can be enhanced. This process is
reflected in (5.7).

Increase in Q∗ : [Q ↑] ⇒ [kd ↑] ⇒ [kp ↑] (5.7)

Note that any other order of increasing the three parameters leads to either the in-
jection of harmonic output current components or a significant increase in the peak SM
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switch current. Alternatively, when the MMC operates in an enhanced voltage state, a
decrease of Q can only be done after a significant lowering of Vd. Otherwise, harmonic
output current components are injected into the AC grid. Though, to allow for the de-
crease in Vd, kp must have been lowered accordingly. Otherwise, the peak SM switch
current can exceed the limiting value. This process is reflected in (5.8).

Decrease in Q∗ : [kp ↓] ⇒ [kd ↓] ⇒ [Q ↓] (5.8)

The dynamic control procedure alters the operating kd, kp and Q in a stepwise man-
ner. One method to achieve the result is with tuneable time parameters τkd , τkp and τQ .
These reflect the maximum settle time of the corresponding variable to an input refer-
ence change. The controller concept is a stable and reliable design philosophy, favouring
no constrain violation over dynamic performance.

5.5. CONCLUSIONS AND FUTURE WORK
When operating an MMC-based DC link, the energy ripple components in the capacitor
voltage induce a spacing between the MMC arm voltage and the sum capacitor voltage.
This margin can be used to enhance the DC link voltage and increase the transfer ca-
pacity of the distribution link system. Using a simulation model of a 10MW MVDC link,
it is concluded that a 5% DC voltage enhancement can be realised while keeping the
SM stresses at the rated condition and preserving the ac-side harmonic performance.
This allows the distribution link voltage enhancement to be implemented with the same
submodule switch and capacitor voltage ratings. The simulation was then successfully
extended to verify the capacity enhancement. It is concluded that a 1.5% transfer capac-
ity enhancement can be achieved in the 10MW DC link when restricting the switching
currents to a below-rated condition. Furthermore, it was found from the simulations
that the enhancement limit of the link increases with the MMC’s grid-injected reactive
power and remains unaffected by the link’s active power. This observation defined the
basis of the implementation challenges and the proposed control strategy for dynamic
enhanced operation.

As part of future work, an analytical analysis should be performed to unveil the de-
pendency between the enhancement factor limit and gird-inject reactive power. This
notion can then be used to maximise the operating voltage enhancement while preserv-
ing MMC performance. In addition, it would form the basis of the high-level controller,
providing a dynamic enhanced operation of the link system. Another aspect of future
work relates to the application of voltage enhancement. The enhancement should be
applied to bipolar DC links and multi-terminal MMC-based grids to increase the con-
cept’s impact in practical applications.
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6
CONCLUSION

Chapter 1 has introduced the background for this work. Based on this, various objectives
have been set, such as mapping electrical requirements of loads, developing design rules
for power electronic systems to meet electrical requirements, developing methods for
monitoring power quality in a specific part of the grid, etc. From these objectives, the
expected results for this project have been given. Finally, the outline of the report is
provided.

To understand the urban network performance on power quality, it is important to
know every detail of electrical sources and loads. Therefore, Chapter 2 has presented
the state-of-the-art electrolyzer and modeling of the alkaline electrolyzer. It also in-
cludes a review of converter topologies for their integration into the medium voltage
DC grid. Moreover, the concept of adaptive modularity for power electronics converters
employed in green hydrogen production has been introduced. This chapter further dis-
cussed the three potential configurations based on the DAB converter and explored the
benefits of applying adaptive modularity to these configurations.

In Chapter 3, generalized design rules based on cost-oriented reliability and mod-
ularity-based trade-offs have been proposed to select an optimal rated voltage of the
switch for MMC. Moreover, this chapter also proposed selection regions for the optimum
rated voltage of the switch in the MMC for varying DC link voltage and annual load de-
mand. It is presented with an example in a 10 MW MMC that the system’s modularity
increases when a lower switch voltage rating is selected for the MMC SMs. Moreover, it
is found that DC link higher voltage leads to a shift in preference towards a higher switch
rating for the same average loading. For example, the optimal choice of switch-rated
voltage changes from 1.7 kV to 3.3 kV in both case studies (MP I and MP II) if the given
DC link voltage is increased from 17 kV to 50 kV. As well, sensitivity analysis shows that
for MMC with fixed-level active redundancy, the variation among switches’ regions has
limited dependence on the precise FR value and required B10 lifetime. Also, it was ob-
served that changes in CI and energy prices have a negligible effect. Finally, the proposed
design rules have been applied to existing works of literature to verify their effectiveness.

In Chapter 4, a real-time DT-based PHIL test bed for reliable PES has been presented.
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Some use cases for the diverse power electronic applications have been discussed us-
ing this test bed. These applications include fault-tolerant converters, power electronic
interfaces for green technologies, protection of multiterminal dc systems, and reconfig-
urable hybrid ac-dc links.

In Chapter 5, a control strategy has been proposed for the voltage and capacity en-
hancement and verified using a 10MW MVDC distribution link simulation. From the
simulation model of a 10MW MVDC link, it is observed that a 5% DC voltage enhance-
ment can be realized while keeping the SM stress at the rated condition and preserving
the ac side harmonic performance. Moreover, the simulation is extended to verify the
capacity enhancement. It is found that a 1.5% transfer capacity enhancement can be
achieved in the 10MW DC link when restricting the switching currents to a below-rated
condition. Furthermore, it was also found that the enhancement limit of the link in-
creases with the MMC’s grid-injected reactive power and remains unaffected by the link’s
active power. This observation defined the basis of the implementation challenges and
the proposed control strategy for dynamic enhanced operation.
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