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Abstract 

The offshore power transmission market continuously grows as government incentives for 

Renewable Energy, and technological advancements lead to the exploitation of offshore 

wind for electricity generation due to its high capacity factors and the abundant offshore 

space. Currently, the High Voltage AC (HVAC) and High Voltage DC (HVDC) transmission 

systems (TS) are the commercial options for integrating the wind power to the onshore grid. 

The technical and economic efficiency of each approach is evaluated on a case-by-case basis 

and is mainly dependent on the  Offshore Wind Power Plant (OWPP) capacity and its distance 

from shore, with HVAC TS being the most common solution for distances lower than 100km. 

The Low Frequency AC (LFAC) technology can provide an attractive transmission solution for 

exporting power from vast and remote OWPPs within a distance range of 80-300km. The 

basic idea of the LFAC system is to use lower AC frequency to reduce the effective electrical 

length of the equivalent HVAC subsea cable, so that its transmission capacity is increased, 

and also to eliminate the need for bulk offshore HVDC platforms, so that the installation, 

operation and maintenance costs are decreased. Despite the theoretical advantages of LFAC, 

the related research and its previous application in the rail and oil industries, there is no prior 

operational experience in similar type and scale networks, increasing the uncertainty for 

investors regarding the LFAC compliance capability and technology readiness level for 

offshore transmission purposes.  

The aim of this industrial PhD Thesis is to result in robust and feasible LFAC TS options that 

can be realised by common industry practices and comply with typical Transmission System 

hǇŜǊŀǘƻǊΩǎ ό¢{hύ grid code requirements. The LFAC TS  is designed as a combined offshore 

HVAC system utilising an onshore Back-to-Back Modular Multilevel Converter (BtB MMC) 

scheme for frequency conversion. Point-to-Point (PtP) and Multi-Terminal (MT) LFAC 

topologies are examined for various cable lengths to export the nominal capacity of the 

OWPPs or interconnect different OWFs and different grids through single-cable connections 

to minimise costs. The technical feasibility of the LFAC TS is assessed through comprehensive 

steady-state, frequency and time-domain studies to optimise the system performance, its 

transmission capability and identify probable limitations. 

Initially, the main transmission equipment specifications are appropriately adapted and rated 

for LFAC operation. Frequency scan studies are performed to investigate the low-order 

resonances of the LFAC TS, and suitable C-Type harmonic filter combinations are introduced 
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to avoid potential harmonic stability issues. Power-flow cases are studied to calibrate the 

operating conditions of the system (e.g. reactive power compensation, control strategies, 

etc.) and optimise the schemes in terms of power losses and shunt cable compensation, 

placed only at the onshore side. It is yielded that by utilising the AC voltage control strategy 

of the OWPP inverters together with the reactive power capability of the BtB MMCs can 

maximise the power transfer through the cables. 

Finally, detailed EMT models of the optimised PtP and MT-LFAC TS are simulated to evaluate 

its dynamic performance, stability and FRT capability against faults in the offshore LFAC and 

AC sides. It is concluded that if the LFAC grid-forming MMC employs a typical islanded control 

scheme without Inner Current Controllers (ICCs), it should always use harmonic filtering to 

avoid low order harmonic stability issues caused by the system resonance. Even then, its FRT 

response against an LFAC side fault would be unacceptable, due to its unconstrained LFAC 

fault current. However, by implementing high-bandwidth ICCs with appropriate current 

saturation and integrator anti-windup mechanisms to the islanded-control system, the LFAC 

TS rides through faults successfully and complies with the respective typical TSO limits. Also, 

depending on the system rating,  DBRs may need to be applied in the DC sides of the OWTGs 

and the onshore BtB frequency converters. 
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Chapter 1: Introduction 

1.1 Transmission Systems for OWP Exploitation 

Over the past decades, the markets for the electric power industry and by proximity, for the 

Transmission and Distribution (T&D) equipment and grid solutions, have undergone 

profound transformations as a consequence of the pace of Renewable Energy Sources (RES) 

penetration to the grid, the concurrent retirement of carbon-emitting sources, and the 

fluctuation oil and gas prices. The amount of investment worldwide in the T&D sector is 

estimated at $6.9 trillion per year in the next 15 years. Nearly two-thirds of this investment 

takes place in emerging economies, with the focus for investment moving beyond China to 

other parts of Asia, Africa and Latin America; but ageing infrastructure and climate policies 

create large requirements also across the OECD member countries [98]. 

Recently, the exploitation of Offshore Wind Energy (OWE) for electricity generation has been 

expanding rapidly due to technological advancements, the abundant offshore space, the 

increased capacity factors of this wind resource and government incentives. However, there 

are certain drawbacks associated with remote OWE systems which may increase the cost of 

electric power generation. The intermittent wind power supply may lead to lower capacity 

credits, while the transmission of bulk amount of power over long distances generally 

increases the power losses as well as operational and maintenance (O&M) costs. Thus, the 

choice of a technically efficient and economical approach for exporting the wind power to 

the AC grid is mainly determined by the Offshore Wind Power Plant (OWPP) capacity and its 

distance from shore and can be the principal expenditure affecting the economics of the 

system. Currently, the HVAC and HVDC TS are the commercial options for integrating OWPPs 

to the grid and a typical break-even distance curve is shown in Figure 1.1 [101]. 

 
Figure 1.1: Typical HVAC vs HVDC Cost Break-Even Distance for Power Transmission. 
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1.1.1 HVAC  

Currently, the HVAC transmission system with subsea cables is the most common scheme for 

integrating OWPPs to the grids [93]. The major advantage of this technology is its simple and 

robust system design and protection that results in relatively low Capital and Operational 

Expenses (CAPEX & OPEX) if adopted for relatively short offshore transmission distances (e.g. 

less than 50km, Figure 1.1 [101]).  

In typical OWPP arrangements, the OWTGs can be connected to the Offshore Collector 

System (OCS) point at Medium Voltage level, as is depicted in Figure 1.2 [102]. In the offshore 

substation of an HVAC TS, the transformers steps-up the AC voltage to higher levels for power 

transmission purposes. Thus, wind power is transferred through HVAC subsea cables to an 

onshore substation where it is interfaced to the grid by power transformers that adjust the 

voltage level using tap changers. Depending on project-specific characteristics of an HVAC 

TS, offshore and/or onshore shunt reactive power compensation is employed in the form of 

switched reactors, STATCOMs or SVCs to limit voltage rise and improve efficiency [113]. 

 
Figure 1.2: Typical Layout of HVAC TS for Multiple OWF Integration to the Grid. 

However, the offshore HVAC TS is mainly limited by the charging current due to the high 

capacitance of the submarine cables. Thus, for relatively longer distances (i.e. >50km), there 

is a reduction in transmission capacity and an increase in transmission losses. Besides, over 

a certain distance, the increased capacitance of the HVAC cables may result in very low-order 

harmonic resonances [111]. Therefore, additional equipment may need to be implemented 

in order to enhance the stability and/or retain the overall system synchronisation under the 

same frequency,  since the HVAC TS and the onshore grid are synchronously coupled, and 

faults or disturbances on one side of the network can directly affect the other. 
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1.1.2  HVDC 

The HVDC may be preferred over the HVAC transmission for integrating distant (e.g. >100km) 

offshore renewable energy generation to the grid, mainly because it is not limited by the vast 

capacitive reactive power and the charging currents in submarine cables [132]. Although the 

thyristor-based LCC-HVDC is a reliable, proven transmission system, there are notable 

drawbacks associated with its use for OWP exploitation such as reactive power consumption 

and low-order harmonic distortion, which requires auxiliary equipment (static synchronous 

compensators, AC filters, capacitor banks, etc.)[20].  

 
Figure 1.3: Typical layout of a PtP HVDC TS Integrating two Interconnected OWFs to the grid, ABB. 

Technological advances in the current and voltage ratings of semiconductor switches (e.g. 

IGBTs) and improvements in converter control systems made it possible to independently 

regulate active and reactive power exchange between the onshore grid and the offshore AC 

collection point. The VSCs have been made reliable and economical for integrating remote 

OWFs to the grids through HVDC links, increasing wind power penetration and leading many 

T&D equipment manufacturers to introduce commercially available and practically regulated 

VSC-HVDC systems [125]. Also, developments in the converter valve technology allow higher 

DC voltage levels using the Modular Multilevel Converters (MMCs) can reduce the 

transmission losses of the system and enable radial, ring or even MT-HVDC schemes.  

In principle, MMCs involve several series-connected half-bridge sub-modules, based on IGBTs 

that can turn on and off in a controlled manner at high switching frequency using a PWM 

technique for each module. These converters can provide independent control of active and 

reactive power, black-start and FRT capability. Depending on the number of modules utilised, 
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they can produce a nearly sinusoidal voltage, and as a result, the filter size is reduced or even 

eliminated. The switching frequency for each switch can be around 3 to 5 times that of the 

AC line frequency, which leads to much lower switching losses.  

However, for the development of a meshed MTDC grid, the flexible and safe operation of the 

system must be guaranteed by an effective protection scheme that can isolate only specific 

branches in cases of DC faults without interrupting the operation of the whole HVDC grid. 

Hence, current zero-crossing equivalent conditions must be created to force the interruption 

of current whenever a DC fault occurs. The formation of such conditions relies on the 

development of either a mature HVDC circuit breaker technology that can handle fault 

situations and withstand the high voltage and current response of the network or an efficient 

MMC fault clearing control strategy through the full-bridge submodules since they can 

provide negative voltage. Both potential solutions can be technically challenging and 

expensive, but the key contributor to the overall HVDC schemes expenditure are the offshore 

HVDC platform costs.  

 
Figure 1.4: Typical Schematic of a PtP HVDC TS for OWPP Integration to the AC Grid. 

Thus, the application of the HVDC TS for OWF integration to the grid, as shown in Figure 1.4,  

has the following conceptual and theoretical barriers and limitations: 

ü The need to place one VSC-HVDC converter, including the corresponding sensitive 

equipment on an offshore DC-platform increase the CAPEX and OPEX [130].  

ü HVDC Circuit Breakers (CBs) are complex components and costly to build [20]. 

ü The space charge accumulation of the cable caused by the DC current during the 

construction period and corrosion are always serious concerns for HVDC systems.  

ü Realisation of multi-terminal DC (MTDC) systems is a principal challenge. Thus, wind 

farm parks commissioning must take place in stages; each one individually connected 

to the nearest onshore substation; point-to-point connections.  

ü It is not still possible to achieve a fully co-ordinated offshore DC grid. This happens 

mainly because DC circuit breakers (CB) are not yet commercially applicable and extra 

DC/DC converters should be used to interconnect DC links of different voltage levels 

since it is not possible to change voltage levels in DC networks by transformers.  
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1.2 LFAC Transmission System 

The low frequency AC is an interesting technology which has been developed and used for 

several decades by the railway grid operated at frequencies of 50/3Hz, 16.7Hz, 20Hz, and 

25Hz. The LFAC systems were introduced to solve a problem in finding an optimum universal 

motor for traction applications and reducing the adverse effects of the reactance at 50Hz. In 

recent years, though, this technology has become obsolete, thanks to advancements in the 

field of power electronics which enabled compact building blocks at low cost and high power, 

leading to mass production of power converters that could convert any AC frequency to DC 

or even transform single-phase to multiple-phases within the locomotive itself. Hence, some 

railways have been converted to standard grid frequencies, and only a few still follow the 

path of LFAC. A possible trend in this industry might be that by the end of asset life, the 

universal power supply on board of the locomotive that initially used LFAC, would be 

adjusted to operate also on the regular grid frequency.  

The basic idea of the LFAC system is to use lower frequency to reduce the effective electrical 

length of the AC transmission cable, thus increasing its transmission capacity. The principle 

of LFAC can be viewed from the perspective of its electrical length. Considering the electricity 

transmission velocity equal to the speed of light, (300000 km/s), then the AC wavelength is 

~1/3 of the corresponding LFAC wavelength. Thus, for the same range, the electrical length 

shrinks three times, increasing the transmission capacity improving system performance. By 

establishing an offshore transmission system at approximately one-third of the grid 

frequency, the charging current reduces accordingly for the same cable lengths [1][5][8][10]. 

Therefore, theoretically either the reach of the cable could be approximately three times 

longer, or the capacity of the LFAC system can be as much as three times that of 50/60Hz 

system [30-45] [49-53].  

LFAC technology can provide an attractive solution not only for exporting power from large 

and remote OWPPs but also for a potential offshore network development that could enable 

the exchange of power among different grids. It could be realised as a combined offshore 

HVAC system with onshore frequency conversion schemes, and thus removing the need of 

the bulk offshore HVDC platforms. Then, sea and land HVAC cables could be operated at 

lower frequencies, eliminating capacitive currents, reactive compensation and losses 

compared to HVAC and overcoming the technical and operating constraints of HVDC for the 

formation of offshore grids [7]. 
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1.2.1 LFAC TS Concepts in the Literature 

1.2.1.1 LFAC for Power Transmission 

LFAC was proposed as a potential power system transmission technology in 1994 by Xifan 

and Xiuli Wang [54]. The authors presented a Fractional Frequency Transmission System 

(FFTS) that could reduce the AC reactance by operating at 50/3Hz, increasing the power 

transfer capability of the AC system and improving the operating performance of the 

network. Computer simulation results in papers [47] and [40], illustrated that the FFTS could 

be a promising transmission technology, despite the low efficiency of the magnetic frequency 

changer shown in Figure 1.5 which has become obsolete, mainly replaced by PE converters.  

 
Figure 1.5: First Structure of FFTS with a Magnetic Frequency Tripler. 

In 2000 T. Funaki and K. Matsuura studied the feasibility of LFAC for interconnecting grids 

that operate at different frequencies and voltage levels using conventional AC XLPE cables to 

avoid the high charging currents of HVAC or the space charge accumulation issue related to 

HVDC [53].  Simulation results showed high performance of power flow control for the LFAC 

system. Based on this work, in 2002, the writers, together with R. Nakagawa, assessed the 

possibility of employing cycloconverters for frequency conversion by introducing a novel 

control system [52]. However, large filters would be necessary at both ends to suppress low-

order harmonics and adjust reactive power while the need for improvement of its 

transmission efficiency is mentioned in[46][49][50]. 

1.2.1.2 LFAC for Wind Power Integration 

In 2009, the authors of [45] and [41] suggested the use of LFAC TS for connecting  OWFs to 

the grid. The different transmission technologies were compared Equivalent layouts of, and 

LFAC system demonstrated considerable advantages. It improved transmission capability and 

reduced losses compared to HVAC, while it decreased Capex and maintenance costs over 

HVDC for a range of 30-150km, extending the lifespan of subsea cables and eliminating the 

need for WTG converters and offshore platforms. In addition, Xifan Wang et al. in [44] and 

[33] introduced a novel approach for integrating remote onshore WFs into the grid via a FFTS 

using the thyristor-based cycloconverter technology, as shown Figure 1.6, which has also 

been addressed for OWP applications in many scientific papers [18][23][34][35][36][36][51].  
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Figure 1.6: Configuration of the LFAC TS utilising a Cyclo-Converter. 

The majority of the related research suggests various LFAC system arrangements which are 

connected at substations via cycloconverters, providing economic connection and 

synchronisation with the main grid [6][10][12]. Cost reduction enabled with cycloconverters 

can be substantial in comparison to HVDC options, but with many technical constraints such 

as the fixed frequency reduction at 50/3Hz or 60/3Hz [24]. For offshore power transmission 

at low frequency, subsea cables rated for 50 or 60Hz operation are employed and commercial 

transformer designs for 50Hz or 60Hz are adopted in systems that utilise low operating 

frequency, typically 16.7Hz or 20Hz, to minimise further the system cost [11][13][14][18]. 

1.2.1.3 LFAC for Offshore Grid Formation 

In 2012, W. Fischer et al. suggested the potential use of LFAC TS for the development of an 

offshore grid with OWTGs generating power straight at 16.7Hz and AC/AC cycloconverters 

placed onshore for frequency conversion [30]. Simulation studies in which the cable was 

modelled as 100 pi-sections showed that the transmission distance at 16.7Hz could reach 300 

to 400km. For the same application, in 2015 I. Erlich et al., mentioned that lower installation 

and operational costs could be achieved with LFAC transmission of 600MW up to a distance 

of 400km by using a 245kV XPLE submarine cable [3]. Moreover, by upgrading the AC circuit 

breaker technology, the required (n-1) reliability could be met for the offshore LFAC grid 

formation. However, they implied that the onshore BtB converter configuration would need 

further investigation (full or half-bridge MMC, Matrix Converter, Cyclo-converter, etc.), while 

the transformers and shunt reactors operated at low frequency would be larger and heavier. 

Based on these studies, U. Behmann and T. Schütte proposed LFAC to export wind power 

generation in the North Sea as depicted in Figure 1.7 [123], for schemes with long 

transmission distances in which the 50Hz AC system would not be technically viable. More 

specifically, the offshore LFAC TS can be created by an onshore frequency converter, 

converting the grid frequency to a low frequency, eliminating the need for offshore converter 
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platform which is a crucial contributor to HVDC schemes expenditure, and introducing a 

competitive offshore transmission system up to a particular cable length [2][4][7]. 

 
Figure 1.7: Hypothetical North Sea Grid LFAC 220kV at 16.7Hz, route length in km. 

Based on these studies, U. Behmann and T. Schütte proposed LFAC to export wind power 

generation in the North Sea as depicted in Figure 1.7 [123], for schemes with long 

transmission distances in which the 50Hz AC system would not be technically viable. More 

specifically, the offshore LFAC TS can be created by an onshore frequency converter, 

converting the grid frequency to a low frequency, eliminating the need for offshore converter 

platform which is a crucial contributor to HVDC schemes expenditure, and introducing a 

competitive offshore transmission system up to a particular cable length [2][4][7]. 

1.2.1.4 Advancements in Frequency Conversion and LFAC Equipment 

Latest advancements in the field of power electronics have also made the Voltage Source 

Converter (VSC) and Modular Multilevel Converter (MMC, Figure 1.8 [107]) technology more 

reliable and economical. Back-to-back (BtB) VSC or MMC arrangements located onshore 

could be feasible for offshore wind farm (OWF) integration to the main grid using LFAC 

transmission system (LFAC TS) [2]. LFAC submarine cables that are designed and optimised 

for operation at low frequency and rated at 16.7Hz become available by the manufacturers 

for subsea power transmission over long distances [2][7]. Moreover, theoretical designs of 

three-phase power transformers are proposed in the literature, that are intended for 

operation at low frequency [5], while plenty of lower-rated single-phase-unit LFAC 

transformers are commercially available by various manufacturers for rail applications.  
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Figure 1.8: Typical Diagram of a DC to Three-Phase AC MMC using Half-Bridge Sub-Modules. 

Thus, the LFAC technology could be applied for OWP export over a specific distance range of 

approximately 100-400km [3], leading to efficient power transmission and interconnection 

between the OWFs and the grids. It could suggest an alternative pathway for cases that the 

HVAC TS is not technically and economically feasible and aims at achieving a more 

straightforward technical solution than HVDC, without deploying a fully-fledged offshore 

HVDC converter station that leads to large platform topsides.  

1.2.2 WF Collection Systems in LFAC TS Concepts 

Many alternative medium-voltage collection system technologies are proposed in the 

literature for the integration of wind power through the LFAC TS. The DC collection systems 

are proposed for onshore and offshore WF configurations in [6][8][11][12][13][27]. The main 

reason for a DC collection system with LFAC transmission is that the WTs towers would not 

need larger, heavier, and costlier magnetic components (e.g. step-up transformers) to output 

their LFAC power. Hence, series and parallel DC WF connections are examined which are 

integrated through either radial or meshed LFAC network arrangements [39]. 

In addition, a fractional frequency system (FFWPS) concept was introduced in [38] and later 

on investigated through simulation studies in [34]. This system eliminates the need of the 

full-power converter in each WTG and can be beneficial for OWFs, due to the relatively small 

wind velocity difference. The FFWPS operates at a variable frequency (VF) that is defined by 

ŀŘƧǳǎǘƛƴƎ ǘƘŜ ŎȅŎƭƻŎƻƴǾŜǊǘŜǊΩǎ ƻǳǘǇǳǘ ƛƴ ǊŜŀƭ-time, according to the wind velocity, so that 

more OWP could be captured. The frequency ranges from 12Hz to 19Hz in different research 

papers depending on the application, while in [1] a constant frequency (CF) operation is also 

introduced at 50/3Hz, that simplifies the cycloconverter control. Of course, power losses are 

caused by the removal of the full converter, but the OWP can be exported with relatively 

high efficiency, resulting in a potential future development that needs further research. 
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However, in several research works consider that the maturity level of the offshore wind 

equipment could be quite satisfactory for the application of LFAC technology [2][3][7][9]. 

Thus, individual OWTGs are interconnected to a medium voltage LFAC power collection 

system in a typical HVAC fashion e.g. at 66kV, as in Figure 1.9 [3]and their power is collected 

at the OCS where the voltage is increased to the transmission level by a step-up transformer. 

The power is then transferred to the grid utilising the LFAC transmission system. 

 
Figure 1.9: Type 4 OWTG collection system arrangement for LFAC System. 

1.2.3 Frequency Selection 

The selection of a specific low frequency level is a matter of immense importance for the 

overall system design and operation. Most feasibility studies on LFAC transmission for 

offshore wind power systems result in the utilisation of 16.7Hz or 50/3Hz, mainly because of 

the field-proven equipment that is developed by manufacturers for the rail industry. In 

addition, five European countries, namely, Austria, Germany, Switzerland, Sweden and 

Norway, standardisŜŘ ƻƴ мрƪ± ŀƴŘ рлѷоIȊ ǎƛƴƎƭŜ-phase AC. On 16 October 1995, Austria, 

{ǿƛǘȊŜǊƭŀƴŘ ŀƴŘ DŜǊƳŀƴȅ ŎƘŀƴƎŜŘ ŦǊƻƳ рлѷоIȊ ǘƻ мсΦтIȊ ǿƘƛŎƘ ƛǎ ƴƻ ƭƻƴƎŜǊ ǇǊŜŎƛǎŜƭȅ мκо ƻŦ 

the AC grid frequency. Apparently, this has solved overheating problems of the rotary 

converters used to supply some of this power from the grid [123].  

