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Abstract—This article proposes a methodology of 

Cost-Performance Assessment (CPA) enabling the efficient cost 

evaluation required for the Cost-Benefit Analysis (CBA). The 

proposed method is applied for the Modular Multilevel 

Converter (MMC) in offshore wind high voltage direct current 

(HVDC) transmission. Thanks to the developed model, an 

analysis of submodule voltage rating is performed 

demonstrating the interest of this methodology in the evaluation 

of new technologies for HVDC transmission. The analysis shows 

that increasing the submodule (SM) voltage could lead to 

savings in the MMC cost and weight. 

Keywords— cost-performance assessment, offshore wind, 

transmission, HVDC, MMC, VSC, power transformer, submodule, 

IGBT, film capacitor, cost-benefit analysis, LCOE, OEM. 

I.   INTRODUCTION 

The Cost-Benefit Analysis (CBA) allows to evaluate the 
interest of projects of future investments and to compare 
different solutions [1] - [3]. A CBA is often expressed in 
monetary terms where the cost is calculated taking into 
account the investment and operational cost and the benefit 
may take into account the socioeconomic welfare. This forms 
one of many criteria identified in the ENTSO-E guidelines 
document [4].  The choice of HVDC transmission for offshore 
wind farms results in fact from the CBA considering the cost 
of the link and offered benefits like the reduced energy cost 
[5].  

The modular multilevel converter (MMC) has become the 
reference in HVDC transmission where the Voltage Source 
Converters (VSC) are required [6], [7]. To investigate 
opportunities for innovation in this area, a power electronic 
cost-performance analysis should be carried out.   

The energy cost is usually measured thanks to the 
Levelized Cost of Energy (LCoE). Power converters, such as 
the MMC, contribute substantially to the LCoE of the HVDC 
transmission connection of offshore wind farms. Given that a 
power converter of this type, in the class of 600-1000 MW, 
can cost several tens of million euros, detailed cost modelling 
can help to identify and understand valuable areas of 
innovation for researchers, original equipment manufacturers 
(OEMs) and 1st tier manufacturers alike.  

This article, therefore, proposes a methodology of Cost-
Performance Assessment (CPA) which enables this cost 
evaluation required to be made and used as input for a 
complete CBA. The CPA does not evaluate the whole benefit, 
though it is a powerful tool in the comparison of alternative 
solutions. It may also provide a basis for design optimization 
studies. 

The cost-performance indicators of power converters are 
discussed in Section II. The modelling methodology is 
outlined in Section III. An MMC case study is highlighted and 
its analysis is outlined in Section IV. An analysis of a SM 
voltage variation is given in Section V. Finally, the 
conclusions and perspectives are given in Section VI. 

II. COST-PERFORMANCE INDICATORS OF POWER CONVERTERS 

The LCoE takes into account the investment and operating 
cost and the amount of energy produced: 

 LCoE =  
∑
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where: 

It investment cost at year t 

Ot operating cost at year t  

Ft fuel cost of year t (zero for wind power) 

Et produced energy at year t 

r discount rate 

n number of years during which the system is exploited. 

The investment cost, also named the Capital Expenses 
(CapEx), is related to the purchase of the converter and 
converter station components, installation, commissioning, 
construction, and decommissioning. The investment cost 
should take into account at least the costs incurred due to: 

 Engineering - involving all the project design activities, 

 Production - taking into account the cost of subsystem/ 

system assembly, 

 Component purchase - based on the amount paid for 

acquiring a given component. 

The Operating Expenses (OpEx) are related to the 
converter power loss during operation, and the converter 
maintenance costs during its operational lifetime. It is 
considered in [8], [9] that at least the following cost-
performance indicators shall be considered when evaluating 
and designing a power converter: 

 Converter cost structure, 

 Size and weight, 

 Power loss, 

 Reliability. 

The following subsections give details on these indicators 
and explains why the investment cost for offshore wind is 
highly sensitive to both weight and volume while the power 



converter operating cost is sensitive to both power loss and 
also reliability. 

A. Converter cost structure 

The cost structure of the power conversion equipment is 
different for every manufacturer as the supply chain strategy 
varies between them. Taking the CapEX as an example, one 
manufacturer can produce its own IGBT power module, thus 
involving engineering/production/component cost, whereas 
another can buy a ready product, thus incurring the component 
cost only. 