A frequency sensitivity study based on a Levelized Cost of Energy (LCOE) concerning 

efficiency, weight and cost for all vital wind farm components has been carried out by DNV-

GL under the title of άPower Frequency Optimisation study for Offshore Wind Farmsέ [120]. 

The study focuses on the CAPEX, OPEX variations as a function of frequency to determine the 

optimal that minimises the lifetime costs of the WFs. The outcomes of this study suggest that: 

ü A change in frequency has a substantial impact on the LCOE of OWE, Figure 1.10a). 

ü LFAC of 10Hz-20Hz provides an economically advantageous alternative to 50Hz AC and 

HVDC solutions for medium/long-range export distances, as shown in Figure 1.10b). 

Considering all frequency sensitivities, an optimal frequency with respect to cost is calculated 

at ~14Hz. As this frequency is marginally close to the standardised power frequency of 16.7Hz 
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with an established industrial base for electric power apparatuses, a choice of operating at 

16.7Hz can be the most fit-for-purpose to reduce development and qualification costs. 

 
Figure 1.10: Levelized Cost of Energy vs. a) Frequency for OWPP and b) Distance from Shore for OWP. 

Consequently, to determine a suitable low-frequency range for offshore power systems 

operation, some additional technical and operating aspects may need to be considered such 

as the power quality, technology readiness, stability aspects, power losses, etc. [2]. For 

optimal frequency selection, further adjustments and limitations may be imposed by other 

significant factors, e.g. structural, such as the equipment weight and size, in order to attain 

the most economically and technically feasible solution. 

1.2.4 Frequency Conversion   

Initial studies mentioned the magnetic frequency changer as the key frequency conversion 

component in the FFTS [40][42][54]. The frequency changer stepped up the frequency from 

50/3Hz to 50Hz and fed power into the grid, as shown in Figure 1.5. At the time, it presented 

some advantages over the cycloconverters regarding its simpler structure, lower cost, and 

more reliable operation, although its lower efficiency and lack of flexibility made this 

technology obsolete by technological advancements in power electronic devices.  

The cycloconverter is the most common system mentioned in the literature for LFAC 

conversion. It converts three sets of three-phase AC voltages to three sets of single-phase 

LFAC voltages through Line Commutated Converters (LCCs) that work collaboratively to 

generate the three-phase LFAC outputs, either using the six-pulse or the more promising in 

terms of harmonic response twelve-pulse cycloconverter configuration [17][38]. Its structure 

is similar to a BtB thyristor-based LCC-HVDC system [42][43][44][45], with the only difference 

being the varying DC bus voltage, according to a given LFAC sinusoidal reference [12][34].  

The cycloconverter can regulate its voltage level and phase angle at the output side by 

adjusting its control references. However, the reactive power at its input side cannot be 

controlled and is automatically adjusted according to the modulation index and the 
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displacement factor of the output side [18][22][23]. Moreover, its output over input 

frequency ratio affects the power quality of the produced voltage waveform, which may 

jeopardise the operation of an offshore export system that comprises long cables and low-

order resonances [7]. Since the input side is the offshore system at 16.7Hz, increased size 

equipment or FACTS devices could be required to mitigate these effects, even in the case of 

a twelve-pulse converter [6]. Studies of a robust model for the six pulse cycloconverter for 

OWF integration, together with an advanced time-domain simulation method, were 

presented in [35][36]. The situation can improve if Thyristors are replaced by GTOs or IGCTs 

for higher power ratings instead, as shown in Figure 1.11 [70], but the compromise between 

efficiency, power quality, sophisticated control and the overall cost should be investigated.  

 
Figure 1.11: Single Line Diagram of a Converter Station (IGCT) for Rail Application. 

Nowadays, such advanced frequency cycloconverters transfer electricity between national 

and railway grids. Several 15MW frequency converters, as shown in Figure 1.11, have been 

employed to supply power to the Swiss Lötschberg tunnel railway system, while larger power 

classes are considered in the future, with the most prominent plan being a  413MW IGCT 

based cycloconverter station for E.ON in Germany. As stated in the AB.Ωǎ άwŜǾƛŜǿέ ŘƻŎǳƳŜƴǘ 

[70], by using these static frequency converters, the interconnection of a single-phase and a 

three-phase grid can be more demanding than interconnecting two three-phase grids, which 

is the case in offshore transmission systems. A principal reason is that the power is basically 

constant in a three-phase system, whereas in the single-phase railway grid it oscillates at 

twice the operating frequency, with the oscillations being damped by tuned filters. 
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Furthermore, this static converter is able to resynchronise effectively with the rest of the 

railway system following a grid disturbance, which could resemble the clearance of a grid-

side event during the energisation procedure of the offshore LFAC TS. 

Another innovative cycloconverter-based technology is the Modular-Multi-Level Matrix 

Converter (MMMxC) [25][26] that employs H-bridge submodules to overcome the voltage 

and frequency constraints. It can be a compact solution in terms of size and weight, but the 

large number of submodules required for high power function introduces complex control 

strategies. The fact that it can regulate active and reactive power separately and improve the 

ǎȅǎǘŜƳΩǎ power quality is significant, though, the lack of DC side aggravates its LVRT and 

protection capability, exposing both the AC and the LFAC sides to disturbances occurring in 

either of them. 

The Hexverters are hexagonal AC/AC MMCs utilising H-bridge submodules, which can be 

used for high-power and high-voltage ratings. In [56], the hexverter is utilised for subsea 

power transmission through 16Hz LFAC network comprising a 20MW OWF at 132kV, a 5MW 

induction motor that drives pumps and compressors for oil extraction and 5MW general 

purpose load. The converter achieves power regulation and minimises the zero-sequence 

circulating currents using a novel optimisation technique; though, further investigation of 

this concept is needed against system disturbances and for higher power order applications. 

Back-to-back (BtB) VSC or MMC arrangements located onshore can be feasible for integrating 

OWPPs to the main grid by LFAC TS, providing independent active and reactive power control 

[2][7]. These arrangements can still decouple the input and output side voltages due to its 

DC-link and at the same time eliminate the chance of a DC bus short circuit fault, but even if 

a fault like this occurs, both the AC and LFAC side circuit breakers can isolate the faulted 

terminal. For such a case in a multi-terminal meshed arrangement, other healthy terminals 

would be able to transfer power from the interconnected wind farms to the onshore grid [4]. 

Finally, several frequency conversion devices are noted in the literature, which have been 

used in other industries but their operation may not suitable for an LFAC TS, such as the 

rotary converters and transformers [74][97]. The rotary converter is a motor-generator 

couple that converts 16.7Hz to 50Hz to feed a load and has been used for power transfer to 

railways and subsea systems in the oil industry, while the rotary transformer can allow power 

exchange among non-synchronous grids by adjusting the frequency and angle [31][32].  
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1.2.5 LFAC TS Benefits 

Potential cost benefits of using the LFAC technology for OWP exploitation are mentioned in 

the literature where it is estimated that the LFAC TS could bridge the gap between short 

offshore transmission distances where the 50Hz HVAC is more feasible and much longer 

distances where HVDC is the most cost-effective solution [1-4, 7]. This point is also made by 

economic feasibility studies, comparing CAPEX and OPEX among HVAC, LFAC and HVDC 

technologies for point-to-point, radial connections of OWFs to the grid [126]. However, the 

potentials of LFAC technology regarding reliability and power transfer flexibility can be 

significant if meshed network arrangements and interconnections among offshore projects 

and onshore grids are considered, where at the moment HVAC is not practical, and MTDC 

technology is not mature, due to complexity and lack of reliable and field-proven related 

protection equipment such as HVDC circuit breakers [77].  

Below, some important points are presented that constitute LFAC a potential candidate for 

future power transmission in offshore wind applications over the competitive HVAC and 

HVDC technologies: 

ü In an OWPP HVAC export system, the capital and operating costs significantly upsurge 

over a certain distance range, as the charging currents of the cable rise. The CAPEX is 

affected as the reactive compensation requirements increase, unlike in an equivalent 

LFAC TS where these needs can be lower due to the lower cable charging currents and 

due to the capability of the onshore frequency converters, depending on the type of the 

adopted frequency converter technology. OPEX is affected mainly by the transmission 

losses in subsea cables, where a considerable part of these are due to reactive currents 

[126]. By using LFAC, the reactive power production in the transmission mediums is lower, 

and the losses caused by the skin effect are minimised, allowing more active power 

transfer through the same cables. 

ü In an OWPP HVDC export system, a significant part of its CAPEX is related to the offshore 

HVDC platform which in [140] is assumed five times pricier than an HVAC equivalent. Such 

a platform is absent in the LFAC TS since the frequency converters are placed at the same 

onshore location, without being exposed to environmental stresses and providing easy 

access for O&M. Thus, the corresponding OPEX is also reduced, which may be further 

improved by future technological advancements in AC/AC multilevel converters [3]. 

ü Cost benefits for OWP industry may also arise if offshore projects are seen from a more 

holistic perspective, instead of the typical PtP OWPP connections to the grid. Obtainability 
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of high-power LFAC CBs and proven protection systems can allow fast detection and 

clearance of faults and guarantee the security of the supply. As a consequence, flexibility 

and reliability can be an advantage for LFAC technology if larger scale, interconnected 

offshore wind projects are considered, where MTDC might limit the potentials and be 

more challenging to apply [30]. Thus, the cost and technology readiness level may be 

sufficiently in favour of the LFAC technology for large OWP projects with multiple 

connections. Generally, a meshed MT-LFAC offshore grid, in comparison with a 

corresponding MTDC grid, could be a less challenging and more realistic solution, that can 

be mostly realised by employing currently available equipment [29]. 

Therefore, the OWPPs initially planned and installed as separate projects, could be 

interconnected to offshore multi-terminal, meshed arrangements, as shown in Figure 1.12b), 

similar to the onshore AC grids. LFAC submarine cables can be connected with one or more 

offshore LFAC platforms where the OCS medium voltage is transformed to a suitable voltage 

level for long-distance transmission [3][30]. Also, vast OWFs could be split into smaller blocks 

allowing their construction in sequences and offering high power transfer flexibility 

compared to a single HVDC platform, as in Figure 1.12a), where a potential single point of 

failure in an HVDC-link could make the whole wind farm unavailable [4]. 

 
Figure 1.12: Energy Transmission Systems for OWFs: a) HVDC, b) LFAC: 16.7Hz. 
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However, most economic analysis studies that have been performed in the literature 

regarding the feasibility of the offshore transmission systems do not consider the potentials 

of networks broader than the typical radial connections for OWP export. As a result, the LFAC 

TS is evaluated in a comparison field for PtP topologies that has been developed for its 

commercially available competitive technologies and in which HVAC has limited but well-

established range, while HVDC excels in the higher range for the corresponding applications. 

1.2.6 LFAC TS Issues 

There are still some challenges associated with the operation of LFAC TS within the offshore 

distance range of its probable application. The most obvious are the increased size and 

weight of specific system components, e.g. transformers, inductors, etc., the THD due to 

converter switching operation or the harmonic stability issues due to the resonances of the 

system, and they basically depend on the topology of the system, the equipment rating and 

the adopted converter technology [2][3][4][37]. 

As the core cross-section area of the power transformers and shunt reactors, or their 

windings should be increased to achieve the same flux density in LFAC as in classic AC 

operation, they shall get bigger in volume and mass [5]. Additionally, DFIG based wind 

turbines would need a considerably larger and heavier induction generator [16][28][30], 

while the adaptation of the existing fully rated converter WTGs (Type 4) would need 

adjustments only for the related inverter components which involve DC capacitors, converter 

reactors and low-pass filters. The interface transformers would need to be redesigned for 

either of these WTG technologies [120]. Regarding the auxiliary systems, they could be 

designed for lower frequency operation, or the same 50Hz components might be used if 

power could be supplied through an extra 16.7/50Hz converter according to [3]. 

In addition, the overall system performance and its dynamic behaviour can be severely 

affected by the dynamic impedance of the system [7]. A low resonant frequency may 

introduce the necessity of very lossy damping harmonic filters, to avoid low-order harmonic 

stability issues [2]. Such issues may arise in an LFAC TS depending on its design, the 

implemented converter technologies, the control arrangements and tuning, as well as the 

effectiveness of any harmonic mitigation measures. System disturbances could also cause 

control interactions with low-order resonances, excite harmonics and jeopardise the 

harmonic and dynamic stability of the system, resulting in damaging the converter valves or 

disconnecting from the grid. 
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Findings from the research conducted in [60-64] provide insights for the impedance-based 

stability of PtP LFAC TS arrangements employing a grid-forming two-level VSCs. These studies 

have identified that by analysing the LFAC TS impedance measurements, potential high-order 

harmonic instabilities can be predicted, and results of certain cases have been verified 

through scaled hardware experimentation. In these cases, the system impedance is mainly 

dominated by the grid-forming converter control system for lower frequencies and by its LCL 

filter for higher frequencies. These results indicate that there is a relationship between the 

system impedance characteristics and the designated converter technology, the type of the 

applied grid-forming control system, as well as the converter filter design. However, other 

arrangements may result in different system impedance profile that would embrace 

particular mitigation measures. A natural progression of this work would be to conduct a 

more detailed EMT analysis for the offshore LFAC TS and investigate its dynamic response, 

FRT ability and stability characteristics under various system operating configurations. 

Since the main goal of most studies in the literature was to determine the techno-economic 

feasibility of the LFAC TS and the operating characteristics of the frequency converter 

arrangements, very little research has been conducted regarding the stability aspects of the 

LFAC TS. In [57], a six-bus LFAC TS with Over-Head Transmission Lines (OHTLs) connected to 

a cycloconverter has been assessed, and its eigenvalue analysis showed that the lower 

reactance of the OHTLs due to the lower operating frequency, the better the system voltage 

regulation, improving the systemΩǎ stability and power transfer capability. On the contrary, 

an offshore FFTS assessment using a subsea export cable connected to a cycloconverter 

showed that the lower resistive-damping of the cable due to low frequency reduces stability 

[58]. Finally, [59] performs a fault analysis in an LFAC system that results in high fault currents 

as the frequency converter and the OWF are represented by ideal voltage sources acting as 

swing buses, while the dynamic limitations of the system are not considered. 

Considering all this evidence, it seems that several questions remain to be answered 

regarding the technical feasibility, operation and compliance of practical PtP or MT-LFAC TS 

configurations with the required operating and connection standards of modern power 

systems. There are many relatively unspecified aspects about the implementation of 

appropriate control strategies, the necessary control and protection coordination, the 

dynamic performance and stability of the system, the related active/reactive power, LVRT 

and FRT capability of the schemes, as well as the unique potential formation of an islanded 

offshore LFAC network, functioning totally among power converters. 
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1.3 Scope of the Thesis 

1.3.1 Research Motivation 

The offshore market continuously grows with forecasts indicating that the global OWP 

capacity could reach between 154GW and 193GW by 2030 [55]. A greater initiative that could 

expand the market availability for the LFAC technology and bring significant benefits for the 

OWP industry shall come by the prospective meshed offshore network developments that 

would enable the exchange of power among offshore projects and different grids. The 

concept of offshore grids could serve the purpose of integrating distant OWPPs and 

interconnecting AC grids, for balancing the power flow, enabling alternative power routes, 

international trade etc. Still offshore projects shall be seen from a more holistic viewpoint, 

than the radial OWF connections to the grid. Either if it is trade-driven or trade 

unconstrained, the various technical challenges associated with the formation of offshore 

transmission systems should be addressed and solved. In such a context, the offshore LFAC 

TS technology can be considered as a serious candidate. A primary task might be to adopt an 

approach of building networks that would either evolve from currently existing systems or 

organically grow with time from a single initial stage to fully functional integrated networks 

with minimum modifications from the perspective of both control and infrastructure. 

In reviewing the literature, LFAC technology could be assumed as an attractive transmission 

solution Having a theoretical competitive edge over the HVAC and HVDC TS for exporting 

power from large and remote OWPPs within a specific distance range of, e.g. 80-250km.  

Plenty of academic effort has been devoted to investigating the design of alternative and 

inexpensive frequency conversion equipment and developing offshore LFAC TS schemes that 

would introduce a more economical solution with reduced footprint.  Up to this point, the 

only real-time applications of LFAC system involve the supply of passive LFAC load networks 

in the Rail and Oil & Gas industries. Besides the promptings regarding the efficiency of the 

LFAC TS for medium distance range integration of OWPPs, no offshore power transmission 

application has been commissioned or planned to utilise the LFAC technology.  

Thus, there has been no prior operational experience of LFAC in other applications that would 

correspond to a similar-scale of power exchange between the LFAC and AC systems or fulfil 

analogous requirements to an offshore TS. The field-proven HVAC and HVDC TS solutions are 

the preferred paths for the T&D vendors, the OWP industry and the investors for the whole 

offshore distance range and the different network types (e.g. radial or meshed), mainly due 
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to their high industrial readiness level. CǊƻƳ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊǎΩ ǇŜǊǎǇŜŎǘƛǾŜΣ ǘƘŜ [C!/ 

technology for offshore transmission could be considered as "new", because there is a 

shortage in testing standards and prior LFAC equipment manufacturing experience of the 

expected size and ratings, even for key system components such as the power transformers, 

inductors, CBs, etc. 

Among the various project investors and stakeholders, uncertainty can be precipitated 

regarding the LFAC technology readiness level for transmission purposes. Even if an 

economic feasibility evaluation of the LFAC TS scheme assures its efficiency in theory, it may 

be argued that certain implications could emerge upon operation that would render its 

practical implementation difficult. Hence, this ambiguity that the LFAC TS may encounter 

some unforeseen pitfalls jeopardising its technical feasibility and compliance with the 

demanding modern grid codes shall be tackled through research and development. 

Furthermore, the continuous grid transformation with increasing RES penetration and the 

concurrent displacement of Synchronous Generation (SG), decreases the available inertia, 

the Short Circuit Capacity (SCC) and thus the strength of the AC systems. This leads several 

TSOs to employ stricter integration rules for the power converter interfaced generation that 

can even challenge the compliance capability of OWP projects using the established HVAC or 

HVDC technology. Also, some offshore installations have already encountered difficulties 

with, e.g. resonance issues [138][139], lack of suitable condition monitoring systems in the 

market for HVDC cable links [137], even OWP outages due to grid faults [136], that may 

render such systems vulnerable and challenge investment confidence in the OWP industry. 

From the above, it is inferred that ŀƴȅ ŜƴǾƛǎŀƎŜŘ άƴŜǿέ ƎǊƛŘ ƛƴǘŜƎǊŀǘƛƻƴ ŀƴŘ ǘǊŀƴǎƳƛǎǎƛƻƴ 

technology shall demonstrate not only technical and economic feasibility but also ensure safe 

and efficient power transfer in compliance with the modern grid integration rules. Despite 

the identified theoretical edge of a potential offshore LFAC TS for power transfer over specific 

distance ranges and for various configurations, the technical benefits of this technology shall 

be effectively communicated through further investigation and analysis in the present or 

future power systems frame. Practical solutions shall be achieved that will be based on 

realistic configurations with equipment designs and operating approaches closer to the 

established industry practice. Thus, interaction with the industry has been continuous during 

the course of this research for acquiring information regarding some key LFAC components, 

such as the submarine LFAC cables and transformers. 
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1.3.2 Thesis Objectives 

This industrial PhD Thesis aims to result in realistic and feasible LFAC schemes for PtP and MT 

offshore power transmission networks, by identifying and resolving specific technical and 

operating challenges that emerge and by evaluating their performance, so that they could be 

materialised by the industry in a quite ordinary fashion and comply with typical TSO grid code 

requirements. The base to pursuit an economical offshore transmission solution as well, 

competitive to the HVAC and HVDC for a certain distance range (100-400km) has been: 

ü To export the full power output of each OWPP through a single High Voltage LFAC cable 

supplied by a manufacturer (Nexans). Thus, the minimum number of cables are employed, 

and power is transmitted by maximising the power transfer through them. 

ü To implement any necessary passive mitigation and compensating equipment in the 

onshore frequency converter substations and avoid if technically possible the installation 

of additional components on the offshore LFAC platforms which would further increase 

their size, weight, cost and total footprint. 

Thus, for the LFAC TS arrangements, all the main equipment parameters are suitably adapted 

for High-Voltage LFAC operation based on industry practices and the literature. Practical and 

straightforward offshore LFAC TS configurations are produced and accordingly rated to 

effectively export the nominal capacity of the OWPPs to the grid through PtP arrangements 

or interconnect different OWFs among them and to different grids in multi-terminal, meshed 

configurations. The operating performance of the designated schemes is assessed to identify 

any probable challenges that may emerge through this process and implement practical 

solutions towards the exploitation of this innovative offshore transmission technology. 

More specifically, the technical feasibility of the different LFAC TS arrangements for various 

cable lengths is assessed through comprehensive engineering studies to optimise the system 

performance characteristics, its transmission capability and identify probable limitations. 

Detailed LFAC TS models are developed in DigSilent PowerFactory and PSCAD-EMTDC, with 

an accurate representation of the subsea export cables, the LFAC transformers, the power 

converter modules of the OWPP equivalent systems and the onshore frequency converters 

with their control systems designed and explicitly tuned according to specified requirements 

for the corresponding offshore transmission application. The conducted studies comprise 

steady-state, frequency and time-domain simulations for various operating conditions and 

different transient and fault events in the AC and LFAC sides. ¢ƘŜ ǎȅǎǘŜƳΩǎ ŘȅƴŀƳƛŎ ǾƻƭǘŀƎŜ 

and low order harmonic stability are evaluated against typical performance requirements. 
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1.4 Thesis Contributions 

The findings of this Industrial PhD Thesis make several contributions to the state-of-the-art 

and provide a basis for industrial exploitation of the offshore LFAC TS technology. Its novelty 

has been to introduce:  

× The formation of realistic and feasible offshore LFAC TS schemes, rated for exporting the 

nominal capacity of OWPPs and equipped with components explicitly adapted for LFAC 

operation, based on standard industry practices. The key LFAC TS equipment comprises: 

1) The LFAC submarine cables, with parameters obtained by a cable manufacturer. 

2) The LFAC power transformers for which certain design estimates were investigated 

considering practical aspects like transport (size and weight) restrictions and 

impedance levels, following standard industry methods and assumptions, and 

introducing a trade-off among weight and losses. 

3) The BtB frequency MMCs with HBSM capacitors sizing and WTG VSCs rating for LFAC. 

× The LFAC TS resonance investigation in the frequency domain, by utilising the most 

accurate FDPM subsea cable representation to evaluate the impact of its length to the 

total isolated LFAC TS. Also, the effect that the added branches of MT schemes have on 

the dynamic impedance of the LFAC TS has not been addressed before. Based on this 

analysis, passive harmonic-filtering combinations with minimal losses are designed to 

mitigate low-order resonances. 

× Optimised offshore PtP and MT-LFAC TS layouts for minimum active power losses 

(maximising the power transfer through the cable), and minimum shunt compensation 

placed only at the onshore side. This is achieved through a detailed Steady-State analysis 

of cases with different cable lengths that may employ passive harmonic filtering, or not. 

Thus, the advocated fundamental conditions to accomplish the Thesis' objectives are 

established. This process also results in implementing suitable converter control 

strategies that improve stability and increase the power transfer efficiency of the scheme, 

such as the ACVC/DCVC mode for the OWTG inverters, and the APC/ACVC mode for the 

onshore LFAC side grid-following MMC that is added in MT arrangements. Studies assure 

compliance with the equipment loading limits and the network operating standards in 

steady-state conditions. The feasibility of the LFAC TS, as well as its competitive edge over 

the HVAC and HVDC technologies for establishing certain offshore networks, is clarified 

through an availability assessment shown in APPENDIX B. 
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× Effective coordination of the designated control strategies, together with practical 

mitigation measures and system enhancements for a PtP and even an MT-LFAC TS, so that 

compliance with typical grid code requirements and equipment capability limits is 

demonstrated. Compliance is accomplished by: 

1) Eliminating the impact of the resonance on the THD and the low-order harmonic 

stability of the system. It is shown that its impact is primarily affected by the type of 

islanded control mode applied on the onshore grid forming MMC terminal and its 

tuning. It can be mitigated by enhancing the islanded controller with a high bandwidth 

ICC or by applying passive damping filtering equipment, or a combination of both. 

2) Improving the fault handling ability of the system to contain the fault currents within 

limits, support voltage recovery and ensure appropriate system response in the LFAC, 

the DC and AC sides. The FRT capability of the feasible LFAC TS schemes is examined 

against faults in the offshore LFAC and the AC grids, while appropriate enhancements 

are adopted, and potential risks are addressed in case of uncoordinated control and 

protection operation. 

 

1.5 !ǳǘƘƻǊΩǎ tǳōƭƛŎŀǘƛƻƴǎ 

Č A. Canelhas, S. Karamitsos, , U. Axelsson and E. Olsen, "A low frequency power collector 

alternative system for long cable offshore wind generation," 11th IET International 

Conference on AC and DC Power Transmission, Birmingham, 2015, pp. 1-6.  

Abstract: This paper aims at presenting further results of engineering studies undertaken to 

access relevant aspects to design and implement Low Frequency AC Power Transmission 

systems (LFAC) associated with large-scale, above 1,000 MW, offshore wind power 

generation distant 200 km or more from the shoreline. This technology was proposed in 2010, 

to evacuate wind power generation in the North Sea, for schemes with long transmission 

distances, for which 50 Hz AC systems are not technically viable. In addition, the application 

of this technology aims at achieving a simpler technical solution than deploying fully-fledged 

offshore HVDC converter stations proven to lead to large platform topsides. The use of simpler 

AC hubs is also proposed comprising a limited number of array cables connected to them such 

that the AC LFAC cables can concentrate the power from these AC hubs and export it to the 

shore at low frequency. 
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Č A. Canelhas, S. Karamitsos, U. Axelsson and E. Olsen, "Low Frequency AC Transmission 

on Large Scale Offshore Wind Power Plants - Achieving the Best from Two Worlds?," in 

13th Wind Integration Workshop, Berlin, pp. 1-7, Nov. 2014. 

Abstract: ¢ƻŘŀȅ ǘƘŜ ƳŀƧƻǊƛǘȅ ƻŦ ƭŀǊƎŜ ǎŎŀƭŜ ŀƴŘ ǊŜƳƻǘŜ h²CΩǎ όуллς 1200 MW and more than 

100km from the onshore connection point) are planned with HVDC solutions in mind. This 

paper gives a presentation of the opportunity to use LFAC systems for these large-scale OWFs. 

 

1.6 Thesis Outline 

The Industrial PhD Thesis is organised as follows: 

Á In Chapter 2, the main equipment adopted for the offshore LFAC TS is described, and the 

necessary adaptations for operating in LFAC systems are discussed, while the impact of 

LFAC on the ŎƻƳǇƻƴŜƴǘǎΩ design and performance characteristics is also reviewed. 

Á In Chapter 3, the envisaged PtP and meshed MT-LFAC TS topologies are designated, the 

related equipment rating is established, and its parameters are specified in detail. 

Á In Chapter 4, the system is assessed in frequency-domain for harmonic impedance issues. 

Frequency scan studies are performed for various cable lengths to assess the harmonic 

impedance and potential low-order resonances that could negatively affect stability of 

the system, cause converter control interactions or damage the equipment. Passive 

mitigation measures are proposed to cease the adverse harmonic impact on the system. 

Á In Chapter 5, the LFAC TS arrangements for several cable lengths are modelled in steady-

state. Power-flow cases are studied to calibrate the operating conditions of the system 

(e.g. reactive power compensation, control strategies, etc.) and define acceptable steady-

state operation for each scenario. The availability of the produced LFAC TS cases is 

assessed and compared with the other offshore TS technologies in APPENDIX B. 

Á In Chapter 6, the LFAC TS components are explicitly modelled in time-domain, the 

requirements for the various converters control systems are defined, and the respective 

regulators are tuned though general optimisation algorithms and evaluated through 

Transfer Function analysis in time and frequency domain. 

Á In Chapter 7, detailed EMT simulation studies are conducted to evaluate the LFAC TS 

dynamic performance for characteristic cases. Adverse performance issues are alleviated 

by employing mitigation measures as addressed in the previous chapters or by control 

and protection coordination strategies. The stability and FRT capability of the system are 

demonstrated against dynamic events and faults in the LFAC as well as in the AC side. 

Á In Chapter 8, conclusions and contributions are discussed, and further-work is suggested.  
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Chapter 2: LFAC TS Equipment Overview 

2.1 Introduction 

In this chapter, some assumptions and constraints for the design and selection of LFAC 

transmission equipment are described, based on theoretical background and industrial 

practice. The related equipment should be employed with the aim to form a fully-fledged 

offshore LFAC grid solution, able to Interconnect different grid systems and transfer power 

from big and distant OWFs. Thus, the design considerations for the main system components 

and the impact of the selected equipment on the offshore LFAC TS feasibility are discussed.  

Currently, there is no clear differentiation between the LFAC and regular AC (50Hz or 60Hz) 

equipment or system standards and the international electrical and mechanical standards 

applicable to electrical apparatus, might also cover the LFAC systems. Hence, bodies such as 

the IEC, ANSI/IEEE, ISO standards, etc. could constitute a reference even for the LFAC 

systems, while some CIGRE recommendations and guidelines could even be applicable. 

In addition, most of the commercial LFAC equipment aims at the track and rail market in the 

transportation segment, with the vast amount of such applications located in Europe and 

North America, while few LFAC submarine power distribution systems can be found for 

extracting oil and gas from the seabed. However, there is a broad industrial base that ranges 

from T&D power equipment suppliers (e.g. ABB, Alstom, Bombardier, GE, Siemens, etc.) to 

small system components vendors and system integrators that have developed some LFAC 

products, including transformers, frequency converters and industrial drives.  

The offshore LFAC TS in this Industrial PhD Thesis is envisaged as a subset of Power 

Transmission and Distribution (T&D) applications and the potential suppliers for providing 

the corresponding equipment would be the T&D manufacturers. Hence, interaction with the 

industry has been a continuous process throughout this research, resulting in specifying the 

key LFAC components design, such as the subsea LFAC cables and the power transformers.  

Design estimates of these components are produced according to general industry practices, 

while other main system elements such as the WTGs the frequency converters, switchgears, 

damping filter capacitors, circuit breakers, etc. are reviewed. The approach has been to adopt 

robust, feasible and straight-forward solutions for a nominal operating system frequency of 

16.7Hz based on techno-economic feasibility assessments [120][126] and prior industrial 

experience [70]. 
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2.2 Submarine Export Cables and Reactors 

2.2.1 Technical Benefits of LFAC for Cables 

The main objective in conceiving the LFAC system is to utilise cables at lower frequencies and 

overcome the excessive requirement of HVAC for reactive power compensation in case of 

offshore long-distance transmission. The lower operating frequency contributes to a low 

charging current that does not compromise cable thermal ratings up to a certain degree and 

could make LFAC systems feasible for offshore long-distance and bulk power transmission. 

Thus, the subsea export cable is the key component for the feasibility of LFAC technology as 

an offshore power transmission system and its power transfer capability is also the principal 

factor to determine the transmission voltage level of the LFAC TS. Moving to higher offshore 

transmission AC voltage levels gives the advantage of higher power transfer per conductor 

cross-section and enables manufacturers to assemble longer cables with reduced cost. 

However, a rise in either the operating voltage or the length of a cable increases the charging 

current creating a need for larger compensating reactors. The LFAC operation significantly 

reduces the capacitive reactive power effect of the cable system that can limit the voltage 

level selection, while compensating inductors can be sized lower in comparison with HVAC.  

Assuming that the transmission voltage level can be optimal when it enables maximal power 

transfer capability through the cable, then the LFAC-XLPE submarine export cable system 

shall be rated in the region of the maximum allowable AC voltages for equipment on the 

offshore platform. However, cable dimensioning shall be in line to obtain LFAC cable design 

characteristics and electrical parameters by means of industrial cable technology, already 

used by the manufacturers.  

Thus, the two different voltage levels of 230kV and 345kV have been considered as the 

technical basis for designing the HV LFAC export cable system used in this study. An effort 

has been made together with a cable manufacturer (NEXANS) to obtain the most suitable 

cable solutions, also taking into account results of recent research and development in this 

field. Three-core, submarine, XLPE cables are considered using either Aluminium (Al) or 

Copper (Cu) conductors of relatively moderate cross-section areas of 1200mm2-1600mm2 

adapted to 16.7Hz for offshore LFAC transmission purposes. Below the technical benefits of 

the LFAC technology in comparison with HVAC are discussed in terms of power losses, 

charging currents, reactive compensation and voltage levels, by examining a three-core, 

1200mm2 Cu export cable for 50Hz and 16.7Hz operating frequencies: 
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2.2.1.1. Cable Losses 

In steady-state, the maximum loadability of a subsea cable is mostly limited by the maximum 

temperature of the insulating materials. Thus, the lower the losses in the cable, the higher 

its loading can be. Figure 2.1 shows the power losses in a 1900mm2 export cable at 230kV 

and a 1400mm2 Al cable at 345kV for 50Hz and 16.7Hz operating frequencies, as measured 

by NEXANS [7]. The higher operating voltage leads to lower cable losses, while the losses 

produced at LFAC are closer to the DC losses for the same cable type. This means that the 

same cable can be utilised for higher power transfer following a transition from 50 to 16.7Hz. 

 
Figure 2.1: HVAC Al Export Cable Losses at 50Hz, 16.7Hz and DC for: a) 230kV-1900mm2, b) 345kV-1400mm2. 

In Figure 2.1, frequency-dependent power losses can occur in various parts of the cable [2]: 

a) In the conductor: Conductor losses depend on the electrical resistivity of the conductor 

that consists of the DC as well as the frequency-dependent resistivity due to the 

proximity and skin effect. This explains the reduction of conductor losses in LFAC. 

b) In the lead sheath and the armour: Subsea cables are designed with screens and 

amours that are made of magnetic materials and can experience induction effects due 

to the alternating currents in the conductors. Thus, frequency-dependent circulating 

and eddy currents are induced in the lead-sheath and the screen of the cables, causing 

losses which are significantly reduced at 16.7Hz. 

c) In the insulation: Dielectric losses are also related to frequency, although their 

contribution to the total cable losses is minimal. 

Thus, by using LFAC at 16.7Hz, the total resistance is closer to the DC resistance, and the 

amount of transmitted power can increase, or lower cable cross-section could be adopted, 

reducing the cost. Another important outcome of the measurements performed on these 

submarine cables by the manufacturer (NEXANS) is that the cable resistance at 16.7Hz is 

nearly independent on current, in contrast with 50Hz where it slightly increases with current. 
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2.2.1.2 Reactive Current, Compensation and Loading 

The main advantage of the LFAC power export technology compared with HVAC is the lower 

reactive power produced by the cable system at low frequencies, as the charging currents 

depend both on operating frequency and cable length. This way, cables that are rated and 

normally operated at conventional AC can further increase their capacity when operated at 

a lower frequency. Reactive power management is also essential for optimal utilization of 

the export cable transmission capability that is achieved when the current flowing through it 

is distributed as equally as possible. Theoretically, lower rated cable shunt reactors are 

needed at 16.7Hz. Though, to eliminate the impact of the reactor space on the cost of the 

LFAC offshore platform, dynamic MVAr from the OWTGs may be utilised  if necessary, that 

in Figure 2.2 ŀǊŜ ŘǊŀǿƴ ŀǎ ŀ άŦƛŎǘƛǘƛƻǳǎέ ǎƘǳƴǘ ǊŜŀŎǘƻǊ όŘƻǘǘŜŘ ƭƛƴŜύΦ 

 
Figure 2.2: LFAC Cable System and Potential Compensation Scheme. 

Figure 2.3a) shows a comparison in transmission capacity for the same three-core, Cu cable 

at 50Hz and 16.7Hz at 230kV according to the manufacturer (NEXANS). Since both the power 

losses and charging currents are lower in LFAC operation, the transmission lengths can be 

significantly extended at higher power ratings. In all cases, the reactive power becomes more 

dominant over a certain length and the power curves decay. Though, LFAC operation 

improves this figure drastically, while the mid-point compensation has smaller impact on the 

transmission length at 16.7Hz compared to 50Hz, which also suits offshore applications. In 

Figure 2.3b), the 345kV LFAC system can transfer 250MW more than the 230kV equivalent . 

Although losses are similar for 200km transmission ~7%, they almost double for 300km. 

 
Figure 2.3: Export Cable Transmission Capacity, for various reactive compensation schemes: a) 230 kV at 50Hz 

and 16.7Hz (left) and b) 345kV at 16.7Hz (Right). 
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2.2.2 Submarine LFAC Export Cable Designs 

There should be no significant difference in cable design, whether it is intended to be 

operated at 50Hz or 16.7Hz and therefore one of the most cost-driving components of this 

offshore transmission system can be based solely on well-known and field-proven 

technology. Subsea cables rated at 50Hz or 60Hz have been used for system studies in 

applications that utilise low operating frequency, typically 16.7Hz or 20Hz. However, more 

realistic outcomes can be produced for the feasibility of the LFAC TS if at least the main export 

cables of the investigated schemes are represented by frequency-optimised parameters. This 

work employs practical submarine LFAC cables for high-voltage offshore transmission 

applications that have been provided by the manufacturer. The two cable designs at 16.7Hz 

that have become available for this study are: 

1. XLPE - 230kV 3x1x1600 mm2 Cu 

2. XLPE - 345kV 3x1x1400 mm2 Al 

As shown in Figure 2.4, both LFAC cables are built with multicore structures containing three- 

main phase conductors with a triple-extruded XLPE insulation system, metallic screen/water 

barrier, and protective polyethylene (PE) sheath. The cores are bundled with profiled 

extruded High Density (HD) fillers with one, two or three submarine Fibre Optical (FO) 

elements incorporated for power communication and temperature monitoring purposes. 

 
Figure 2.4: Export Cable Alternatives - 1) XLPE - 345 kV 3x1x1400 mm2 Al, 2) XLPE - 230 kV 3x1x1200 mm2 Cu. 

The dimensioning of the LFAC cables that are used in this Thesis are based on intermittent 

loading, where the dynamic rating calculations are performed by the cable manufacturer. 
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The dimensions and electrical parameters of the LFAC export cables are listed in Table 2-1. 

Table 2-1: LFAC Export Cable Electrical Parameters for 230kV and 345kV - NEXANS. 

 

The cables that have been designed for the LFAC voltage levels of 230kV and 345kV are tested 

for maximum charging currents for different degrees of compensation. The systems are rated 

at approximately 700MW to achieve the maximum power transfer through the designed 

export cables, and their parameters are shown in Table 2-2. 

Table 2-2: Offshore LFAC Transmission System Design Parameters & Ambient Conditions - Seabed. 

 

230 kV 345 kV

3x1x1600mm2  Cu 3x1x1400mm2  Al
Rated/Nominal RMS 

Voltage (Un)
230 kV 345 kV

Rated/Nominal RMS 

Voltage between 

conductor and screen 

(U0)

127 kV 190 kV

Highest Voltage
Highest continuous 

RMS system Voltage 

(Um)
245 kV 362 kV

Maximum 

Temperature

Maximum 

permissible 

conductor 

temperature

90 °C 90 °C

Frequency
Operational 

Frequency (f)
16.7 Hz 16.7 Hz

Lightning Impulse 

Withstand Voltage

(1.2/50 msec.)

 DC resistance at 20°C лΦлммо ʍκƪƳлΦлнмн ʍκƪƳ

 AC resistance at 90°C 

and 16.7 Hz
лΦлмрр ʍκƪƳлΦлнтт ʍκƪƳ

Capacitance
The capacitance 

between conductor 

and screen
0.218 mF/km 0.173 uF/km

Charging Current
Charging Current at 

16.7 Hz
3.17 A/km 3.63 A/km

Cable Impedance (Z+, 

Z-) at 90°C
лΦлмтҌƧлΦлот ʍκƪƳ

0.0307+j0.044 

ʍκƪƳ
Zero Seq. Impedance 

(Z0) at 90°C
лΦмпрҌƧлΦлнф ʍκƪƳлΦмруҌƧлΦлон ʍκƪƳ

Diameter
Cable outer Diameter 

(OD)
272 mm 267 mm

Weight
Cable Weight in air 

(approx.)
132 kg/m 98 kg/m

Conductor 

Resistance

Impedance

LFAC Export Cable Electrical 

Parameters

Rated Voltage 

Basic Insulation 

Level (BIL)
1050 kV 1175 kV

System Voltage 
System voltage at the 

onshore receiving end
230 kV 345 kV

Sending Power
Total produced 

(installed) wind 

power

Frequency
Operational 

frequency (f)

Route Length
Export cable route 

length

End Currents 

(used 100% load)

The total current in 

each cable end with 

perfect compensation

1700 A 1200 A

Reactive 

Compensation
 Reactive 

compensation scheme

50/50 % 

(equal flow of current to each end)

System Parameter 230 kV 345 kV

700 MW

16.7 Hz

200 km
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The voltage and current vary over the length of the cable as the contribution of reactive 

ǇƻǿŜǊ ŎƘŀƴƎŜǎΦ IŜǊŜΣ ǘƘŜ ǘŜƭŜƎǊŀǇƘŜǊΩǎ Ŝǉǳŀǘƛƻƴǎ όŘƛǎǘǊƛōǳǘŜŘ ǇŀǊŀƳŜǘŜǊǎύΣ ǘƘŀǘ ŘŜǎŎǊƛōŜ 

the voltage and current of a cable over distance and time with respect to the voltage at its 

sending end (Vsend) are solved to maintain its rated current in both ends (Isend=Iload) at 1700A 

or 1200A respectively. Subsequently, the transmitted active power in the cable (Psend) with a 

characteristic impedance Z and length l can be yielded by Equations (2.1), (2.2). 

Ὗ Ὗ ẗὧέίὬ‎ẗὰ ЍσẗὍ ẗὤẗίὭὲὬ‎ẗὰ             (2.1) 

Where: ɹ  is the propagation constant of the cable: ‎ Ὑ Ὦẗ‫ẗὒẗὋ Ὦẗ‫ẗὅ 

ὖ ЍσẗȿὍ ȿẗȿὟ ȿẗὧέί•           (2.2) 

Where: ˒ send is the angle between the sending end voltage (Vsend) and current (Isend). 

The voltage and current profiles of the 1600mm2 Cu at 230kV and the 1400mm2 Al at 345kV, 

for 200km export cables, are shown in Figure 2.5a) and b) respectively, and calculated in 

Table 2-3, for a compensation scheme that keeps the total current equal at both cable ends.  

 
Figure 2.5: Voltage and Current Profile over length for 200km - a) 230kV, 1600mm2 Cu, b) 345kV, 1400mm2 Al. 

The preliminary sizing of shunt reactors for 200km cable length provides a rating of 83MVAr 

at 230kV on both onshore and offshore sides of the export cables or 177MVAr installed only 

on the onshore side also at 230kV. For the 345kV system voltage, the ratings are 210MVAr 

and 425MVAr, respectively. The reactors, despite being much larger in rating, they do not 

increase in physical size by the same proportion, as they correspond to a higher voltage level. 

Table 2-3: System values for 200km - 230kV, 1600mm2 Cu and 345kV, 1400mm2 Al. 
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U [kV]I [A]

Length [km]

Current Voltage

Cable Performance

Voltage Levels 230 kV 345 kV 230 kV 345 kV

Active Power [MW] 702 704.3 670.8 680.1

Reactive Power 98 233.3 -93.1 -227.2

Voltage [kV] 240.6 < 5.3° 356.9 < 2.5° 230.0 < 0° 345.0 < 0°

Current [A] 1700.5 < 13.2° 1200.4 < 20.8° 1700.0 < -7.9° 1200.0 < -18.5°

tƻǿŜǊ CŀŎǘƻǊΣ Ŏƻǎό˒ύ0.99 0.95 0.99 0.95

Power Losses [MW] 31.16 24.13

Voltage Drop [%] 4.42% 3.32%

Sending end (offshore) Load end (onshore)
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2.2.3 Cable Impact to the LFAC TS Design 

The three-core XLPE subsea is one of the most significant main circuit elements of an offshore 

transmission system. It appears that the move to LFAC could imply in substantial advantages, 

many of which can be the foundations for the LFAC technology to become feasible and cost-

competitive alternative for vast and remote OWFs. The 230kV and 345kV system voltages 

that have been selected in order to compare and quantify the impact that LFAC would have 

on their electrical response showed that both could be feasible and meet the requirements 

for such offshore LFAC TS. Though, further optimisation of cable system parameters could be 

dictated by project-specific details, its topology, the compensation degree, etc.  