B. Converter Size and Weight 

The size and weight of the converter and the station 
equipment influence the civil works required for their 
installation. These two parameters also have an indirect 
impact on the investment cost especially when installing the 
converter on a platform, which is the case in Offshore Wind 
Farms (OWF) [10] - [12]. 

C. Converter Power Loss 

The power loss has an impact on the converter design and 
cooling management [13] as well as the energy produced [14]. 
For example, the typical 1% of power loss in 1GW converter 
station stands for up to 88TWh of energy loss per year, which 
is equivalent to approximately 4 million euros (using an 
energy price of 44€/MWh [15]).  

D. Converter Reliability 

The reliability of power converter impacts the HVDC 
transmission downtime and repairs, influencing the operating 
cost and the energy produced [16] - [19].   

III.  THE PROPOSED MODELLING APPROACH OF MMC 

STATIONS IN HVDC 

A. The MMC 

In offshore wind farm HVDC transmission systems, the 
VSC represents the reference case for power conversion in this 
environment because of its ability in active and reactive power 
handling (four quadrant operation) and its black-start 
capability [24].  
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Fig. 1. MMC converter station line diagram with major station equipment 

(SM = submodule) 

Of the family of VSC, the MMC (Fig. 4) offers [6], [25]:  

 Synthesis of a sinewave with low harmonic distortion at 

low switching frequencies, allowing a reduction in filter 

requirements and power losses,  

 Modularity in structure that allows easy adaptation to 

different voltage and power levels, enabling a reduction 

in costs associated with engineering, production, and 

component,  

 Hardware redundancy which allows uninterrupted 

operation under component failure, leading to an 

increase in converter operational time. 

B. The CPA Modelling Approach 

The modelling approach to cost-performance assessment 
must take into account the amount of available information in 
the function of power converter Technology Readiness Level 
(TRL) which varies from 1-9. At TRL1 (converter 
conceptualization stage), only a rough CPA can be performed 
with a limited precision. Whereas, at TRL5 (converter 
prototype development stage) a detailed CPA is possible with 
a sufficient precision required for product development. 

Two modeling approaches are possible: the bottom-up 
approach and the top-down approach. In the bottom-up 
approach (Fig. 2), the power converter system is divided into 
several subsystems which are further divided to obtain lower 
level of components such as IGBT, capacitors etc. The data of 
the individual component are aggregated together at the lower 
level to obtain the data of the higher level. 
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System - Modular Multilevel Converter [ABB]

Subsystem - MMC submodule [Siemens]

Component - IGBT pack [Mitsubishi]

 

Fig. 2. Cost-performance modelling approach - bottom-up (images taken 

from [20])  

In the top-down approach (Fig. 3) there is the high-level 
data that is aggregated and anonymized. This high-level data 
is often published by authorities or consulting companies. The 
high-level data is not sufficient in the CPA of new 
technologies as we do not know the system breakdown 
structure and the component share in the overall CPA, but this 
data can provide a benchmark for the results of a cost-
performance assessment. 

In this article the bottom-up approach is proposed for 
model development, more adapted to low-TRL studies, whilst 



the top-down approach is proposed for model validation, 
which can be used at both low- and moderate-TRL stages in 
power converter development. Both are based on a power 
converter station breakdown structure. 

 

Fig. 3. Cost-performance modelling approach - top-down (typical HVDC 

station costs [21] and typical power transfomer costs [22]) 

For a complete cost-performance analysis, of the station 
components to which the cost-performance parameters have a 
non-negligible sensitivity should be included. For example, 
the MMC SM component requirements will have a big impact 
on the station cost, the footprint and also the station weight. 

C. Converter Component Breakdown Structure 

The converter component breakdown structure, based 
upon power converter structure and component information 
published in the literature [23] offers the hierarchical tree 
structure allowing to identify the elementary components. 
Each low-level component is associated with the 
cost-performance indicators presented in the Section II. The 
higher level is simply calculated using algebraic operations 
based on lower level data. The breakdown depth can be 
adjusted according to the required precision. The raw data of 
elementary components is gathered in a database which is the 
heart of the CPA. 

D.  Converter CPA Model Implementation  

The model can be implemented in any programming or 
computational environment. The authors have successively 
utilized Excel, Python and MATLAB. Excel offers the easiest 
and fastest implementation but does not allow an easy 
traceability and configuration management. Python has 
particular interest because of the way that it handles matrices 
and also in the fact that it is an open-source language. 
MATLAB requires a larger initial investment but comes with 
powerful programming and interface functionalities. 