To attain the maximum power-transfer through a single subsea tri-core export cable, the 

LFAC transmission system capacity can be set approximately to 700MW. By operating the 

designed cables close to their transmission capacity limit for distances greater than the 

maximum range of a typical 50Hz HVAC export system (approx. 80-100km) and up to the 

point that the HVDC system can naturally become the most economical solution, the range 

of the offshore LFAC export system feasibility can be estimated. Moreover, the potentials of 

an offshore LFAC grid system formation can be unveiled, as well as the techno-economic 

benefits in comparison to a much more complex and technologically challenging offshore 

MTDC equivalent system. 

In this Thesis, the Tri-Core, Cross-Linked Polyethylene (XLPE) LFAC cable design with 

conventional aluminium conductors (XLPE - 345 kV 3x1x1400 mm2 Al) for a 345kV system is 

selected as the most cost-efficient alternative since the long length of the export cables, 

together with the number of cables to be laid underwater and the correlated installation 

costs form a significant part of the capital expenditure (CAPEX). This way, the offshore LFAC 

transmission system voltage level of 345kV is determined, and the corresponding aluminium 

conductor seems to be a more favourable solution in the sense of: 

o Lower losses 

o Less voltage variations 

o Larger margin to critical conductor temperature at the given load cases; meaning 

that it can maintain higher periods of full load 

o The much lower price due to the aluminium conductor  

o Lighter weight  

o The relatively compact physical size of shunt reactors 
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2.3 Switchgears and Circuit Breakers 

2.3.1 Switchgears 

Generally, the Gas-Insulated Switchgear (GIS) is preferred for offshore transmission systems 

either for OWPP or Oil and Gas applications. This occurs because the GIS features long 

maintenance intervals, having increased reliability under special conditions and 

environmentally challenging areas (e.g. salty, dusty, or polluted air, seismic active or offshore 

areas, very low or high temperatures, etc.). Also, it benefits fewer outages at offshore 

substations as well as cost savings by reducing the premium space needed in the offshore 

platforms due to its compactness. 

In the industry, there is a long experience in supplying 16.7Hz GIS equipment for the rail 

industry. Hermetically sealed GISs with SF6 circuit breakers for 16.7Hz have already been in 

commercial operation for several years in the railway grids. Alstom Grid has also developed 

hybrid switchgear specially designed for the railway energy transmission networks in 

Germany, Austria and Switzerland, based on a rated frequency of 16.7Hz and a rated voltage 

up to 145kV. However, there can be some operational challenges in the 16.7Hz offshore 

networks, as their short circuit level in comparison with the single-phase railway networks 

may be lower, affecting the short-circuit interruption. 

For the proposed offshore system configuration, GISs for the medium and high voltage levels 

are needed. Adopting 66kV array cables instead of 33kV can result in less electrical losses, 

increased potential connection distance and/or power transfer capacity for a specific 

conductor size and even in fewer offshore LFAC substations.  Thus, for the medium voltage 

level of the OCS, the class of 72.5kV GIS is selected in order to connect the inter-array 

connection cables at 66kV. In addition, for the reasons analysed in 2.2.3, the 345kV (IEC 

362kV class) is selected for the LFAC transmission system. More specifically, at the offshore 

connection decks:  

¶ The 72.5kV class switchgear is chosen to form a 66kV GIS double LFAC busbar 

configuration at 16.7Hz which must have enough bays to connect all OWF array cables, 

two step-up transformer bays and one bus coupler. 

¶ The 362kV class switchgear is chosen to form 345kV GIS double LFAC busbar 

configuration at 16.7Hz with one cable bay to connect to the submarine XLPE cable, 

also suitable to accommodate shunt reactor compensation if needed, two step-up 

power transformer bays and one bus coupler. 
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2.3.2 Circuit Breakers 

Currently, there are existing models of circuit breakers (CBs) suitable for 16.7Hz transmission 

networks up to a voltage level of 145kV. Low frequency circuit breakers have been in use in 

Europe and are part of the railway supply system in Germany, Austria and a few other 

countries. For higher insulation voltages the development of the breakers should not pose 

any significant technological challenge as, in principle, should be able to operate under low 

frequency conditions according to the IEC-62271-100 Standard for High Voltage Alternating 

Current Circuit Breakers which gives the requirements for circuit breaker operation.  

Nonetheless, the operation of circuit breakers at lower frequencies and higher voltage levels 

may raise some concerns due to the longer time between two successive current zero-

crossings, and thus the longer duration of the arc that needs to be extinguished. It should be 

noted that in case of a short circuit fault in a system that operates at 16.7Hz LFAC (slower 

ŎȅŎƭŜǎύΣ ǘƘŜ ŎǳǊǊŜƴǘΩǎ ȊŜǊƻ ŎǊƻǎǎƛƴƎǎ Ƴŀȅ ōŜ ŘŜlayed up to three times more than in a typical 

50Hz operation. Hence, certain adjustments shall be addressed in the existing 50Hz CB 

designs that could enable them to operate effectively at 16.7Hz. 

Maintaining the generated arc for more time may be a challenge and could increase the 

probability of current chopping. In this phenomenon, the arc may extinguish before the 

ŎǳǊǊŜƴǘΩǎ ƴŀǘǳǊŀƭ ȊŜǊƻ ŎǊƻǎǎƛƴƎΣ ǿƘƛŎƘ ŎƻǳƭŘ ŎŀǳǎŜ ŜǉǳƛǇƳŜƴǘ ŘŀƳŀƎŜ ŘǳŜ ǘƻ ƘƛƎƘ ŘƛκŘǘ ŀǎ 

well as overvoltage at any inductive loads and the circuit breaker. To face this issue, some 

manufacturers cut the nozzle of the CB shorter to retain a slower flow of the insulation gas 

and thus to maintain the arc. An alternative might be to use CBs with higher interrupting 

capability and certify the standing voltage class in question, which for 362kV could result in 

the next IEC class and the 345kV and 16.7Hz system might be based on  CBs for 400kV and 

50Hz rating. Finally, there might also be a need for further verification of capacitive current 

switching limits at low frequency operation for specific offshore LFAC network applications. 

 

2.4 Power Transformers 

Power transformers are vital components for an offshore LFAC TS, as their weight and 

dimensions determine the weight and volume of the OCS topsides. In the offshore LFAC TS , 

the transformers are employed to step-up the OCS 33kV or 66 kV medium voltage level to 

the desired transmission voltage that optimises the cable design. As seen in 2.2.2, this voltage 

level can be in the IEC classes of 245kV or 362kV. 
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Most of the low frequency transformers designed for the rail industry to support the 

operation of frequency converters and adjust the voltage to the appropriate levels, as shown 

in Figure 2.6. They are single-phase type converter transformers, and they are energised at 

low frequency. They add up the partial voltages to a nearly sinusoidal single-phase 16.7Hz AC 

voltage and adapt it to the railway grid voltage at their high-voltage winding, with filters 

connected to tertiary windings. The rating of such units is less than 50MVA and therefore far 

from the intended application as power transformers. Though, the primary winding voltages 

can be in the range of, e.g. 132kV in the Swedish system. 

 
Figure 2.6: Arrangement of the components in the modular container concept by Alstom, for Railway 

application (all components are designed for the transportation via rail and standard road haulage), ALSTOM. 

In the literature, there are many scientific papers and research projects for OWP exploitation 

using LFAC technology in which the power transformers that are employed to transform the 

voltage at the OCS substation to a transmission voltage level in a low frequency network, are 

originally designed for 50Hz or 60Hz operation [11, 13-15]. The idea behind these designs is 

that a higher frequency transformer could be utilised for operation at lower frequencies and 

maintain its rated magnetic flux in the iron core, if its nominal voltage rating is scaled down 

by an appropriate factor, according to the desired operating frequency of the scheme. In all 

cases, the same rated current must be kept. This way, it is claimed that the overall costs of 

power transformers for LFAC operation could be reduced by utilising some already existing 

assets where possible, whilst hysteresis and eddy current losses in the core could be 

eliminated, increasing transmission efficiency [18, 19, 20, 23, 30]. 

There are certain drawbacks associated with de-rating the transformer voltages for LFAC 

operation whilst sustaining the originally nominal current because the power rating is also 

reduced by the same factor. In addition,  as discussed in 2.2.3, the offshore LFAC system can 

benefit from increasing the transmission voltage level due to the lower losses in the subsea 

cable. Thus,  in a case that  power transfer of 1GW  is needed at e.g. 345kV, three equivalent 
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ultra-high-voltage (UHV) AC transformers rated at 1200kV, 1GW would need to be installed 

in an offshore platform, probably as nine single-phase units. 

 
Figure 2.7: Theoretical design of a 50Hz transformer for comparison with the corresponding 16.66Hz, 

Theoretical design of a 16.7Hz transformer: a) Wide design, b) Tall design 

In order to avoid such scenarios, theoretical designs of LFAC transformers are presented in 

the literature for both WTG and coupling transformers by changing either the core width (A) 

or the number of turns (N). Two extreme theoretical LFAC transformer designs were 

produced by P B Wyllie et al. [5] as shown in Figure 2.7, based on the fact that the magnetic 

flux density (B) remains technically the same with the variation of frequency (f), and 

according to the transformer Equation (2.3): 

Ὁ τȢττϽὪϽὄϽὔϽὃ      (2.3) 

a) The core thickness increased (A), and the number of winding turns (N) unchanged. 

b) The number of turns (N) increased to maintain the required voltage level. 

It is evident that by keeping the core diameter constant and varying the number of turns 

gives a lighter design (approx. twice the weight of the 50Hz transformer - 2W), as the core is 

denser than the windings which means that the wide design is considerably more massive 

(approx. 3W). In all cases, the lower operating frequency implies an increase in the size, 

weight and footprint of the transformer with approximate 77% weight increase in WF 

transformer, and 107% weight increase WTG transformer according to [5][8][12].  

The increase in the size of the transformer may also impact the design and cost of the 

offshore platform as well which can be expected to be bigger and more expensive than an 

HVAC equivalent [140], but still without requiring an additional, more massive  and costlier 

HVDC converter platform. Lastly, the WT nacelle structure or tower design may be somewhat 

affected, as it might be challenging to fit an LFAC transformer unit in a WT tower rated for 

the full power, instead of a standard three-phase HVAC transformer. 
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2.4.1 LFAC Power Transformer Design Features 

Power transformers rated for low frequency operation can be massive and may need project-

specific design to account for weight, size, location and serviceability issues. LFAC 

transformer estimates in the literature indicate that lighter designs could be realised by 

increasing only the number of turns which could fit for purpose in offshore transmission 

applications. However, such lightweight designs severely increase ǘƘŜ ǘǊŀƴǎŦƻǊƳŜǊΩǎ ƘŜƛƎƘǘΦ 

Hence, in this industrial PhD Thesis, the U.K. transportation height limit of 4.875m, with an 

approximate shipping weight constraint of 300~350tonnes per transformer unit have been 

designated as key factors to define the level of compromise between its weight and height.  

 
Figure 2.8: LFAC Transformer Design Schematic. 

The increased weight and size of the 16.7Hz three-phase transformers lead to the selection 

of single-phase units, because the shipping weights of three-phase units exceeds transport 

limitations if design heights lower than 4.8m are considered. Furthermore, to allow for the 

tallest possible winding within the transport height limitation, the 4-limb core design could 

be applicable of which two limbs are fitted with windings as depicted in Figure 2.8. Such 

single-phase units could also serve as converter transformers, depending on converter type. 

Table 2-4: Parameter Assumptions for Transformer Design Calculations. 

 

A series of design calculations have been performed for 66/345kV transformers rated at 

141MVA, , based on the of the assumptions in Table 2-4 and using the standard industrial 

design formulae of Table 2-5 according to [128] [141]-[143]. A range of impedances from 5% 

to 15% has been selected for analysis, while all transport heights have been assumed around 

ϤпΦу ƳŜǘǊŜǎΣ ǘƻ ǇǊƻŘǳŎŜ άƳŀǘŎƘƛƴƎέ ŘŜǎƛƎƴǎ ŦƻǊ ǘƘŜ ŘƛŦŦŜǊŜƴǘ ƛƳǇŜŘŀƴŎŜ ǾŀƭǳŜǎΦ  

Units Units Units

Frequency 16.7/50 [Hz] Core Stacking Factor (SF) 0.91 Tank End Clearance 150 [mm]

 Transformer Unit -Rating 141 [MVA] Clearance  Core/LV 40 [mm] Side Clearances 800 [mm]

Primary Voltages 66 [kV] Clearance LV/HV 94 [mm] Top & Bottom Clearances 200 [mm]

Secondary Voltages 345 [kV] LV or HV Winding SF 0.44 Total Base + Cover Thickness 80 [mm]

LV J or HV J 4 [ A/mm2] Clearance HV to Outer Leg 150 [mm] Mean Tank Wall Thickness 25 [mm]

End Insulation 450 [mm]

Electrical Parameters Geometrical Assumptions Tank Characteristics

Transformer Design Assumptions
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The design stage is crucial for the final volume, weight, and losses of the LFAC transformers. 

Weight and space are critical for the offshore platform design and transport arrangements 

while losses are important for the feasibility of the export system. Thus, the Site Weight of 

the transformer given in Equation (2.4) can also define the total loading of the platform. 

ὛὭὸὩ ὡὩὭὫὬὸ ὸέὲὲὩί  Ὕέὸὥὰ ὛὬὭὴὴὭὲὫ ὡὩὭὫὬὸ ὸέὲὲὩίὕὭὰ ὡὩὭὫὬὸ  ὸέὲὲὩί    (2.4) 

The Shipping Weight (or Dry Weight) is determined by the transport limitations that are 

translated to design specifications and is given by Equation (2.5). 

4ÏÔÁÌ 3ÈÉÐÐÉÎÇ 7ÅÉÇÈÔÔÏÎÎÅÓ 4ÏÔÁÌ #ÏÒÅ 7ÅÉÇÈÔÔÏÎÎÅÓ4ÏÔÁÌ #ÏÐÐÅÒ 7ÅÉÇÈÔÔÏÎÎÅÓ 

4ÏÔÁÌ 4ÁÎË 7ÅÉÇÈÔ ÔÏÎÎÅÓ      (2.5) 

The necessary weight characteristics and dimensions of each transformer are calculated by 

the equations of Table 2-5 [141]-[143], assuming  B=1.7T induction in the core, a steel density 

of 7.65g/cm2, and copper density of 8.89 g/cm2 in the windings. 

Table 2-5: Transformer Standard Design Equations. 

 

By limiting the shipping height at 4.8 metres in every design, the inter-winding clearances are 

also adjusted according to the secondary voltage. This means that if there is an increase in 

the core diameter, a corresponding adjustment of the winding height is made without 

restriction up to a point over which the shipping height limitation forces it down. As the 

winding height decreases, its radial dimensions and core diameter increase to compensate. 

In addition, the calculation of the core and winding weights according to the equations in 

Table 2-5 provides information for the approximate Total Losses of the transformer design 

1

1.1

1.1.1

1.1.2

1.2

1.2.1

1.2.1.1

1.2.1.2

1.2.1.3

1.2.1.4

2

2.1

2.1.1

2.1.2

2.1.3

2.1.4

2.2

2.2.1

2.2.2

2.2.3

2.2.4

2.2.4.1

3

3.1

3.2

4

Total Core Weight [tonnes] = (Core Leg Weight [tonnes]+Yoke Weight [tonnes])

Core Leg Weight [tonnes] = 3*Core Section Main Leg [mm2]*Core Leg Length [mm]*7650/10^12)

Yoke Weight [tonnes] = Core Section Main Leg [mm2]*Yoke Length [mm]*7650/10^12)

Transformer Geometric and Weight Characteristic Equations

Core Section Main Leg [mm2] = V/N*10^6/4.44/Frequency [Hz]/B [T]

Core Leg Length [mm] = Winding Height [mm]+End Insulation [mm]

Yoke Length [mm] = Main Leg Centres [mm]+Outer Leg Centres [mm]+Core Dia. [mm]

Total Tank Weight [tonnes] = Cover +Base Weight [tonnes]+Tank Wall Weight [tonnes]

Total Copper Weight [tonnes] =2* (LV Winding Weight [tonnes/leg]+HV Winding Weight [tonnes/leg])

Main Leg Centres [mm] = HV OD [mm]+2*Clearance between Main Legs [mm]

Outer Leg Centres [mm] = HV OD [mm]+2*Clearance HV to Outer Leg [mm]

/ƻǊŜ 5ƛŀΦ ώƳƳϐ Ґ {vw¢ό/ƻǊŜ {ŜŎǘƛƻƴ aŀƛƴ [ŜƎ ώƳƳнϐϝпκ/ƻǊŜ {Cκˉύ

HV OD [mm] = HV ID [mm]+2*HV Radial [mm]

Oil Weight  [tonnes] = Oil Volume [litres]*0.88/10^3 = ((Internal Tank Length [m]*Internal Tank Width [m]*Internal Tank Height [m]*1.035)-

-(Total Core Weight [tonnes]/7.65)-(Total Copper Weight [tonnes]/8.89))*0.88

LV Radial [mm] = LV Conductor Section [mm2]/LV Winding SF/Winding Height [mm]

LV Conductor Section [mm2] = LV(N) *LV Section [mm2] = Primary Voltages [kV]*10^3/Prelim V/N*LV  Leg Current [A]/LV J [A/mm2]

Cover + Base Weight [tonnes] = Internal Tank Length [m]*Internal Tank Width [m]*Total Base + Cover Thickness [mm]*7650/10^6)

Tank Wall Weight [tonnes] = 2*(Internal Tank Length [m]+Internal Tank Width [m])*Internal Tank Height [m]*Mean Tank Wall Thickness 

[± ²ƛƴŘƛƴƎ ²ŜƛƎƘǘ ώǘƻƴƴŜǎκƭŜƎϐ Ґ [±όbύ ϝ[± {ŜŎǘƛƻƴ ώƳƳнϐϝˉϝό[± L5 ώƳƳϐҌ[± wŀŘƛŀƭ ώƳƳϐύϝууфлκмлϣмнύ

I± ²ƛƴŘƛƴƎ ²ŜƛƎƘǘ ώǘƻƴƴŜǎκƭŜƎϐ Ґ I±όbύϝI± {ŜŎǘƛƻƴ ώƳƳнϐϝˉϝόI± L5 ώƳƳϐҌI± wŀŘƛŀƭ ώƳƳϐύϝууфлκмлϣмнύ

HV(N) = Secondary Voltages [kV]/Primary Voltages [kV]*LV(N)

HV Section [mm2] = HV  Leg Current [A]/HV J [A/mm2] =  Transformer Unit Rating [MVA]*10^3/Primary Voltages [kV]/2/HV J [A/mm2]

HV ID [mm] = LV OD [mm]+2*Clearance LV/HV [mm] = LV ID [mm]+2*LV Radial [mm]+2*Clearance LV/HV [mm]

HV Radial [mm] = HV Conductor Section [mm2]/HV Winding SF/Winding Height [mm] = HV(N)*HV Section [mm2]/HV Winding SF/Winding Height [mm]

LV Section [mm2] = LV  Leg Current [A]/LV J [A/mm2]

LV ID [mm] = Core OD [mm]+2*Clearance TV or Core/LV [mm]

/ƻǊŜ h5 ώƳƳϐ Ґ {vw¢ό/ƻǊŜ {ŜŎǘƛƻƴ aŀƛƴ [ŜƎ ώƳƳнϐϝпκ/ƻǊŜ {Cκˉύ
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YOKE

HV 
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which are defined by its No-load or Core Losses and its Load Losses as follows:  

Ὕέὸὥὰ ὒέίίὩί Ὧὡ  ὔέ ὒέὥὨ ὒέίίὩί Ὧὡ ὒέὥὨ ὒέίίὩί Ὧὡ            (2.6) 

For a transformer design with specific shape and type of material (hysteresis) used in the 

core, No-load Losses are mainly affected by the core mass and the flux density which may 

vary in different parts of the core. Hence, they are a function of the magnitude, frequency, 

and waveform of the operating voltage, as these variables affect the magnetic flux waveform 

in the core. Assuming that the core losses are in the range of 1.1W/kg at 50Hz, or ~0.3W/kg 

at 16.7Hz for B=1.7T [142], it is: 

ὔέ ὒέὥὨ ὒέίίὩί Ὧὡ  Ὕέὸὥὰ ὅέὶὩ ὡὩὭὫὬὸ ὸέὲὲὩίϽὯ ὯὡȾὸέὲὲὩ            (2.7) 

Finally, the Load Losses are divided into two parts, the Resistive (I2R) and the Stray Losses, as 

in Equation (2.8). 

ὒέὥὨ ὒέίίὩί Ὧὡ  ρ Ὓὸὶὥώ ǪὉὨὨώ  ὊὥὧὸέὶϽὍὙ Ὧὡ      (2.8) 

The resistive or dc power losses (I2R) are given in Equation (2.9), and they represent the heat 

when the load current flows through the winding resistance. Thus, they do not depend on 

the operating frequency, but they are affected by the total copper mass, which is large in 

LFAC transformer designs.  

ὍὙ Ὧὡ  ςȢσφϽὒὠ ὐ ὃȾάά ϽὝέὸὥὰ ὅέὴὴὩὶ ὡὩὭὫὬὸ ὸέὲὲὩί            (2.9) 

On the other hand, for transformer designs with the same core steel laminations and 

conductor strands, both the magnetic and electric or winding skin effects that are caused by 

the Stray and Eddy Current Losses increase with frequency and copper mass. Hence, in 

Equation (2.9) the effect of the operating frequency on these losses is assumed by empirical 

factors which are 0.09 for 16.7Hz and 0.12 for 50Hz designs. 

Based on the power transformer design considerations above, single-phase, two winding 

(1ph2w) 16.7Hz and equivalent 50Hz designs are estimated that utilise the same core 

construction type shown in Figure 2.8. They are compared to each other and contrasted in 

terms of their Weight characteristics and Total Losses across a range of impedances (%), 

ōŜŎŀǳǎŜ ƻŦ ǘƘŜ ǿƛŘŜ ǾŀǊƛŀǘƛƻƴǎ ƛƴ ǘƘŜ ŎƻƴŘǳŎǘƻǊ ǘƻ ŎƻǊŜ ǊŀǘƛƻǎΦ bƻƴŜǘƘŜƭŜǎǎΣ ǘƘŜ άƴŀǘǳǊŀƭέ 

leakage reactance of a transformer solution that could be employed in the offshore LFAC 

transmission system, considering only the transport height restrictions, would lie in lower 

ohmic and per-unit value (in the range of 6 - 10%) than the impedance of a corresponding 

expected inductance at higher industrial frequencies, e.g. for a 50Hz or 60Hz systems.   
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2.4.2 Impedance Effects on Transformer Weight 

As analysed above, the Shipping Weight is especially crucial in view of transport and hence 

design restrictions, while the Site Weight provides information for offshore platform design. 

Figure 2.9 shows a Site and Shipping Weight versus Impedance characteristic for an LFAC 

single-phase transformer rated at 141MVA and operating at 16.7Hz and 50Hz, respectively. 

These Weight figures can be used to identify the relative costs for each design. 

 
Figure 2.9: Weight vs Impedance for a Single-Phase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50Hz. 

From Figure 2.9, it is evident that the Weight curves of the transformer designs become 

ǊŜƭŀǘƛǾŜƭȅ άŦƭŀǘέ ŀŦǘŜǊ ŀ ŎŜǊǘŀƛƴ impedance point which is in the order of 9% for 50Hz, and 11% 

for 16.7Hz designs, exhibiting a steep rise in transport weight for impedance levels lower 

than 7-8%. Though, even if a 5% impedance level is considered, the total Shipping Weight for 

the LFAC power transformers is in the order of 330 tonnes which is relatively heavy but can 

be acceptable for transport in the UK.  

2.4.3 Impedance Effects on Transformer Losses 

In Figure 2.10, the potential transformer power losses versus Impedance are plotted for the 

141MVA designs, operating at 16.7Hz and 50Hz, respectively. 

 
Figure 2.10: Losses vs Impedance for a Single-Phase 141MVA 66/345kV Transformer at a) 16.7Hz, b) 50Hz. 

The above results show that the Total transformer Losses are primarily shaped by the Load 

Losses, which are mainly I2R losses, with R representing the or the Total Copper Weight of 
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the transformer. Obviously, for the same A/mm2 and despite the lower operating frequency 

of 16.7Hz compared to 50Hz designs, the increased number of windings of the LFAC 

transformer has a predominant impact on its Load Losses. As expected, the transformer load 

loss component also rises with increasing impedance in both designs.  

On the contrary, the No-Load transformer losses are generally low, and although they are 

affected by the transformer core mass, the impact of the lower operating frequency 

dominates, leading the 16.7Hz designs to have lower such losses (almost half compared to 

50Hz) that only slightly reduce in higher impedance levels. This means that their contribution 

to the LFAC transformer Total Losses is less significant than at 50Hz, due to the selected LFAC 

design process that increases the number of windings and thus, mainly the Load Losses, to 

achieve lighter transformers with acceptable height. 

Further outcomes could be yielded from this analysis by applying a loss capitalisation formula 

to produce a net capitalised value curve for each impedance value. 

2.4.4 Comparison of 16.7Hz and 50Hz Transformer Designs 

Figure 2.11 shows typical ratios of weights and losses between the 16.7Hz and 50Hz 

approximate transformer designs. The ratios of Shipping Weight and Site Weight fall slightly 

as the impedance rises and indications that they may start to rise again beyond 14% 

impedance. By contrast, the ratio of Total Losses rises with %Impedance. 

 
Figure 2.11: Comparison between 50 Hz (1p.u.) and 16.7 Hz Transformer designs. 

It can be obvious that an acceptable LFAC transformer design can be 2 - 2.15 times heavier 

in terms of weight and consume 45% - 65% times more power than an equivalent 50Hz AC 

transformer of the same %Impedance. Hence, for a design based on a specific transformer 

impedance, there is a trade-off between transformer weight and losses. Though, in an 

offshore transmission system, both the losses and weight of the transformers shall be 

reduced as much as possible, to reduce operating costs and the footprint of the LFAC Topside. 
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2.5 Harmonic Filtering - Capacitors 

Capacitor units and capacitor banks that may be used in passive damping filters do not 

impose any operational or performance issues for an LFAC system. Nonetheless, as shown in 

Figure 2.12, the capacitive reactive power drops as frequency decreases. In cases where 

capacitor banks would be required to accomplish tuned harmonic-filters at the low operating 

frequency, larger installations than usual might be necessary for the same MVAr rating, 

although, operation at higher voltage levels could mitigate this effect. 

 
Figure 2.12: Capacitive Impedance and Q-{ǳǇǇƭȅ ƻŦ ŀ мл˃C ŎŀǇŀŎƛǘƻǊ ŀǎ ŀ ŦǳƴŎǘƛƻƴ ƻŦ ŦǊŜǉǳŜƴŎȅΦ 

Since the offshore LFAC TS can operate more efficiently at increased voltage levels ( explained 

in 2.2.1) in comparison with typical AC for long-length subsea cables (>100km), either the 

MVAr production of similarly sized capacitors could be amplified, or smaller capacitor size 

increase might be required for similar harmonic mitigation needs. Regardless, any applicable 

filtering and shunt reactive compensation equipment, should be sited at the onshore LFAC 

sub-station from a reliability, maintenance and cost perspective, so that their increased size 

would not occupy the premium space on the topside of the offshore LFAC platforms. 

 

2.6 Wind Turbine Generators  

There are various WTG types with the doubly-fed induction generator (DFIG) - Type 3 WT and 

the Full Converter - Type 4 WT being the most dominant technologies [79]. The Type 3 WT, 

though, is not the preferred solution for offshore applications due to the increased 

maintenance requirements of its rotor slip rings and the common gearbox failures that can 

impose underlying challenges to the operation of OWFs, especially if located in a rough and 
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less-accessible marine environment [5][30]. Besides, connecting a DFIG to a 16.7Hz LFAC 

system instead of a typical 50Hz or 60Hz AC grid may necessitate further design revisions, 

affecting mainly the transformer, but also the alternator unit [3]. 

The Type-4 WTs that are currently rated up to 12MW can be more suitable for operating in 

an offshore LFAC grid, as the WTG connects to the grid through a full-scale power converter 

that optimises its power output whilst it performs independent P/Q control on the grid side.  

The basic structure of a typical Type-4 WTG with its BtB VSC interface scheme is shown in 

Figure 2.13. It mainly consists of the WT arrangement with the generator, a BtB converter 

system, and an interface transformer providing electrical isolation at the AC side [20].  The 

most affected component within Type-4 WTGs by the lower operating frequency shall be 

inverter transformer. However, the rest of the equipment inside the WTG, such as rotor and 

drive train shall not be affected, while minor changes may be needed for the nacelle or tower. 

 
Figure 2.13: Full Converter, Type-4 WTG configuration, ABB. 

For the purpose of this research, the Type-4 WTGs can be rated between 6 - 10MW with 

reference to the commercially available units that are employed in current OWP projects 

[144]. It is expected that the WTGs can adjust their reactive power settings either to unity 

ǇƻǿŜǊ ŦŀŎǘƻǊ ƻǊ ά{¢!¢/haέ ƻǇŜǊŀǘƛƴƎ ƳƻŘŜΣ ŎƻƴǘǊƻƭƭƛƴƎ ǘƘŜ ǾƻƭǘŀƎŜ ƭŜǾŜƭ ŀǘ ǘƘŜ ƻŦŦǎƘƻǊŜ 

sending end of the XLPE cable for the entire load range. Such WTG control function could be 

essential if cases of meshed offshore systems with long LFAC export cables are appraised. 
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2.7 Frequency Converters 

The power electronic converter technology that would be suitable for the integration of the 

offshore LFAC TS to the main grids shall be rated in a scale of several MWs, assure the LFAC 

network stable operation and comply with Transmission System Operators (TSOs) 

requirements at the Points of Common Coupling (PCC) with the modern AC grid systems.  

Hence, the power converter capability and control systems intended for power utility 

applications can be considered vital features. At the same time, the technology readiness 

level for this solution shall be high enough, in order to challenge the competitive and 

commercially available HVAC and HVDC transmission system solutions. 

In principle, the Thyristor-based cycloconverters is a robust technology and might be able to 

transmit more power at a lower cost compared to BtB VSC-HVDC systems [6][12]. However, 

they do not engage all the required operating characteristics for integrating OWPPs, as they 

lack a robust black-start and LFAC grid forming capability [10], while it could be challenging 

to connect to relatively weak grids [89]or comply with modern OWPP integration rules [130]. 

The absence of a DC-link and probable commutation failures limit even further their fault-

ride-through (FRT) capability, making them vulnerable to main power grid disturbances and 

necessitating a strong onshore interconnection grid. Since the cycloconverters also produce 

output voltage waveforms with high and complex harmonic content, their application would 

require the use of large filters at both LFAC and AC sides to suppress switching harmonics 

and handle reactive power. As a result, the cyclo-converters might only be applied in 

terminals with low-reliability and operating requirements and enough site space [4]. 

On the other hand, the BtB MMCs based on VSC technology can allow the formation of an 

LFAC voltage sine-wave with minimum harmonic content and adjust the magnitude and 

frequency (islanded operation mode), without a need for separate sources for black-start. 

Their four-quadrant operation on the PQ-plane enables the power reversal by altering the 

current direction and provides independent P/Q control. Thus, the MMCs could energise and 

stay connected to an offshore island LFAC network where no SGs would be present, but only 

inverter interfaced WTGs ŀƴŘ ǎǳǇǇƻǊǘ ǘƘŜ ǎȅǎǘŜƳΩǎ ǾƻƭǘŀƎŜ ōȅ ǊŜƎǳƭŀǘƛƴƎ ǘƘŜ ǊŜŀŎǘƛǾŜ ǇƻǿŜǊ 

at the connection point of the offshore LFAC network [65].  

Such an LFAC system may not only integrate OWFs in radial, PtP arrangements but it may 

interconnect different grids or parts of the same grid, exchanging power among those points 

and forming a meshed offshore LFAC network. Besides, the BtB MMCs arrangements 
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eliminate the probability of DC short circuit faults, distressing the respective MTDC systems 

that currently lack a robust and feasible HVDC breaker technology. Hence, they may be able 

to integrate the LFAC TS to weak AC grids with relatively low Short Circuit Level (SCL) such as 

some modern inverter dominated grids and comply with the respective grid codes. 

Finally, employing a high number of modules enables multiple discrete voltage steps that can 

reach up to the highest transmission voltages while operating at low switching-frequency per 

sub-module, reducing the related switching losses and eliminating the need for harmonic 

filters. Potential benefits may arise for an LFAC TS scheme if such filters are not present, as 

they can significantly affect its high-order harmonic stability [62][64]. 

For the reasons mentioned above, the BtB MMC technology has been employed for 

frequency conversion in this work. Table 2-6 shows the international experience of MMC 

HVDC technology applications with similar power ratings, e.g. ~700MW. As can be seen, 

MMCs are being used either for OWFs or Interconnector (IC) projects with commercial 

solutions supplied by the power industry. 

Table 2-6: International Projects using MMC Technology in Similar Scale ~700MW. 

 
 

 

2.8 Summary and Conclusions 

This chapter presents an overview of the main equipment that is selected for the LFAC TS. 

The impact of low frequency on the equipment design, physical and operating features, as 

ǿŜƭƭ ŀǎ ǘƘŜ ǇƻǘŜƴǘƛŀƭ ŜŦŦŜŎǘ ƻŦ ǘƘŜ ŎƻƳǇƻƴŜƴǘǎΩ ŜƭŜŎǘǊƛŎŀƭ ŀǘǘǊƛōǳǘŜǎ ǘƻ ǘƘŜ [C!/ ¢{ ƻǇŜǊŀǘƛƻƴ, 

are discussed following research developments in the literature and industrial experience. 

Power DC Voltage AC Side 1 (Offshore) AC Side 2 (Onshore)

[MW] [kV] [kV] [kV]

2019 COBRA Cable 700  ҕ320 400 400 IC  Siemens

2014 Skagerrak Pole4 700  ҕ500 400 400 IC  ABB

2015 BorWin2 800  ҕ300 155 380 OWF  Siemens

2019 BorWin3 900  ҕ320 155 380 OWF  Siemens

2015 DolWin1 800  ҕ320 155 380 OWF  ABB

2016 DolWin2 916  ҕ320 155 380 OWF  ABB

2017 DolWin3 900  ҕ320 155 380 OWF  GE-Alstom

2015 HelWin2 690  ҕ320 155 400 OWF  Siemens

2015 SylWin1 864  ҕ320 155 400 OWF  Siemens

Year Project Application Manufacturer
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More specifically, technical benefits for three-phase subsea cables are presented in terms of 

losses, charging currents, reactive compensation and power transfer capability, based on 

cable parameters explicitly adapted for LFAC TS purposes by a cable manufacturer. Also, the 

LFAC TS voltage level is determined by evaluating the performance of different export cables 

at 230kV and 345kV. The power transfer capability significantly increases when operating at 

345kV voltage level for distances greater than the maximum range of a typical 50Hz HVAC 

export system (approx. 80-100km) and up to the point that the HVDC system can naturally 

become the most economical solution. To attain the maximum power-transfer through a 

single subsea tri-core export cable, the capacity of the corresponding OWPP can be set 

approximately to the maximum power transfer capability of the subsea cable.  

The effects of LFAC and different voltage levels on potential harmonic filter capacitors are 

also discussed. Based on the export cable selection, the 362kV class switchgear is chosen to 

form 345kV double LFAC busbar configuration at 16.7Hz, while for the medium voltage level 

of the OCS, the class of 72.5kV GIS is selected to connect the inter-array connection cables at 

66kV. Certain adjustments are addressed to overcome the operating challenges of CBs at 

lower frequencies and avoid the probability of equipment damage or current chopping due 

to the longer time between two successive current zero-crossings, while further verification 

of capacitive current switching limits may be needed for an LFAC TS.  

Furthermore, transformer design calculations are performed implementing practical 

constraints regarding their size and weight based on standard equations. The LFAC 

transformer designs are evaluated in terms of weight and losses for various impedance levels 

and compared with the respective AC. Results show that the estimated LFAC transformers 

could be 2-2.15 times bigger in terms of size and weight and consume 1.45-1.65 times more 

power than their 50Hz equivalents for the same p.u. impedance. Hence, for the appropriate 

transformer impedance selection, there is a trade-off between transformer weight and 

losses, although in an offshore transmission system application both the losses and weight 

of the transformers shall be reduced as much as possible. 

Finally, it could be expected that the commercially available Type 4 WTGs in the range of 6-

10MW and the recent BtB MMC technology that is selected for the formation of offshore 

LFAC network could be feasible solutions and comply with specific modern grid code 

standards. However, their rating and configuration should be appropriately adjusted for the 

needs of the LFAC TS,  and their operation should be accordingly coordinated.   
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Chapter 3: Offshore LFAC TS Electrical Design and Specifications 

3.1 Introduction 

Most of the OWP systems built so far are based on HVAC or HVDC radial connections, 

delivering power through a PtP scheme from an OCS to an onshore grid-connected 

substation. An improvement to this usual arrangement could be the introduction of a 

meshed, multi-terminal system design solution, e.g. by interconnecting multiple OCS. This 

way, in a case of scheduled or forced unavailability of individual elements which would have 

rendered a PtP system partially or totally non-operational, power could still be distributed 

through neighbouring routes. A truly integrated system could be formed by using LFAC TS 

technology, where the offshore system would be managed as a meshed grid and either 

alleviate congestion issues in the 50Hz AC grid or even interconnect different AC grids as 

depicted in Figure 3.1.  

 
Figure 3.1: Meshed Offshore LFAC Transmission System for Offshore Wind integration. 

The main LFAC transmission system (TS) configurations investigated in this Thesis consist of: 

ü 1 x 704MW Offshore Wind Farm being integrated to a 50Hz grid through a PtP LFAC 

transmission system for various cable lengths and 

ü 2 x 704MW Offshore Wind Farms that are interconnected to each other through an 

offshore LFAC interconnection cable and being integrated to two different grids or 

grid points via a meshed or MT-LFC transmission system for various cable lengths.  

As shown in Figure 3.1, the LFAC TS design for exporting the power coming from remote 

offshore wind resources could be envisaged as multiple interconnected OWF blocks, 
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individually integrated to specific grid points in a typical PtP fashion. The electrical data that 

are used for representing each block in the LFAC TS EMT models are presented in Table 3-1. 

Table 3-1: Electrical Data of the OWF Integration System. 

 

Careful consideration should be taken in the rating and design stage so that technical, as well 

as economic feasibility aspects of this innovative transmission system, are satisfied. The total 

LFAC transmission system arrangement for OWPP interconnection and integration consists 

of three main parts that are vital for the operation of the whole scheme and should be 

carefully designed and rated. These are the following: 

ü Offshore Wind Power Plant System: This system includes the WTGs and several strings 

of cables operating at 66kV and 16.7Hz forming the LFAC OCS network. This network 

terminates at 72.5kV class switchgear on the topside of the offshore LFAC platform. 

ü Offshore LFAC TS Layout: The LFAC TS includes the OWPP platforms, where the voltage 

is raised to the 345kV level by means of LFAC step-up transformers as well as the 

submarine LFAC cables for transferring the power to the onshore converter substation. 

ü Onshore BtB Frequency Converter: The onshore BtB-MMC station links the 16.7Hz LFAC 

TS with the 50Hz AC grid, and at the same time it separates their operation. 

 

3.2 Offshore Wind Power Plant System Layout 

The OWPPs are designed based on several radial strings of WTGs connected to an offshore 

substation. For larger schemes, the power plant can be divided into subsystems, structured 

in a modular fashion. In this work, full-converter WTGs are adopted, as described in Chapter 

2, with a nominal power of 8MW, as presented in Table 3-2. Each WT is connected to a 66kV 

medium-voltage power collector system (OCS) that is explicitly described in section 3.2.2. 

AC Grid Voltage 400 [kV]

AC Grid frequency 50 [Hz]

Total Capacity of the Project 704 [MW]

Transmission Type HYBRID (e.g. LFAC)

Collection Point Step-Up  Transformers Total MVA 846 [MVA]

Nominal Voltage at the HV Trasmission Side (AC Collection Point) 345 [kV]

Nominal Voltage at the MV AC Collection Point Side 66 [kV]

Collect ion Grid /  Transmission Frequency 16.7 [Hz]

No of HV AC Transmission Cables leaving the AC Collection Points 1

Desired No of Equivalent WF Power Output Models (EMT) 1

AC Node /  Bus to be Controlled by the WF Model 345 [kV]

Wind Turbine Rated Power 8 [MW]

Full Scale WTG Converter Rated MVA 10 [MVA]

WF INTEGRATION SYSTEM

TOTAL SYSTEM ELECTRICAL DATA

Offshore Interconnection Point between WF models either in 66[kV] or 345[kV]
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Table 3-2: Full-Converter WTG Electrical Rating. 

 

The 704MW OWF comprises 88 WTGs which can be considered here as one equivalent OWPP 

block. Each cluster can then supply a nominal power of ~700MW, for which one export LFAC 

cable is required at 345kV, as seen in Chapter 2. A maximum of two clusters has been studied 

here, with a capacity of approximately 1400MW. This has been assumed based on the current 

UK Grid Code standards (SQSS), where it is stated that the capacity for offshore power park 

modules should be limited to 1500MW.  

The total installed capacity of 1408MW meshed offshore LFAC TS is split into two OWPP 

blocks of 704MW, per each point-to-point LFAC power export system. These blocks are 

interconnected offshore on the transmission voltage side of the step-up transformers, at 

345kV level, to improve the security of supply and reliability of the scheme.  Of course, this 

configuration might have been envisaged either on one or two offshore LFAC platforms. The 

corresponding arrangements are presented in Table 3-3.  

Table 3-3: Investigated LFAC Power Export Arrangements. 

 

If 1408MW installed capacity can be built on one topside in such a way that installation can 

be done through a single lift with ample availability of installation cranes, one superior OWPP 

ōƭƻŎƪ ŎƻǳƭŘ ōŜ ŦƻǊƳƛƴƎ ǘƘŜ ǎȅǎǘŜƳΦ hǘƘŜǊǿƛǎŜΣ ŀ ƴǳƳōŜǊ ƻŦ ǎƳŀƭƭŜǊ άǎƛƴƎƭŜ ŎŀōƭŜέ ǊŀŘƛŀƭ [C!/ 

systems could be interconnected by means of cables and form an offshore meshed 

configuration that could be connected to the same or different grids or grid points, in a similar 

fashion as shown in Figure 3.1. 

Rated power 8 [MW]

Rated Apparent Power 10 [MVA]

Maximum Reactive Power Limit 0.6 [pu]

 Max Reactive Power Output @ Full Power Operation 6 [MVar]

Min PF @ Full Power Operation 0.8

Transformer Total MVA 10 [MVA]

Base Operation Frequency 16.7 [Hz]

Nominal Voltage at the MV AC Collection Point Side 66 [kV]

Nominal Voltage at the VSC Side 8 [kV]

Wind Turbine

Full Scale WTG Coverter

WTG Inverter Transformer

WTG ELECTRICAL DATA

Power Block 

(MW)

No. of Single 

Phase TRS
No. of Topsides

No. and Length of 

Cables (km)
Remarks

1 x 200

or

1 x 300Χ

1 x 50

1 x 200 +                         

1 x 300 +

1 x 50 

6 1

Radial PtP 

Connection 

to the Grid

2 x 704 12 2

Two 

Independen

t, Inter-

connected, 

Grids

2 x 200 or 

2 x 300 +

1 x 704
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As there is no real LFAC system precedent for this application, no definition of such a system 

exists within the grid codes. However, this system could be seen as a hybrid combination of 

an OWF HVAC system integrated to the grid through an HVDC link.  It is worth noting that for 

offshore projects the requirements differ between the offshore point of connection that 

Offshore TrŀƴǎƳƛǎǎƛƻƴ hǿƴŜǊǎ όhC¢hǎύ Ŏŀƭƭ ΨhŦŦǎƘƻǊŜ DǊƛŘ 9ƴǘǊȅ tƻƛƴǘΩ ŀƴŘ ǘƘŜ ƻƴǎƘƻǊŜ 

ŎƻƴƴŜŎǘƛƻƴ Ǉƻƛƴǘ ǘŜǊƳŜŘ ǘƘŜ ΨLƴǘŜǊŦŀŎŜ tƻƛƴǘΩ ƻǊ tƻƛƴǘ ƻŦ /ƻƳƳƻƴ /ƻǳǇƭƛƴƎ όt//ύ ǎƘƻǿƴ ƛƴ 

Figure 3.2. For the LFAC TS, the Interface Point would be on the onshore 50Hz side of the 

frequency converter while the Offshore Grid Entry Point could be offshore at 16.7Hz. 