The model inputs are at least the converter station voltage 
and power, and the parameters are related to the technology 
such as SM voltage or IGBT used (see Fig. 4). Thanks to the 
database for each component (used to store information about 
component price, size, reliability, etc.) the cost-performance 

indicators are calculated and further aggregated in the 
converter breakdown structure. The results present the overall 
system cost-performance. Eventually an optimization 
algorithm can be added allowing to adjust the parameters, thus 
optimizing the converter design. 
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Fig. 4. Cost-performance model implementation 

E. Statement of hypothesese 

Given the potential complexity of the CPA model, it is 
important to well define the assumptions that are made within 
the model. Here in the following case study, for example, it is 
assumed that the energy storage in the MMC is fixed 
according to its power rating.   

F. Parameter Sensitivty Analysis 

Once the model has been constructed, it is ready to be 
evaluated. The main aim of this evaluation is to make a study 
of the effects that varying the model inputs can have on the 
cost-performance parameters.   

IV. MODULAR MULTILEVEL CONVERTER CASE STUDY 

 This technology is dominant within Offshore Wind Farm 
(OWF) HVDC connections and is the reference for HVDC 
transmission stations in the class of 600-1000 MW [26]. 

A. MMC Model Inputs and Parameters  

Out of the existing and operational projects of this class, 
BorWin 2 provides an excellent example in that it is both 
recent and has had sufficient enough data published about it to 
be used to form the inputs of a case study (TABLE I).      

TABLE I. BORWIN2 OFFSHORE STATION CASE STUDY INPUT DATA [27]  

Parameter Variable Value Unit 

Rated power P 800 MW 

AC voltage Vac 155 kV 

DC voltage Vdc ±300 kV 

DC current Idc 1320 A 

IGBT breakdown voltage Vbr 4.5 kV 

B. MMC Component Breakdown Structure 

A component breakdown structure of the converter station 
should include the following components: power converter; 
HVDC transformers; cooling system; protection; filtering; 
auxiliary systems; and, the platform. The important CPA 
parameters to assess here would be the station equipment 
electrical power densities, by volume and by weight, because 
of the sensitivity in the offshore environment to these two 
parameters; the individual contribution to the overall cost of 
the station by the transformers (~10-15 million euros, 
assuming two 600 MVA transformers in parallel [22]), the 
platform, and the protection system are significant enough to 
be studied in their own right.  



For the sake of brevity it is only the MMC arm 
components that are studied in this paper (see Fig. 5).  

 

Fig. 5. The MMC arm component breakdown structure. The IGBT and 
capacitor weight and cost models are considered functions of the SM 

cell voltage; all other components are modelled as constants    

The contribution to the overall cost and weight of the 
converter station of the MMC modules makes them an 
important aspect of a CPA. For example, the component cost 
breakdown of the MMC power converter shows that the 
largest contribution to the weight of the MMC arm is found to 
be made by the MMC modules (Fig. 6, left). Also, the largest 
contribution to the estimated arm cost comes from the module 
(Fig. 6, right). Therefore, the SM components are studied here 
in more detail.  

 

Fig. 6. The percentage contributions of MMC arm components to the arm 

weight (left of figure) and to the arm cost (right of figure) with Vcell = 
2.5 kV (Vbr = 4.5 kV)  

C. MMC Component Modelling 

Thin film metallized polypropylene film (MPPF) 
capacitors are the reference technology for the MMC SM due 
to their low cost, low loss and stability in wide temperature 
and frequency range [28]. Consequently, this technology is 
represented in the case study model. The data stored in the 
CPA database for the film capacitor includes a model of the 
capacitor mass as a function of its energy storage and a model 
of the capacitor cost as a function of capacitor mass and has 
been taken from manufacturer datasheets. The weight model 
is valid for capacitors with a rated current of 250A rms.  

The total weight of the capacitors in the submodule can be 
found by: 

 𝑤𝑡𝑐𝑎𝑝,𝑠𝑚(𝑊𝑠𝑚) =  𝑛𝑐𝑝(3.57𝑊𝑠𝑚 + 5.92) [𝑘𝑔]  (2) 

where 𝑛𝑐𝑝 is the number of capacitors in parallel and 𝑊𝑠𝑚 is 

the submodule energy storage value in kJ. The cost of the total 
required capacitance can be found by (3).    