Therefore, specific requirements would need to be met in two points of the LFAC TS.  

 
Figure 3.2: Connection Point Terminology. 

This is particularly the case if the offshore LFAC TS is utilized to connect multiple offshore 

projects and integrate them into different grids, interconnecting AC grid systems as well. 

Either new OWPP projects or separate ventures could be interconnected to an offshore grid 

same as the commonly used practice in onshore grids. LFAC submarine cables can be 

connected to one or more offshore LFAC platforms where the internal grid voltage is 

transformed to a suitable voltage level for long-distance transmission. Thus, the LFAC TS 

should not only be considered as a simple OWPP integration medium, but it shall be intended 

as a potential solution to form meshed offshore networks, where specific requirements 

ought to be met by every LFAC grid-connected part. 

In this Thesis, each 704MW OWPP block is intended to deliver its rated power output at the 

offshore 345kV - sending end of the corresponding subsea export cable. It can be operated 

either at unity power factor (i.e. zero reactive power exchange with the rest of the system) 

or as STATCOM regulating the 345kV LFAC transmission voltage level at the - 362kV class GIS 

that is placed in the offshore LFAC platform. As no tap-changers (OLTCs) have been assumed 

here for the LFAC step-up transformers, the function of each grid sidŜ ²¢DΩǎ ±{L ƛǎ ƴƻǘ ƻƴƭȅ 
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to maintain the DC link voltage that varies due to the generated power being handled by the 

direct-drive rectifier but also to support the LFAC voltage by appropriately regulating the 

reactive power if required under certain operating conditions.  

Since the offshore LFAC transmission system is formed and retained among converter 

ǘŜǊƳƛƴŀƭǎΣ ƛǘ ƛǎ ǎǘǊƻƴƎƭȅ ŀŦŦŜŎǘŜŘ ōȅ ǘƘŜ ŎƻƴǘǊƻƭƭŜǊǎΩ ǊŜǎǇƻƴǎŜ ŀǘ ŜŀŎƘ опрƪ± Ǉƻƛƴǘ ƻŦ 

connection. It can be assumed that the VSI control system of every WTG unit in a 704MW 

OWPP block is identically tuned to regulate the LFAC side voltage or reactive power at the 

offshore 345kV side of the step-up transformers. Hence, an equivalent OWPP module could 

be implicitly rated only for the relevant EMT studies to avoid the computational complexity 

and big simulation times of an EMT simulation software model. For the lumped design 

representation of each 704MW OWF cluster, the following parts have been considered: 

ü Two-Level BtB VSCs rated at 704MW with switching elements and control systems.  

ü An AC voltage source in the rectifier side and inverter transformers in the LFAC side.  

ü The equivalent 66kV topology with all the array and inter-array cable impedances 

and any other elements at the medium voltage level side.  

3.2.1 OWTG / OWF System Configuration 

In this Thesis, a BtB VSC configuration is assumed to connect the WTG to the LFAC TS, as 

shown in Figure 3.3. The VSCs are connected through a DC link. For both the rectifier and the 

inverter schemes, two-level VSCs are considered in a BtB arrangement. The rectifier acts as 

a direct drive adjusting the power output of the generator, while the DC-to-LFAC VSI 

independently controls the real and reactive power by adjusting the phase angle and 

magnitude the of its output LFAC voltage (VC2ύΦ ¢Ƙƛǎ ƛƴŘŜǇŜƴŘŜƴǘ ŎƻƴǘǊƻƭ ƛǎ ŀ ǊŜǎǳƭǘ ƻŦ ±{/Ωǎ 

separate active and reactive power controllers [108]. The active control loop regulates the 

DC voltage, while the reactive control loop adjusts either the reactive power or the voltage 

level at the LFAC side. Since the generator is isolated from the LFAC system through the BTB 

VSCs, the WT drive-train side is not analysed here. 

 
Figure 3.3: Type-4, Full Converter WTG Schematic. 
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Basically, VSCs could be considered as fast-controllable SGs, with a fundamental LFAC voltage 

output as follows: 

ὠ ὸ ά Ͻὠ ϽίὭὲ‫ὸ ‏                         (3.1) 

Where: VC2ph is the inverter output LFAC phase voltage, mi is modulation index, Vdc Is the rated 

DC link voltage, ̟ ƛǎ ǘƘŜ ŀƴƎǳƭŀǊ ŦǊŜǉǳŜƴŎȅ ŀǘ мсΦтIȊΣ ŀƴŘ 2ɻ is the phase shift of the inverter 

output voltage.   

In this work, the total LFAC TS is represented in an EMT software environment, and an 

aggregate BtB VSC system rated at 704MW is modelled to represent the equivalent of the 88 

WTGs. The BtB VSCs interface an AC voltage source instead of a permanent-magnet or 

synchronous alternator system in the rectifier side. Thus, the output of the whole BtB VSC 

scheme can be evaluated at 66kV, as the equivalent inverter control strategies of the Type-4 

OWTGs are maintained, and the 66kV inter-array cable impedances and the related 

equipment is retained in the model. This simplification is assumed, as the framework of this 

Thesis is the offshore LFAC TS assessment and not the WTG interactions in an OWPP of the 

distinct electromechanical dynamics, which remain relatively unaffected, due to the full 

power electronic converter interface.  

Hence, the DC-to-LFAC side VSI is the primary focus for rating the BtB system, while the 

rectifier VSC is designed accordingly. The electrical parameters of the LFAC grid interface 

inverter of the aggregate OWF are presented in Table 3-4, while an equivalent VSC of the 

adopted BtB system is shown in Figure 3.4.  The converter rating has been set to 880MVA to 

enhance the converters reactive power capability. The comprehensive rating procedure, in 

conjunction with its low-pass LCL-type filter and LFAC interface transformer, is described in 

the following sections. 

Table 3-4: Aggregate WTG VSI Electrical Parameter Data. 

 

Converter Name WF - Inverter

Control Strategy for d axis Vdc

Control Strategy for q axis Q or Vac

Apparent Power 880 [MVA]

Real power 704 [MW]

Nominal AC Voltage 66 [kV]

Maximum Reactive Power Limit 0.6 [pu]

Max Reactive Power  @ Full Power Operat ion 528 [MVar]

PF 0.8

 AC Collect ion Point Side Frequency 16.7 [Hz]

Full Scale WF Inverter

Wind Farm Equivalent Model Data
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3.2.1.1 VSC Control System 

Generally, the cascade vector-current control (VCC) shown in Figure 3.4 is the most common 

VSC control method. The equivalent VSI of the BtB system can apply both the DC Voltage and 

Reactive Power or LFAC Voltage control, while the rectifier regulates the Active Power.  

 
Figure 3.4: Generic Vector Control Arrangement for the Equivalent WTG VSI Topology. 

The cascade VCC strategy is adopted in this Thesis due to its excellent dynamic characteristics 

and its inherent over-current limitation capabilities. It consists of faster inner current 

controllers (ICCs) and additional slower outer controllers which provide the reference values 

for the inner controllers. The outer controllers can be active power (APC) or DC voltage 

controllers (DCVC) as well as reactive power (RPC) or AC voltage controllers (ACVC) [108]. The 

implementation of a specific outer controller depends on the application and operating 

conditions of each VSC Terminal. This flexibility in terms of the controlled quantities provides 

two degrees of freedom at the inverter end, as the VCC scheme removes the coupling 

between the real and reactive power and ensures the independent control of each quantity, 

achieving robust and stable control as described in Chapter 6. 

3.2.1.2 Two-Level Voltage Source Converter (VSC) 

The VSCs are the core of the equivalent BtB converter system of the Type-4 WTGs. They are 

divided into several circuit topologies according to the converter output AC voltage levels. 

However, only two basic configurations of VSCs are mainly used on full-Converter WTGs; the 

two-level, and three-level forced commutated VSC bridges, which are shown in Figure 3.5 a) 
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and b), respectively. The three-level natural point clamp VSCs used to be favoured in the past 

due to the higher quality of output voltage waveform (e.g. lower THD), with fewer switching 

events, leading to lower switching losses. Low losses were achieved, though, at the expense 

of control system complexity and converter cost due to the increased number of valves 

(additional clamping diodes required) in the scheme compared to the two-level schemes.  

 
Figure 3.5: Basic VSC Circuit Topologies for Type-4 WTGs: a) Two-Level, b) Three-Level VSC. 

Many full-converter WTGs have adopted the simpler and more compact two-level VSC, as 

the evolved PWM switching techniques have made it efficient and its switching losses have 

been considerably reduced. A square-wave output AC voltage with only two values is formed 

by controlling the switches and by filtering, a quasi-sinusoidal voltage waveform is obtained. 

3.2.1.3 DC Voltage 

For the equivalent WTGs BtB module, the value of 135kV has been selected, assuming the 

LFAC voltage level of 66kV in the converter output. Technically, the maximum operating DC 

voltage should be considered for the maximum steady-state acceptable AC - side voltage 

level of 105%, as seen on Table 3-5 and Equation (3.2), although this could be set even higher 

ŦƻǊ ǘƘƛǎ ǿƻǊƪΩǎ ŎƻƴŦƛƎǳǊŀǘƛƻƴΣ ŀǎ ǘƘŜ ±{/ǎ ŀǊŜ ŀǊǊŀƴƎŜŘ ƛƴ ŀ .ǘ. ǇŀǘǘŜǊƴΣ ŀƴŘ ǘƘŜ ƻŦŦǎƘƻǊŜ [C!/ 

system could be regulated to operate up to 110% voltage level.  

Table 3-5: DC Side Parameters of the Equivalent BtB VSC Scheme. 

 

Accordingly, the minimum DC voltage level required to avoid converter saturation while 

using SPWM can be calculated from the corresponding limits shown in Equation (3.2), with 

Vdc 135 [kV]

Idc 5.23 [kA]

Phase-to-DC Midpoint Pulse Voltage Magnitude 67.4 [kV]

Line Pulse Voltage Magnitude 135 [kV]

DC Side

Converter AC Side Output

Before Filtering
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mi = 1 and a minimum steady-state acceptable LFAC-voltage level of 95%, respectively. 

ωυϷϽςϽὠ ὠ ρπυϷϽςϽ                            (3.2) 

Operating the BtB VSCs in DC voltage limits can increase the reactive power capability of the 

OWF system. Thus, by appropriatly adjusting the LFAC voltage output, this feature could help 

towards handling reactive power at the cable sending end.  

3.2.1.4 DC-Link Capacitance 

The DC link capacitance shall act to retain the DC voltage constant within limits, even if power 

oscillations occur in the DC-link during disturbances in the LFAC system side. Its size (Cdc) is 

characterisŜŘ ōȅ ƛǘǎ ǘƛƳŜ Ŏƻƴǎǘŀƴǘ όˍCdc), defined as the ratio of its stored energy at the rated 

DC voltage (WCdc) to the nominal apparent power of the  VSC  (SVSC), as in Equation (3.3) [90]:  

†
Ͻ

 
                (3.3) 

¢ƘŜ ŎŀǇŀŎƛǘƻǊ ǘƛƳŜ Ŏƻƴǎǘŀƴǘ όˍCdc) can be different depending on the converter application 

and is typically in the range of 10ms to 50ms according to [90], or it may correspond to 30 - 

40kJ/MVA according to [94]. In addition, the amount of energy that needs to be stored in the 

DC side capacitors (WCdc) is proportional to the power rating of the VSC system (SVSC) but 

ƛƴǾŜǊǎŜƭȅ ǇǊƻǇƻǊǘƛƻƴŀƭ ǘƻ ǘƘŜ 5/ ǾƻƭǘŀƎŜ ǊƛǇǇƭŜ όɲ±dc) and the AC side operating frequency 

όe̟); to cater for unbalances. Consequently, the size of the DC capacitance is then mainly 

defined also by the required DC voltage, according to the Equation (3.4) [90]: 

ὅ
Ͻ Ͻ Ͻ

         (3.4) 

As can be inferred by Equation (3.4), the value of an equivalent DC capacitance for the BtB 

VSC scheme that is connected to a 16.7Hz LFAC system can be up to three times higher than 

the corresponding 50Hz value. However, due to the BtB arrangement, the capacitor size may 

be compromised, considering a relatively higher DC voltage ripple tolerance.  

Table 3-6: DC Capacitor Parameters 

 

In this study, a DC capacitance value of ~1.15mF is selected that corresponds to ~20% voltage 

ǊƛǇǇƭŜ ŀƴŘ ŀ ˍCdc ~12ms, as shown in Table 3-6. 

DCV Ripple (p2p) 20 [%]

DC-Link Capacitors 0.001155 [F]

Energy Stored in the DC Capacitor 10.5 [MJ]

DC Capacitor Time Constant 0.0119 [sec]

DC Capacitance
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3.2.1.5 DC-Link Dynamic Braking Resistor 

The Dynamic Braking Resistor (DBR) is applied to protect the DC systems from over-voltages. 

Such over-voltages can be caused if the inverter system is not able to export the demanded 

amount of power that flows through the rectifier, e.g. during a fault in the LFAC system to 

which the inverter is connected [115]. Thus, by using DBRs in the WTG DC-Link, the excess 

energy is dissipated, offering the advantage of over-voltage protection against faults on the 

collector bus, and on the LFAC transmission system between them and onshore frequency 

converters. A typical DBR system with its operational characteristic is shown in Figure 3.6. 

 
Figure 3.6: DBR in the DC-Link Side of the Type 4  WTG and its Typical Operation Characteristic. 

The braking resistor for the equivalent 704MW aggregated EMT model should be rated to 

dissipate power equal to the whole OWF block. The DBR would be activated once the DC 

voltage exceeds 1.15p.u. while it would be turned off once the DC voltage has returned to its 

acceptable levels. These voltage thresholds prevent the braking resistor from interfering 

under normal operating conditions. The related DBR parameters are given in Table 3-7. 

Table 3-7: Dynamic Braking Resistor Parameters. 

 

3.2.1.6 Converter Reactor 

The phase reactors are mostly inductive elements with minimal resistance which are 

connected in series with the converter and the rest of the LFAC system. They are special types 

of reactors able to withstand high inter-turn voltage stress and need to be designed with a 

high degree of interwinding insulation. Their size depends on the converter saturation, its 

switching frequency, and the employed PWM strategy. They serve the following purposes: 

ü Fault-current reduction to the desired level within the rating of the converter. They 

protect the converter from the propagation of fast front voltage transients, occurring 

during faults and/or circuit breaker operations.  

Activation DCV 1.15 [pu]

Max DCV 1.2 [pu]

DC braking resistor 46.6 [Ohm]

DC Braking Resistor
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ü Regulate the active and reactive power flow by adjusting the current through them. 

They affect the VSC control system tuning and the dynamic behaviour of the AC side. 

ü Decrease the high-frequency harmonic content of the AC current, caused by the 

switching operation of the VSC. As in this work, they can be parts of low-pass filters 

and reduce the Total Harmonic Distortion (THD), improving the power quality. 

3.2.1.7 AC Filters 

AC filters are used on the LFAC side of the two-ƭŜǾŜƭ ƛƴǾŜǊǘŜǊ ǘƻ ǊŜƳƻǾŜ ǎƻƳŜ ƻŦ ǘƘŜ ±{/Ωǎ 

output voltage harmonic components. The low pass filter prevents harmonics from entering 

into the transformer and the connected LFAC system, leading to smoother sinusoidal LFAC 

waveforms at the point of common coupling (PCC). The most common low pass AC filter 

design is the LCL filter, as presented in Figure 3.7. 

 
Figure 3.7: VSI LCL-Filter Schematic. 

Configurations of LCL filters may vary for different applications depending on filter 

performance requirements. The equivalent VSI LCL-filter in the LFAC side comprises of two 

sets of inductors in the inverter (L1) and grid side (L2) respectively, and one set of shunt-

connected capacitors (Cf) with resistive damping (Rf) which are placed between them. The 

capacitor of an LCL filter is essentially a high-pass filter, providing a low impedance path for 

high-frequency current components. 

The parameters of this filter are carefully selected in order to avoid instability that could be 

caused if its resonant frequency is close to the switching frequency of the VSC and its odd 

harmonics.  Given the fact that the size of the WTG-VSI transformer is quite bigger and 

heavier if rated for LFAC operation, its inductance is considered to form the (L2) part of the 

LCL-Filter. In order to limit PWM current ripple, the converter side inductors (L1) or phase 

reactors, must be much bigger L1>>L2 for a practical LCL-filter. Additionally, many authors 

recommend that the converter output current ripple should be limited to less than 10% peak-

to-peak of the rated fundamental current magnitude, in order to comply with standards and 

grid codes and avoid potential inductor saturation issues [71].  
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For the above reasons, the value of inductor L1 is independently selected to limit the ripple 

of the converter output current to less than 10% of the rated current amplitude, as a common 

practice, and its value together with the transformer leakage inductance L2 define the filter 

capacitance Cf value. Equation (3.5) estimates the value of inductance  for a given DC side 

voltage and PWM switching frequency fsw of the two-level PWM VSC [72]. 

ὒρ
Ͻ
                     (3.5) 

ὡὬὩὶὩȡ ῳὭ ‗ϽὍ  ȟ ‗ ρπϷ 

The LCL-filter capacitor is typically rated to provide reactive power of less than 5% of the 

rated power of the converter. The larger the capacitance, the smaller the inverter side 

inductance which reduces the efficiency of the scheme, as more current is drawn from the 

converter. Equation (3.6) relates converter current and the harmonic current injected to grid 

at the switching frequency. By solving this equation for a total attenuation (k)h of 20%, L1 

and L2, the value of Cf can be determined [72]. 

Ὧ
Ⱦ Ͻ Ͻ

             (3.6) 

In addition, since the resonant frequency fres is a function of the filter capacitance and grid 

impedance, it can vary under certain operating conditions. Hence, it should lie in a stable 

region where supplementary damping is not required, and the fundamental frequency 

converter current remains unaffected [111]. This region can be selected to be lower than half 

of the switching frequency fsw and higher than 10 times the grid electrical frequency fe to 

avoid resonance problems. This way, Proportional-Integral (PI) based current control can be 

achieved without active or passive damping if the resonance frequency fres is inside the 

interval [fcmin, fcmax], as defined by Equation (3.7) below: 

Ὢ
Ͻ Ͻ

ȟ            ύὭὸὬ  ρπὪ Ὢ Ὢ        (3.7) 

Other correlated oscillations around the resonant frequency can be suppressed by the 

resistor (Rf) that is inserted in the capacitive branch as a simple form of damping, although it 

negatively affects the filter performance and causes fundamental frequency losses. The value 

of this resistance should be equal to one-third of the capacitive reactance at the resonant 

frequency and is given by the equation below: 

Ὑ
Ͻ

     (3.8) 
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The inverter side LCL-filter parameters for the equivalent 704MW system model are shown 

in Table 3-8, below. In this table, L1 can also be considered as the converter phase reactor, 

and L2 is the equivalent converter transformer leakage inductance. 

Table 3-8: VSI LCL-Filter Parameters. 

 

 
Figure 3.8: Frequency Response of the LCL Filter Design: Impedance Magnitude (Red) and Phase (Blue). 

The impedance and phase against frequency plots show its cutting frequency being at 881Hz, 

providing a low-impedance route to ground for high-frequency current components, while 

for lower frequencies, its impact on the system impedance characteristics can be minimal. 

3.2.1.8 Converter Transformer 

The WTG-VSIs are connected to the LFAC system by means of converter transformers. Their 

primary function is to transform the Medium LFAC voltage to a suitable level for the VSCs to 

perform the AC-to-DC conversion.  As mentioned in Chapter 2, these transformers may lead 

to WT nacelle or tower design modifications due to their increased size and weight. The 

electrical parameters for the equivalent inverter transformer models of the 704MW OWF 

modules used in this work  are presented in Table 3-9, based on the LFAC transformer design 

characteristics estimated in section 2.4. 

Zbase at the VSC Side 4.95 [ohm]

Cbase at the VSC Side 0.0019253 [F]

 Filter Capacitance, Cf 0.00000665 [F]

Reactive Power Supplied by the Filter Capacitor 3.04 [Mvar]

Converter Inductance L1 0.02252 [H]

Attenuation Factor ka 0.2

Transformer Leakage Inductance L2 0.00627 [H]

10*fe < Resonant/ Cutting Frequency < fsw/ 2 881.63 [Hz]

Damping Resistor Rf 9.051 [ohm]

LCL - Filter
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Table 3-9: LFAC OWF-Inverter Transformer Parameters. 

 

3.2.2 Medium Voltage Collector System Layout 

As suggested above, the power from the 88 WTG units of a ~700MW OWF is collected at the 

topside of a compact offshore LFAC platform and connected to 72.5kV class switchgear 

schemes by means of array connections at 66kV, as mentioned in section 2.3. The 

configuration of the 72.5kV class GIS system is described in Table 3-10. Besides the GISs, the 

platform houses the step-up transformers (bank of 3 x 141MVA, 16.7Hz single-phase units, 

as referred in Chapter 2, the 362kV class GIS, all auxiliaries, control and protection, if there is 

no offshore shunt compensation for the export cable. 

Table 3-10: The 72.5kV Class Switchgear System Configuration (GIS) 

 

The 704MW OWF requires a total number of 4 x 72.5kV GISs to be utilized, each connected 

to 22 WTGs. Thus, the total number of 88 WTGs is divided into twelve arrays, with eight 

strings of seven WTG units each and four strings of eight units each, respectively. Each seven 

or eight WTG array is shaped by two sub-array WTG-strings that are linked together and is 

connected to a 72.5kV class switchgear through one submarine Cu-XLPE, 800 mm2 array-

cable operating at 16.7Hz, according to Table 3-11.  

 

 

Transformer Total MVA 880 [MVA]

Base Operation Frequency 16.7 [Hz]

Nominal Voltage at the MV AC Collection Point Side 66 [kV]

Nominal Voltage at the VSC Side 66 [kV]

Winding Type MV AC Collection Point Side Y

Winding Type VSC Side D

Transformer Posit ive Sequence Leakage Reactance 0.07 [pu]

No Load Losses 0.000156383 [pu]

Copper Losses 0.00233333 [pu]

Equivalent WTGs' Part of Total Converter Transformer

GIS MAX Rated Voltage 72.5 [kV]

GIS Rated power frequency withstand voltage 140 [kV]

GIS Rated lightning impulse withstand voltage (BIL) [PEAK] 325 [kV]

Min Rated Current 1.25 [kA]

Max Rated Current 2.5 [kA]

Total No of GISs of the WF -  Side 4

Number of WTGs per GIS 22

AC Current per GIS 1.925 [kA]

AC Current Magnitude per GIS 2.722 [kA]

GIS SPECS WF - SIDE , @ kV 66

Loading is the Same to All GISs

COLLECTION POINT - SUBSTATION
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Table 3-11: Inter-Array String Cable Parameters. 

 

Therefore, in each 72.5kV GIS system, there will be 1 x 8 WTGs + 2 x 7 WTGs strings connected 

to it through the 800 mm2 Cu-XLPE array cable. The medium 66kV voltage offshore system 

configuration schematic, as described, is shown in Figure 3.9. All the above-mentioned WTG 

units form one OWPP block, providing an installed capacity of 8 x 56MW + 4 x 64MW giving 

a total of 704MW at 66kV. 

 
Figure 3.9: Schematic Representation of the 66kV Offshore WPP Layout, incl. Detail of a Single Array. 

The utilization of the submarine array cable with reference to the number of WTGs per array 

is given in Table 3-12, where the cable rated current after the effect of J-tubes is considered. 

As can be seen for strings with 8 WTGs rated at 10MVA each, the utilization of the cable can 

reach up to 100%, while for strings with 7 WTGs its utilization can be as low as 88%. 

Table 3-12: Array 800mm^2, Cu-XLPE Cable Utilization. 

 

INTER-ARRAY-STRING CABLES
Cable Placement (Air,(Under-)Ground, Submarine) S

Cable Isulation Material XLPE

Cable Cores  [Single-Core, Three-Core] T

Cable Conductor Material Cu

Cable Operational Voltage 66 [kV]

Cable Rated Voltage Range 3C: 10 - 90 [kV]

Maximum Cable Cross Section to be utilised 800 [mm^2]

Cable Rated Current 0.775 [kA]

Cable Current (mult iplied with 0.9 - Jtubes, etc.) 0.6975 [kA]

FOR GIS - MAX Loading

WTGs TO EACH STRING / STRINGS TO EACH GIS

Maximum No of WTGs per Cable 8

No of these Cables per GIS / No of STRINGS per GIS 3

Maximum No of WTGs per String 8

Utilization of the Cable for Max No of WTGs per String 100 [%]

Minimum No of WTGs per String 7

Utilization of the Cable for Min No of WTGs per String 88 [%]

Total No of Strings per GIS 3 Combined

FOR GIS - MAX Loading

 |          
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In each array, the WTGs are connected with 400mm2 Cu-XLPE sub-array cables. The length of 

each sub-array cable connecting the WTGs is assumed to be 1km, while each of the twelve 

800mm2 Cu-XLPE array cables is assumed to be 2km long. In Table 3-13Σ ǘƘŜ ŎŀōƭŜǎΩ ŜƭŜŎǘǊƛŎŀƭ 

ǇŀǊŀƳŜǘŜǊǎ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ !..Ωǎ ǎǳōǎŜŀ ·[t9 ŎŀōƭŜǎ ŎŀǘŀƭƻƎǳŜ ŦƻǊ ссƪ± ƻǇŜǊŀǘƛƻƴ ŀǘ рлIȊΦ 

Table 3-13: Medium Voltage - 66kV - Array and Sub-!ǊǊŀȅ {ǳōƳŀǊƛƴŜ ·[t9 /ŀōƭŜǎ όɮɰɰύΦ 

 

The total 704MW OWPP block is integrated to the grid through one 345kV XLPE-LFAC subsea 

export cable. Several cases with various export cable lengths have been studied for up to two 

of these blocks interconnected at their OCS through an LFAC cable, assuming a total installed 

capacity of approximately 1,400MW. Each OWF block acts as a separate unit facing the 

offshore LFAC TS side, although the 66kV medium voltage system is represented. 

 

3.3 Offshore LFAC Transmission System Layout  

In the OWPP platforms, mentioned above, the 66kV medium voltage level is raised to a 

suitable level for transmission by means of LFAC step-up transformers. The 345kV voltage 

level has been selected as the offshore LFAC transmission system voltage with the 

advantages of this choice explained in Chapter 2. The power is then transferred through the 

submarine LFAC cables to the onshore frequency converter station and subsequently 

converted for integration to the 50Hz AC grid. 

Depending on the distance from shore, for 704MW power transmission, one submarine 

export cable can be sufficient as suggested in Chapter 2. Thus, one OCS with a single topside 

can be considered at the offshore platform for a radial, point-to-point transmission 

arrangement. In this study, the onshore frequency converter is assumed to be placed in one 

single substation site too, for every 704MW OWF power block as can be seen in Figure 3.10.  

 
Figure 3.10: Simplified Representation of a PtP Scheme Integrating a 704MW OWPP Block to the Grid. 

800 mm2 Cu-XLPE 400 mm2 Cu-XLPE 

Ccab 3.50E-07 2.60E-07 [F/km]

Lcab 3.20E-04 3.50E-04 [H/km]

Rcab 2.96E-02 5.14E-02 [ohm/km]

Insulation Capacitance per km

Meas.Cable Inductance per km

Meas. Cable Resistance per km

CABLE ELECTRICAL RESPONSE-ABB Submarine Power Cables

6 x 141 MVA  
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For the 1400MW meshed offshore LFAC system arrangement outlined in Figure 3.11, two of 

the above-mentioned Point-to-Point schemes can be interconnected in their offshore 345kV 

side though an additional, identical submarine cable. This cable, depending on its length, may 

carry the full capacity from an OWPP cluster or even power coming from one grid, 

transferring it to a different grid or grid point. This concept may be extended to include more 

offshore generation sources and more grids. 

 
Figure 3.11: Offshore MT-LFAC System Integrating 1408MW OWF and Interconnecting different Grids. 

3.3.1 LFAC Transformer  

The LFAC transformer used in this analysis is based on the design calculations performed in 

Chapter 2, where a design with relatively increased core area and winding-number is 

estimated to compensate for the low frequency. The electrical parameters of the transformer 

are presented in Table 3-14. 

Table 3-14: LFAC Step-Up Transformer Electrical Parameters 

 

Transformer Total MVA 423 [MVA]

Total No of Step-Up Transformers in the Project 2

Base Operation Frequency 16.7 [Hz]

Nominal Voltage at the HV AC Trasmission Side 345 [kV]

Nominal Voltage at the MV AC Collection Point Side 66 [kV]

Transformer Type 3 Single Phase Tr

No of Units per Transformer 141 [MVA]

Winding Type HV AC Transmission Side Y

Winding Type MV AC Collection Point Side Y

Delta  Lags or Leads Y -

Transformer Positive Sequence Leakage Reactance 0.07 [pu]

No Load Losses 0.00016 [pu]

Copper Losses 0.00233 [pu]

COLLECTION POINT - SUBSTATION

Step-Up Transformers

6 x 141 MVA  

6 x 141 MVA  
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It is worth noting that an absolute change in frequency does not result in three times bigger 

transformer size as various factors contribute to its overall dimensions. According to the 

conclusions presented in the LFAC transformer design section, if the height restrictions 

defined by transportation constraints are considered, the leakage reactance of an LFAC 

transformer design would lie in the range of 6-10%. Thus, the leakage reactance selected is 

0.07p.u., which lies in lower p.u. value than the expected impedance at higher industrial 

frequencies, e.g. for a 50Hz or 60Hz. 

3.3.2 LFAC Export Cable  

The LFAC submarine power export cables adopted in this Thesis are based on the NEXANS 

design in coordination with HVDC TECH cable performance studies. All the transmission 

cables used for the specific LFAC transmission schemes are based on the 345kV-1400mm2 Al 

ŎŀōƭŜ ǿƘƛŎƘ Ƙŀǎ ōŜŜƴ ǎŜƭŜŎǘŜŘ ŦƻǊ ǘƘŜ ǊŜŀǎƻƴǎ ŜȄǇƭŀƛƴŜŘ ƛƴ ǘƘŜ ΨSubmarine LFAC Export Cable 

5ŜǎƛƎƴΩ ǎŜŎǘƛƻƴ 2.2.2. The electrical parameters of this cable are given in Table 3-15. 

Table 3-15: 345kV Submarine LFAC ς XLPE Export Cable Electrical Parameters (NEXANS). 

 

¢ƘŜ ƭŜǾŜƭ ƻŦ ŘŜǘŀƛƭ ƛƴ ǊŜǇǊŜǎŜƴǘƛƴƎ ŀ ŎŀōƭŜΩǎ electrical characteristics depends on the study 

requirements, as there is always a trade-off between cable parameter accuracy and simplicity 

of the model. Thus, models can be based on lumped or distributed parameters throughout 

the cable length and on constant or frequency-dependent parameters [110]. As this work 

aims at the detailed analysis of the LFAC TS, the explicit characteristics of the subsea cable 

are examined in Chapter 4, with distributed and frequency-dependent parameters 

representation for accurate investigation of its response in a broad frequency spectrum. 

In this section, a simplified estimation of the submarine cable electrical parameters is 

intended throughout its length as well as the sizing of the corresponding compensating 

reactors. TƘŜ ŜǉǳƛǾŀƭŜƴǘ ˉ-circuit representation for various cable lengths is adopted, which 

can be used only for steady-state 16.7Hz assessment. A simple way to derive an equivalent 

-̄circuit and consider the travelling voltage waves is by developing the cable system as a 

quadrupole or a two-ports network. The complete rating and appropriate planning of the 

required active and passive compensating measures can be defined after the detailed 

frequency, steady-state and time-domain assessments of Chapters 5,6,7, respectively. 

1400mm2 Al - XLPE

Ccab 1.73E-07 [F/km]

Lcab 4.19E-04 [H/km]

Rcab 3.07E-02 [ohm/km]

Imax 1.5 [kA]

LFAC CABLE ELECTRICAL RESPONSE - NEXANS

Insulation Capacitance per km

Meas.Cable Inductance per km

Meas. Cable Resistance per km

Total Current Limit
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Based on the 345kV submarine LFAC - XLPE export cable electrical parameters supplied by 

the manufacturer, the total impedance and admittance of the cable system can be yielded 

by the equations below [110]: 

ὤ Ὑ Ὦ‫ὒ               (3.9) 

ὣ Ὦ‫ὅ        (3.10) 

Where: ̟ e=105.93 rad/s is the operating angular frequency corresponding to fe=16.7Hz. 

The characteristic or "surge" impedance (Zc) is defined as:  

ὤ                          (3.11) 

¢ƘŜ ǿŀǾŜ ǇǊƻǇŀƎŀǘƛƻƴ Ŏƻƴǎǘŀƴǘ όʴύ ƛǎ given by Equation (3.12). 

‎ ὤ Ͻὣ ‌ Ὦ‍              (3.12) 

WhereΥ ʰ ƛǎ ǘƘŜ ǊŜŀƭ ǇŀǊǘ ƻŦ ǘƘŜ ǇǊƻǇŀƎŀǘƛƻƴ ŎƻƴǎǘŀƴǘΣ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ǘƘŜ ŀǘǘŜƴǳŀǘƛƻƴ 

όbǇκƳύ ŀƴŘ ʲ ƛǎ ƛǘǎ ƛƳŀƎƛƴŀǊȅ ǇŀǊǘ ǿƘƛŎƘ ǊŜǇǊŜǎŜƴǘǎ ǇƘŀǎŜ ǾŜƭƻŎƛǘȅ όǊŀŘκƳύΦ 

The Surge Impedance Loading (SIL) for the cable is: 

ὛὍὒ
ȿ ȿ

                  (3.13) 

The propagation speed (ve) for lossy cable can be calculated as:  

ὺ
Ͻ

           (3.14) 

Finally, the Travelling Wavelength ()˂ is:  

‗               (3.15) 

The above characteristic cable parameters are calculated and presented in Table 3-16. They 

are independent of the cable length, but they are affected by the operating frequency. For 

this reason, these results are only simplified estimates at the fundamental of 16.7Hz. 

Table 3-16: 200km LFAC ς XLPE Export Cable Characteristic Parameters. 

 

Zcab 0.0307+0.044i [ohm/ km]

Ycab 0.000018 [Siemens/ km]

Zc 52-16.3i [Ohm]

ʴ 0.000296+0.00094i [km^-1]

SIL 2184 [MW]

ve 117408 [km/ s]

˂ 7030 [km]Traveling Wave Length

1400mm2 Al - XLPE - LFAC Cable Characteristics

z

y

Characteristic Impedance

Propagation Constant

Surge Impedance Loading

Propagation Speed
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From Equation (3.15), the travelling wavelength is inversely proportional to the operating 

frequency, and thus, for the low operating frequency of 16.7Hz, the wavelength is larger in 

comparison with 50Hz for the same cable length. This fact enables the initial estimation of 

the cable equivalent lumped parameters through the quadrupole representation as the 

travelling wave passes through it with less time delay in comparison with 50Hz operation. 

Since, the quadrupole modelling depends on the length of the transmission medium and the 

cables examined here can be relatively long (e.g. up to 400km) in comparison with the cable 

ǿŀǾŜƭŜƴƎǘƘΣ ǘƘŜ ǘǊŀǾŜƭƭƛƴƎ ǘƛƳŜ όˍύ ŀǎ ƎƛǾŜƴ ōȅ 9ǉǳŀǘƛƻƴ (3.16) of the electromagnetic waves 

shall not be neglected. 

†                     (3.16) 

Therefore, the evolution of the travelling waves and the refraction at the cable ends should 

be taken into account. In order to obtain the equations of the power cable at 16.7Hz, the 

two-port (ABCD) network equivalent is adopted as presented in Figure 3.12. 

 
Figure 3.12: Two-port, ABCD Network Equivalent for LFAC Cable. 

The ABCD are the parameters of the Transmission Matrix as given in Equation (3.17) [102].  

ὠ
ὠ

ὃ ὄ
ὅ Ὀ

Ͻ
Ὅ
Ὅ

                  (3.17)   

Where A, B, C and D are defined by Equations (3.18-3.20), and each parameter represents: 

A) For open-circuit output: the voltage ratio between the two ports. 

B) For short circuit output: the negative transference impedance. 

C) For open-circuit output: the transference admittance. 

D) For short circuit output: the negative current relation. 

ὃ Ὀ ÃÏÓÈ‎Ͻὰ           (3.18) 

ὄ ὤϽÓÉÎÈ‎Ͻὰ           (3.19) 

ὅ ϽÓÉÎÈ‎Ͻὰ           (3.20) 



66 

 

Three of the above terms are enough to model OTLs and cables with less than 500km, 

although the first two terms are usually enough in most cases. Consequently, the equivalent 

ŎƛǊŎǳƛǘ ŦƻǊ ƭƻƴƎ ŎŀōƭŜǎ ƛǎ ŀƴ ŜǉǳƛǾŀƭŜƴǘ ϦˉϦ ŎƛǊŎǳƛǘ ŀǎ ŘŜǇƛŎǘŜŘ ƛƴ Figure 3.13, that its impedance 

(Z̄ ) and admittance (Ȳ ) can be expressed as follows: 

ὤ ὄ           (3.21) 

ὣ ςϽ               (3.22) 

 
Figure 3.13: Two-Port Oriented to a Cable ʃ-Circuit System in the Phasor Domain. 

¢ƘŜ ǘǊŀƴǎƳƛǎǎƛƻƴ ƛƳǇŜŘŀƴŎŜ ŀƴŘ ŀŘƳƛǘǘŀƴŎŜ ƻŦ ǘƘŜ [C!/ ŎŀōƭŜΩǎ -̄circuit for a length of 

200km are projected in Table 3-17, while Table 3-18 shows its calculated parameters for 

various cable lengths. 

Table 3-17: LFAC Export Cable ʃ-Circuit Impedance and Admittance for 200km. 

 

Table 3-18: LFAC Export Cable ʃ-Circuit Parameters for Various Lengths. 

 

The reactive power consumption (QL) and generation (QC) occurring in the LFAC cable is: 

ὗ
Ѝ

Ͻὢ ȟ            ὗ                 (3.23) 

The charging current (Ich) is given by Equation (3.24), while the total (Itot) by Equation (3.25). 

Ὅ
Ѝ
‫ Ͻὅ          (3.24) 

Ὅ
Ѝ

Ὅ            (3.25) 

Thus, the total cable power losses (PLtot) can be estimated by Equation (3.26), while Table 

3-19 shows the corresponding LFAC cable electrical performance for various cable lengths. 

ὖ σϽὍ ϽὙ             (3.26) 

Z_ 6.074+8.776i [ohm]

Y_2 3.4E-06+0.00182i [Siemens]

Transmission Parameters Cable Length 200km

[km] 50 100 200 300 400

Ccab_pi [F] 8.65E-06 1.73E-05 3.47E-05 5.22E-05 6.99E-05

Lcab_pi [H] 2.10E-02 4.19E-02 8.36E-02 1.25E-01 1.66E-01

Rcab_pi [ohm] 1.53E+00 3.06E+00 6.07E+00 8.99E+00 1.18E+01

Gcab_pi [ohm] 2.64E-08 2.11E-07 1.70E-06 5.77E-06 1.38E-05

[C!/ /ŀōƭŜ  ʃπ/ƛǊŎǳƛǘ Ϫ ±ŀǊƛƻǳǎ [ŜƴƎǘƘǎ

EQUIV. Insulation Capacitance

EQUIV. Cable  Inductance

EQUIV.  Cable Resistance

EQUIV.  Cable ADMITANCE
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Table 3-19: LFAC Export Cable Electrical Performance based on ʃ-Circuit Analysis, for Various Lengths. 

 

Figure 3.14, below shows the LFAC cable total current and losses for increasing cable length. 

It is evident that as cable length increases, the MW/km losses of the cable rise, as shown in 

Table 3-19, causing the total cable MW losses to upsurge in a non-linear manner. 

 
Figure 3.14: LFAC Cable Total Current and Power Losses vs Cable Length. 

3.3.3 Reactive Power Compensation  

Appropriate reactive power compensation should also be advocated wherever it is needed 

in the transmission scheme. This may be applied either in one or both the onshore and 

offshore sides of the cable. More specifically, active compensation could be applied in both 

sides if necessary, by utilizing the VSC-MMC control arrangements at the LFAC side of the 

onshore frequency converters and the reactive power capability of the corresponding OWPP 

blocks in order to achieve relatively even-loading in the export cables operating at 16.7Hz.  

However, if additional active or passive compensation equipment (e.g. by means of 

STATCOM or shunt reactors) are considered essential, it would be more beneficial from an 

economic feasibility perspective to be installed only at the onshore side of the corresponding 

cables. In this work, the application of compensating reactors is considered only onshore for 

all the proposed topologies in an attempt to alleviate the weight and free up premium space 

on the offshore station topside. 

[km] 50 100 200 300 400

QL~ [MVAr] 2.992 6.103 12.120 18.148 24.101

Ploss~ [MW] 6.260 12.749 25.171 37.317 48.861

QC~ [MVAr] 105.888 216.207 431.101 649.887 871.286

Ich~ [kA] 0.181 0.362 0.725 1.091 1.462

It~ [kA] 1.182 1.192 1.233 1.298 1.386

[MW] 6.425 13.050 27.690 45.465 67.822

[MW]/km 0.129 0.130 0.138 0.152 0.170

LFAC Cable Electrical Performance

Cable Reactive Power Consumption

Cable Power Losses

Cable Reactive Power Generation

EQUIV. Charging Current

EQUIV. Total Current

EQUIV. Total Cable Losses Pltot~
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From this simplified LFAC cable analysis, an approximation of the reactive power to be 

compensated and the corresponding inductance needed can be indicated by Equations (3.27-

3.28). The values for various cable lengths are calculated in Table 3-20. In Chapter 5, detailed 

load-flow analysis specifies an accurate reactive power compensation for the scheme. 

ὗ ὗ ὗ        (3.27) 

ὒ
Ͻ

      (3.28) 

Table 3-20: Indicative Reactive Power Compensation of the LFAC Export Cable for Various Lengths. 

 

 
Figure 3.15: Approximate Reactive Compensation of LFAC Cable and Shunt Reactor Size vs Cable Length. 

3.3.4 System Impedance Damping  

System impedance damping measures may be needed in certain cases depending on both 

the loci of the low order harmonic frequencies on various spots of the respective LFAC 

topology and the control system configurations of the frequency converters. Figure 3.16 

presents the export cable impedance for operation at the fundamental frequency (16.7Hz) 

up to the fifth harmonic order (83.5Hz), when the distance from shore increases. These 

impedance curves are estimated based on the simplified equivalent -̄model for long cables 

as the cable length is much smaller than the travelling wavelength. 

In Figure 3.16, it can be inferred that by increasing the cable length, the ohmic impedance 

always increases and even more sharply for higher operating frequencies. Thus, when 

operating at higher frequencies, the cable resonance point is much closer to the fundamental 

frequency or in much lower harmonic order level. 

[km] 50 100 200 300 400
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Figure 3.16: Export Cable Impedance vs Cable Length, for Various Operating Frequencies. 

Although this can be another advantage of LFAC system operation, it shall be clarified that 

for the appropriate evaluation of such studies,  the frequency-dependent parameter 

representation of these cables should be considered, as in Chapter 4. 

 

3.4 Onshore BtB Frequency Converter  

In this study, the onshore frequency converter station that links the 50Hz AC grid at 400kV 

with the offshore 16.7Hz LFAC TS at 345kV is based on MMC-HVDC technology, as mentioned 

in Chapter 2. The BtB configuration is implemented for the onshore substation, which allows 

the interconnection of two asynchronous networks with different frequencies. It has one 

MMC Terminal at each end, as shown in Figure 3.17. The DC rated voltage level of 640kV or 

of σςπὯὠ is assumed in this work for the onshore frequency converter like many of the 

international projects that are rated at 700MW and use the MMC-HVDC technology, as 

presented in Chapter 2. Finally, if several steps are assumed for the MMC voltage, the AC side 

harmonic filters can be omitted, since the high number of modules allows almost sinusoidal 

output AC voltage waveforms. 