  𝑐𝑜𝑠𝑡𝑐𝑎𝑝(𝑤𝑡𝑐𝑎𝑝) =  40𝑤𝑡𝑐𝑎𝑝  [€]       (3) 

The IGBT used in MMCs in HVDC applications can range 
in voltage from 3.3-6.5 kV [29], [30]. There is a number of 
suppliers of IGBT power modules (PM). For this study, a 
model of the IGBT PM weight, 𝑤𝑡𝐼𝐺𝐵𝑇,𝑠𝑚, has been fitted to 

components in this voltage range. This model is a function of 
the derated breakdown voltage of the IGBT, 𝑉𝑑𝑒𝑟𝑎𝑡𝑒𝑑, which 
has the following relationship with the IGBT breakdown 
voltage, 𝑉𝐵𝑟: 

   𝑉𝑐𝑒𝑙𝑙 = 𝑉𝑑𝑒𝑟𝑎𝑡𝑒𝑑 = 0.56 × 𝑉𝐵𝑟  [𝑉]       (4)                  

where 𝑉𝑐𝑒𝑙𝑙  is the MMC submodule voltage. The IGBT PM 
weight is modelled by (5).  

      𝑤𝑡𝐼𝐺𝐵𝑇,𝑠𝑚(𝑉𝑐𝑒𝑙𝑙) =  0.9 × 10
−3𝑉𝑐𝑒𝑙𝑙 − 0.43 [𝑘𝑔]   (5)  

The cost model fitted to IGBT data is expressed in the form 
of (6). 

 𝑐𝑜𝑠𝑡𝐼𝐺𝐵𝑇.𝑠𝑚(𝑉𝑐𝑒𝑙𝑙) = 1.27𝑉𝑐𝑒𝑙𝑙 − 960 [€]        (6) 

The MMC loss model utilises the loss and characterisitcs 
commonly found in the component datasheet. Reliability 
calculations in a static form use the component failure-in-time 
(FIT) rate, which can also be found in the component 
datasheet. Neither parameters are calculated in this paper and 
so these models are not detailed.  

V. RESULTS OF A SUBMODULE VOLTAGE VARIATION 

STUDY 

The following section presents the results of a study on the 
variation of the submodule voltage. This analysis is interesting 
when evaluating the use of new technologies, as Silicon 
Carbide (SiC). 

A. MMC Submodule Cost-Performance Assessment 

Hypothesis 

In the analysis made in the following CPA, the main 
hypothesis held is that the minimum global energy storage 
requirement of the MMC is fixed, the value of which is chosen 
based upon the maximum permissible fluctuation in the 
submodule dc voltage. The energy stored within the MMC 
converter is normally expressed as a function of the active 
power transfer requirement [31].  

According to [32], for an MMC that employs sinusoidal 
pulse-width modulation (SPWM) [14] the expected figure, 
when the converter is operating in a worst-case scenario (that 
is to say ac grid voltage is 0.9pu and the phase shift between 

the grid voltage and grid current  𝜑 =90º) the total energy 
stored in the MMC should be 39kJ/MVA or 21kJ/MVA, for 
triplen harmonic injection. Assuming that the latter control 
approach is used in the model in this case study, a value of 
21kJ/MVA is chosen.  

The assumptions that are made in [32] are also made here. 
That is to say that the capacitor voltage ripple is fixed at 10%. 
Furthermore, that the operation of the MMC is considered in 
steady state only, that the energy stored in the inductors in the  
converter is neglected, and that the storage in the MMC in 
ratio with the apparent power S is given as in (7).    

  
𝑊𝑀𝑀𝐶,𝑚𝑖𝑛

𝑆
= 21 [

𝑘𝐽

𝑀𝑉𝐴
]                              (7) 

B. Power Converter Electro-Technical Model 

To identify the number of parallel capacitors required in 
the submodule bank of capacitors, 𝑛𝑐𝑝, an expression of the 

rms current is required. The SM capacitor bank will be 



subjected to currents with frequencies at the line frequency 
and double the line frequency [33]. The rms value can be 
found by evaluating (8). 

 𝐼𝑐𝑝,𝑟𝑚𝑠
𝑢,𝑙 (𝜑) =  

√√(𝑎1
𝑢,𝑙
)
2
+(𝑏1

𝑢,𝑙
)
2

2
+
√(𝑎2

𝑢,𝑙
)
2
+(𝑏2

𝑢,𝑙
)
2

2
         (8) 

𝐼𝑐𝑝,𝑟𝑚𝑠
𝑢,𝑙  (𝜑)
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Where the modulation index, 𝑀 =
2𝑉𝑎�̂�

𝑉𝑑𝑐
.  Using (8) to 

calculate the capacitor rms current, the number of parallel 
required capacitors to ensure that the value of rated current for 
the capacitor model is not exceeded, 𝑛𝑐𝑝 = 3. 

Using the relationship between capacitance, voltage and 
energy applied at the submodule level, we can define the total 
energy storage requirement of the SM in each arm of the 
MMC as in (10).    

         𝑊𝑎𝑟𝑚,𝑚𝑖𝑛 = 
1

2
𝑛𝑠𝑚,𝑎𝑟𝑚𝑛𝑐𝑝𝐶𝑐𝑎𝑝𝑉𝑐𝑒𝑙𝑙

2  [𝐽]             (10) 

where 𝑛𝑠𝑚,𝑀𝑀𝐶  is the number of submodules in the three 

phases of the MMC and, 𝐶𝑐𝑎𝑝, is the capacitance of the 

individual capacitors used in the capacitor bank model and 
𝑛𝑐𝑝 is the number of capacitors in parallel. The number of SM  

is normally expressed as in (11), where 𝑘𝑟 is the coefficient 
used to add redudancy to the number of SM in the MMC here 
(𝑘𝑟 = 1.1). 

  𝑛𝑠𝑚,𝑎𝑟𝑚 =
𝑘𝑟

2
×

𝑉𝐷𝐶

𝑉𝑐𝑒𝑙𝑙
                                  (11) 

Substituting (10) and (11) into (9) and rearranging this 
equation into a function of the cell voltage gives (12). 

                    𝑉𝑐𝑒𝑙𝑙 =  10 × 10−3
𝑆

𝐶𝑐𝑎𝑝𝑉𝐷𝐶
 [𝑉]     (12)  

C. Parameter Sensitivity Analysis 

Once the models of the components have been defined, the 
sensitivity of the CPA parameters to variation of input values 
can be made. In this cost-performance assessment, the 
submodule voltage was varied to see the impact that this 
would have on the MMC arm cost and weight.     

D. Results 

In Fig. 7 and Fig. 8, the impact of the variation of the SM 
voltage can be seen on the MMC arm cost and weight, 
respectively. The results indicate that there is a sensitivity in 
these two parameters to an increase in the SM cell voltage.  

As can be seen in those figures, with the case study input 
data taken from TABLE I, the increasing the voltage class of 
the IGBT could yield decreases in both the cost and weight of 
the MMC arm. Therefore, the impact of this on the weight and 
volume should be carefully monitored.   

 

Fig. 7. The relative weight of the MMC arm with different IGBT voltage 
classes 

 

Fig. 8. The relative costs (CapEx) of the MMC arm with different IGBT 

voltage classes 

VI. CONCLUSION AND PERSPECTIVES 

A methodology of HVDC converter station CPA was 
proposed. It is based on cost, size, weight, power loss, and 
reliability indicators. The method was applied for the Modular 
Multilevel Converter and the analysis of submodule voltage 
rating was performed. The analysis indicated that increasing 
the IGBT voltage class could lead to savings in the MMC cost 
and weight.  

The CPA is essential in the evaluation of new technology 
concepts. It can be applied in the study of innovative HVDC 
converter topologies, such as the Series Bridge Converter 
[34], which seems an interesting candidate to challenge the 
MMC. Moreover, it can provide important information for the 
cost-benefit analysis allowing to evaluate the interest of 
DC-DC converters [35] for HVDC transmission. The CPA 
requires an expert knowledge on the analyzed system and a 
solid component database. Extended with an optimization 
algorithm it becomes a powerful tool in the new product 
development. 

To explore further the costs and benefits of increasing this 
voltage, the reliability, the power loss, and the submodule size 
should be introduced to the model. The positive impact that 
reducing the number of submodules could have on the 
reliability of the MMC would be interesting to study further. 
On the other hand, the increase in the cell voltage may also 
lead to increased IGBT failure, due to cosmic ray effects, and 
so there may be an optimal point to be located between 
reliability and the cell voltage.  

The current rating of the IGBT pack should also be 
introduced as a variable in further modelling work and its 
isolation material should be modelled as voltage-dependent. 
Additionally, the thryistor model should be given as a function 
of voltage.  



Given the impact that the control system can have on the 
operation of the converter, the effect of using nearest level 
modulation (NLM) on the cell capacitor sizing should be 
studied further. A comparison between the MMC and the two-
level series connected VSI may also have interest in being 
made.   
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