3.4.1 MMC Control Arrangements 

Real power can be transferred either from the 16.7Hz LFAC system to the 50Hz AC system or 

vice versa subject to the application, e.g. OWF integration, interconnected grids through 

meshed offshore LFAC transmission system, etc. In addition, the LFAC side converter should 

be capable of grid forming and grid following operation, as presented in Figure 3.17 and 

explicitly described in Chapter 6. 
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In the islanded LFAC TS, the 345kV voltage level and the 16.7Hz frequency must be imposed. 

Thus, the LFAC side MMC shall include black-start capability and be able to form the voltage 

waveform for the LFAC TS (grid-forming function). The other converters then apply grid-

following control and require a voltage reference to synchronize their real and reactive 

outputs [67]. On the other side, all the 50Hz grid facing MMCs shall establish the DC-Link 

voltage of the BtB schemes and fulfil the reactive power requirements at the PCCs. 

 
Figure 3.17: Onshore Frequency MMCs in BtB Configuration and Potential Control Arrangements. 

The reactive power generation and consumption of the MMCs may also be used for 

compensating the connected LFAC network. Currently, there is no standardized requirement 

for an offshore LFAC network, and each MMC Terminal has been rated to be able to operate 

with a power factor of 0.83, even when it transfers the maximum output power of a Wind 

Farm block, as can be seen on Table 3-21, where all per-unit values are computed using the 

corresponding AC side rated apparent power.  

Table 3-21: Back to Back MMCs AC System Electrical Data. 

 

Converter Name T1 T2

Control Strategy for d axis Vdc

Control Strategy for q axis Vac

Apparent Power 850 850 [MVA]

Real Power 704 704 [MW]

Maximum Reactive Power Limit 0.56 0.56 [pu]

Max Reactive Power @ Full Power Operation 476.0 476.0 [MVar]

Max Apparent Power @ Full Power Operation 850 850 [MVA]

PF 0.83 0.83

 AC Side Frequency 16.7 50 [Hz]

Islanded or P / Vac

B2B MMC ELECTRICAL DATA

MMC
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3.4.2 MMC System Configuration 

In MMC systems, the DC and AC terminals are connected through the three converter phase 

legs, each one comprising two converter multivalves, a positive and a negative, called arms. 

Each arm includes a number (N) of series or cascaded submodules (SMs) respectively and a 

corresponding arm reactor. The basic structure of a three-phase MMC is shown in Figure 3.18 

[66]. In this configuration, each AC or LFAC phase is divided into positive and negative arms, 

while in each DC side terminal there is one positive and one negative voltage output that 

corresponds to positive and negative arms. 

 
Figure 3.18: MMC Structure and Configuration. 

By adjusting the converter arm-voltages-ratio in each phase module, the required sinusoidal 

voltage waveform at the AC or LFAC terminal can be attained, while the DC voltage is equal 

to the overall voltage of the two converter arms in one phase unit. This means that the MMC 

acts as a controllable AC voltage source that provides fundamental-frequency output voltage 

waveform, adjusted by the desired active and reactive power output. Moreover, the 

generation of harmonics is prevented due to the number of possible discrete voltage steps 

through the switching of individual cells.  

The commercially available MMC modules can have either full or half-bridge cell 

arrangement. For HVDC transmission system with OTLs, the full-bridge configuration may be 

preferred due to its DC fault clearing capability to suppress the fault current. The half-bridge 

sub-modules (HBSMs), on the other hand, need the corresponding AC breaker opening, so 

they are used for submarine and underground transmission systems. Yet, HBSMs can be 

employed for BtB HVDC arrangements, due to the low probability of a DC fault. Also, an MMC 

with two-level full-bridge submodules requires twice the number of IGBTs of those with half-

bridge submodules, which also lead to higher cost and losses. 
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Consequently, the two-level half-bridge MMC technology available from most vendors is 

selected for the purposes of the onshore BtB frequency conversion in this work. In the 

following sections, the operational principles of the HBSM will be described, the estimation 

of the necessary HBSM number and capacitance, as well as the total arm/limb reactance and 

resistance in both sides of the BtB MMC-HVDC frequency converter, will be discussed. 

3.4.3 Two-Level MMC and Half-Bridge Sub-Module (HBSM) 

The main components of each half-bridge sub-module are the two IGBTs with freewheeling 

diodes in antiparallel, forming a two-level half-bridge scheme that connects to a capacitor 

unit, as shown in Figure 3.18. It also contains a bypass-switch to isolate the module from the 

circuit in the event of an IGBT failure, a thyristor for overcurrent protection of the lower diode 

in case of DC fault, auxiliary components and electronics. 

 
Figure 3.19: MMC - HBSM Operation Modes. 

The table in Figure 3.19 above illustrates the potential conduction modes of operation for a 

half-bridge submodule [90]. The HBSMs are two-level devices that can be switched between 

an ON state with full module voltage (+V: effectively equal to the SM capacitor voltage) and 

an OFF state with no module voltage (0V) through gate signals to the two valves T1 and T2 

respectively, for both current directions. Hence, if T1 is switched on, either the IGBT or the 

freewheeling diode of the corresponding valve conducts, depending on the direction of the 

current, which defines whether the capacitor is being charged or discharged [107]. 

Therefore, with this topology, each of the individual sub-modules can be distinctly controlled 

in a cƻƴǾŜǊǘŜǊ ŀǊƳΣ ŀƴŘ ŜŀŎƘ aa/Ωǎ ŀǊƳ Ŏŀƴ ōŜƘŀǾŜ ŀǎ ŀ ŎƻƴǘǊƻƭƭŀōƭŜ ǾƻƭǘŀƎŜ ǎƻǳǊŎŜΣ ǿƛǘƘ 

the minimum voltage variation being equal to the HBSM capacitor voltage.  Finally, in blocked 

state both switches are off and depending on their voltage and currents, only freewheeling 

diodes may conduct, restricting current flow in one of the two possible directions and making 

this converter unable to suppress DC side faults which necessitate the utilization of AC circuit 

breakers for the development of such a fault protection scheme.   
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3.4.4 PWM Technique  

To date, the commonest MMCsΩ modulation methods are the Multi-Carrier PWM techniques, 

which are classified based on the spatial distribution of their carrier waves, comprising the 

Phase-Shifted-Carrier Modulation (PSC-PWM) and the Phase-Disposition or Level-Shifted-

Carrier Modulation (PD-PWM) [73]. The carrier number and frequency depend on the 

amount of the MMC levels. For a high number of levels, the effective switching frequency 

increases and the THD can be very low (i.e. <2%), but the PWM method may result in being 

cumbersome due to a large number of submodules. Figure 3.20 shows PD (a) and PSC-PWM 

(b) triangular carrier waveforms being compared with a sinusoidal voltage reference. 

 
Figure 3.20: PWM Patterns for Two-Level MMC using HBSM: a) PD-PWM and b) PSC-PWM. 

The PSC-PWM technique is adopted in this Thesis for the onshore BtB MMCs as it has some 

distinctive features on top of suppressing the low-order harmonics. In contrast to the PD-

PWM, it can evenly distribute the power among the sub-modules and the semi-conductor 

stress, enabling better capacitor voltage balancing control. This point is critical as each sub-

module has different individual characteristics, and its switching is performed by a specific 

triangular carrier waveform which can produce dynamic voltage balancing issues. 

In PSC-PWM, the carrier frequency must not be integer multiple of the fundamental as it may 

cause the submodule capacitor voltages to diverge [73]. Thus, non-integer multiples of the 

fundamental frequencies are chosen here for both T1 and T2 MMC terminals. The HBSM 

switching frequency is set at 155Hz, converging the total count of switching per module to 

less than 150Hz ± 5%, while an amplitude modulation index of Mi=0.945 is selected.  

3.4.5 Number of HBSMs ς DC Voltage 

In order to keep the phase-leg voltage amplitude of the MMC constant and equal to the DC 

Voltage, the sum of inserted sub-module cells in each phase leg should also be kept constant. 

So, by inserting one sub-module in one arm, one other should be bypassed in the other arm 

respectively, at the same time. Additionally, to eliminate any DC offset in the AC voltage 

output of each phase leg, the corresponding arm voltage amplitude may vary between zero 

to the DC voltage with an average value of half the DC voltage.  
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Thus, the HBSM capacitors of each arm can share the DC voltage according to the number of 

cells per arm (N) and should be rated as the IGBTs, considering that the necessary blocking 

voltage for each arm should be equal to the full DC voltage and twice the DC voltage for the 

total phase leg. Therefore, the capacitor voltage balancing is essential, as unequal DC 

voltages generated in any of the converter phase legs may cause circulating currents. 

Table 3-22: Number of HBSM and Voltage Levels in the MMC. 

 

If an established 6.5kV IGBT module is employed for this application, the rated HBSM voltage 

can be set to 5kV, as can be seen in Table 3-22. A total number of 128 operating HBSMs is 

then needed to withstand the DC voltage of 640kV pole to pole accordingly, which is also the 

required number of HBSMs per arm, as can be inferred by: 

ὔ      (3.29) 

Supposing that a typical 10% policy for submodule redundancy is applied, then a total 

number of 846 HBSMs would be equipped, out of which only the 768 would be in use, and 

384 would be operating at every instance in each MMC of the back to back arrangement. 

3.4.6 HBSM Capacitance 

Theoretically, since the BtB MMCs that link the offshore 16.7Hz system to the 50Hz grid are 

equally rated with the same number of HBSMs, the passive equipment components of the 

MMC interfacing the LFAC network should be three times bigger in size and rating than those 

of the 50Hz grid side MMC. Though, slight differences result out of practical calculations. 

The choice of the HBSM capacitance value is always a trade-off between the capacitor size 

and its voltage ripple. A ripple in the range of ±5% can be considered acceptable for MMCs, 

and the required capacitance value can be estimated by specifying the deviation in the 

energy of the converter arm, according to an analytical method suggested by Marquardt et 

al. [104]. Moreover, stored energy over 30kJ per MVA of a converter rating can be adequate 

to achieve a voltage ripple factor ʁ ~ ±5%, as suggested in [130]. The projected HBSM 

capacitance value shown in Table 3-23, is calculated by : 

MMC Side @T1 @T2

SM Rated DC Voltage set 5 5 [kV]

IGBT Voltage rated 6.5 6.5 [kV]

N: Number of Operating MMC SMs per Arm 128 128

Total Number of Operating MMC SMs 768 768

SM Redundancy 10 10 [%]

Total Number of MMC SMs 846 846

Total Voltage Levels (N+1) 129 129

SM Number

MMC - SM Rating
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ὅ
Ͻ

ϽϽ
             (3.30) 

Where: ὅὛὓ is the sub-module capacitance (no redundant submodules assumed) 

VHBSM: the desired sub-module rated DC voltage 

WSM: the stored energy in each submodule per MVA 

ɲWSM: Variation in SM stored energy Ą ῳὡ  

             Where: ɲWarm: ±ŀǊƛŀǘƛƻƴ ƛƴ ǘƘŜ ǳǇǇŜǊ ŀǊƳΩǎ ǎǘƻǊŜŘ ŜƴŜǊƎȅ 

Table 3-23: HBSM Capacitance for the BtB MMC Terminals. 

 

Hence, for a ripple voltage of 10%, the value for the HBSM capacitor of the LFAC side MMC 

is estimated near Ϥтллл˃C ŀƴŘ ŦƻǊ ǘƘŜ I.{a ŎŀǇŀŎƛǘƻǊ ƻŦ ǘƘŜ рлIȊ ƎǊƛŘ ǎƛŘŜ ƴŜŀǊ Ϥнорл˃CΦ 

3.4.7 Arm Inductors 

The arm inductors, also known as limb inductors, have two main functions: 

1) They can limit the fault current rate of rise (di/dt) through the converter to suitable 

levels, for faults happening either in or out of the converter.  

The arm fault current should not exceed the value ƻŦ нл!κ˃ǎ ƛƴ any case [130]. This can 

be used as an initial criterion for a minimum value of arm reactor. According to SIEMENS, 

ǘƘŜ άI±5/ tƭǳǎέ aa/ ǎȅǎǘŜƳ ŜƳǇƭƻȅǎ ŎƻƴǾŜǊǘŜǊ ǊŜŀŎǘƻǊǎ ǘƘŀǘ ǎǳǇǇǊŜǎǎ ǘƘŜ Ŧŀǳƭǘ ŎǳǊǊŜƴǘ 

to tens of amps per microsecond against the most onerous conditions, such as a DC pole-

to-pole short-circuit fault. The value of limb reactance required to suppress the initial fault 

current rate- of-rise to less than 20A/˃s can be derived by the Equation (3.31), assuming 

that for the time period between a fault inauguration and the IGBTs turn-off, the DC 

voltage is kept fairly constant [90]. 

ὒ
Ͻ Ⱦ

               (3.31) 

From Equation (3.31), the minimum arm inductor value is 16mH for the MMCs placed in 

both AC sides of the BtB scheme. It should be mentioned that the above limit can be 

considered for the LFAC side, only in the case that some minor modifications are 

considered in circuit breakerǎΩ ŘŜǎƛƎƴ ǘƻ ƻǇŜǊŀǘŜ ŀǘ [C!/Σ ŦƻǊ ǊŜŀǎƻƴǎ ǎǘŀǘŜŘ ƛƴ /ƘŀǇǘŜǊ нΣ 

e.g. to avoid the current chopping phenomenon.     

MMC Side @T1 @T2

ɲWarm: Variation in the upper armΩs stored energy 4.46 1.49 [MJ]

ɲWsm: Variation in SM stored energy 0.035 0.012 [MJ]

Wsm 0.087 0.029 [MJ]

Csm 7000 2350 [uF]

SM Capacitance

MMC - SM Rating
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2) They can limit the high-frequency arm current components such as the peak circulating 

currents.  

In normal operation, the converter upper and lower total arm currents of each phase-leg 

comprise three current components as described by the Equation (3.32), below: 

Ὅ Ὅ           (3.32) 

Where, Icirc is the circulating current caused by unequal DC voltages generated among the 

MMC phase legs or differences in the upper and lower arm voltages, e.g. due to different 

HBSM switching times. The Icirc is a negative-sequence current (a-c-b) at double the 

fundamental frequency, which distorts the arm currents and increases converter losses. 

They can be further suppressed through an additional Circulating Current Suppression 

Control (CCSC) mechanism.  

However, the minimum limb inductor value of 16mH calculated above may still result in 

unnecessarily high circulating currents even with the CCSC. Hence, the limb reactance may 

be increased further as a compromise between the reactor size and the circulating current 

magnitude. A general rule is that the selected parameters should be outside a region of 

potential resonances that occur in the circulating currents [107]. For the selected HBSM 

capacitance, the corresponding region can be calculated by: 

ὒ
Ͻ
Ͻ
Ͻ Ͻ

Ͻ Ͻ
     (3.33) 

Where, ̟ Υ angular frequency in rad/s, h: ƘŀǊƳƻƴƛŎ ƻǊŘŜǊǎΣ ǿƛǘƘ ƘҐнƴ όƴҐмΣнΣΧқύ 

According to [133] this harmful region has a lower limit defined by the 4th harmonic order 

and a modulation index of 0.1 (h = 4 and mi = 0.1) as well as an upper limit defined by the 

highest resonant frequency which is obtained from Equation (3.33), above, for h = 2 and mi = 

1. Hereafter, the converter should operate above the highest resonant frequency, so that the 

dependency on the arm resistance Rarm value eliminated, which should be as low as possible 

to avoid increasing losses. Hence, the following constraint is also imposed on the arm 

inductor and capacitor values: 

ὒ Ͻὅ
Ͻ

Ͻ
           (3.34) 

According to Equation (3.34), the MMC arm inductance that corresponds to the highest 

resonant frequency should be 173mH on the LFAC side and 57.5mH on the 50 Hz AC side. 



77 

 

The arm reactors in an MMC system could also be assumed to have the functionality of Type-

L filters and converter reactors in a two-level VSC system by enabling independent and 

continuous control of active and reactive power. Hence, the arm and converter reactors are 

finally rated at 0.2p.u. corresponding to 307mH of 16.7Hz LFAC side reactors and 102.5mH 

of 50Hz AC side reactors in order to avoid both the circulating current resonances and the 

fault current change rate limit, as they were also found to offer a satisfactory performance 

level when used in conjunction with the CCSC. 

3.4.8 Interface MMC Transformers 

The converter terminals are interfaced in both the AC and LFAC system sides through 

converter transformers. Their primary function is to transform the voltages of the 400kV AC 

and 345kV LFAC systems to a suitable level for the converters which is 370kV in both sides 

and to provide electrical isolation between AC and DC sides. The leakage impedance for the 

50Hz AC system transformer is 0.15p.u. and 0.07p.u. for the 16.7Hz LFAC transformer based 

on their MVA rating and they are much bigger than their corresponding resistance which may 

even be neglected in some power calculations.   

Table 3-24: MMC Transformer Specifications at both MMC Terminals. 

 

Table 3-24 shows the electrical parameters of the MMC transformers. Here, Delta 

connections are adopted to both AC and LFAC converter-side transformer windings in the 

case that MMCs apply a third harmonic injection technique which corresponds to zero 

sequence currents that can be blocked by a three-wire connection such as a delta 

transformer winding before entering the rest of the AC systems. 

 

3.5 Summary and Conclusions 

In this Chapter, offshore PtP and MT-LFC TS LFAC transmission schemes are designed, and 

their related equipment is specified and rated in detail. The PtP LFAC TS integrates a 704MW 

OWF to the grid through a long submarine export cable connected to frequency converters 

MMC Side @T1 @T2

Transformer Total MVA 850 850 [MVA]

Base Operation Frequency 16.7 50 [Hz]

Nominal Voltage at the Grid Side 345 400 [kV]

Nominal Voltage at the MMC Side 370 370 [kV]

Winding Type Grid Side Y Y

Winding Type MMC Side D D

Delta Lags or Leads Y lags lags

Transformer Positive Sequence Leakage Reactance 0.07 0.15 [pu]

MMC Transformer
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located onshore, while the MT-LFAC TS configuration connects two distant but similar OWFs 

in a meshed arrangement that also interconnects two different grids. The layout of each 

704MW OWPP system is explicitly defined by the 8MW Type-4 OWTGs, the 400mm2 Cu-XLPE 

sub-array and the 800mm2 Cu-XLPE array cables and the medium voltage collector system 

with 4 x 72.5kV GISs. 

Moreover, the electrical parameters of the high voltage components of the offshore LFAC TS 

schemes are determined. The LFAC step-up transformers are specified based on the design 

estimation of Chapter 2, with a leakage reactance of 0.07p.u. as the άƴŀǘǳǊŀƭέ ƭŜŀƪŀƎŜ 

reactance of an LFAC transformer lies in lower p.u. value than the expected at 50Hz or 60Hz. 

The LFAC export cable parameters supplied by the manufacturer are utilised to assess a 

ǎƛƳǇƭƛŦƛŜŘ ŜǉǳƛǾŀƭŜƴǘ ˉ-circuit for various lengths and estimate the size of the corresponding 

compensating reactors. Results show that as cable length increases, the MW/km losses of 

the cable rise, causing the total cable losses to upsurge non-linearly. It is also indicated that 

when operating at higher frequencies, the cable resonance point could be much closer to the 

fundamental frequency or in much lower harmonic order level, introducing the need for 

potential mitigation measures for the dynamic impedance of the system. 

Regarding the BtB VSC system of the equivalent OWTGs and the onshore BtB MMC-HVDC 

frequency converter system for integrating the LFAC TS to the grid, the following 

characteristics are specified: 

ü Potential control system principles  

ü Two-Level configurations  

ü DC voltage rating and PWM techniques  

ü The number of modules (in onshore MMCs) 

ü The suitable DC capacitance and DBR unit 

ü Converter reactors 

ü AC PWM Harmonic Filters (in the OWF VSI) 

ü Interface transformers 

Since the MMCs are equally rated in the BtB arrangement linking a 50Hz grid with an offshore 

16.7Hz system and having the same number of HBSMs, the passive equipment components 

of the MMC interfacing an LFAC network need to be rated almost three times higher than 

those of the MMC interfacing a 50Hz grid. This is obvious in the rating of the DC capacitors 

and arm or converter reactors, with slight differences in the result of the calculations.  
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Chapter 4: Frequency Domain Assessment 

4.1 Introduction 

The frequency response assessment of a transmission system and the evaluation of the 

impact that some main components have upon it can help to avoid undesired resonances 

and harmonics. Harmonic resonances occur in frequencies where the impedance of a system 

that contains inductors and capacitors has a minimum or a maximum. Such resonances 

should be seriously considered to avoid harmonic distortion issues that can cause a range of 

instantaneous and long-ǘŜǊƳ ƴŜƎŀǘƛǾŜ ŜŦŦŜŎǘǎ ƻƴ ŀ ǎȅǎǘŜƳΩǎ ǇŜǊŦƻǊƳŀƴŎŜ ŀƴŘ ŜǉǳƛǇƳŜƴǘΦ 

The resonance frequencies are of fundamental concern especially in offshore systems which 

comprise long submarine AC cables together with step-up transformers, shunt reactors, 

inter-array cables, wind collector system, etc. and their power sources are converter 

interfaced WTGs that demonstrate characteristic harmonic emission spectrums and power 

intermittency. The resonances in such systems can also be amplified when the offshore 

installations interact with a weak AC grid that has low short circuit capacity (SCC), making it 

difficult for the OWFs to comply with the grid code requirements at their PCCs [110]. 

The resonance interaction issue can be crucial in the case of islanded LFAC transmission 

system that is purely shaped among OWFs and HVDC converters without a straight 

connection to a strong grid [96]. There, the additional onshore back-to-back frequency 

converters may act as additional harmonic sources, apart from the fully converted WTGs [75].  

4.1.1 Frequency Analysis Objectives for LFAC TS 

The knowledge of the frequency response for the offshore LFAC TS during the system design 

stage can help to avoid wider harmonic propagation problems. System impedance may 

resonate near a harmonic frequency produced by VSCs and exacerbate the harmonic voltage 

or current of the circuit.  Typically, a parallel resonance can cause voltage THD amplification, 

and a series resonance can lead to high current THD at the resonant frequency. Except for 

the THD, a low-order resonance in the LFAC network could produce sustained overvoltages 

during transformer energisation or at fault-clearing which may damage the equipment. 

Therefore, the frequency domain analysis of the system is performed to detect resonance 

conditions that could excite harmonic voltages and currents and create potential system 

performance or stability issues. The frequency scan studies indicate the impedance of the 

system in various frequencies. They can be useful for designing the appropriate mitigation 
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measures (e.g. harmonic filters, converter control systems, etc.) to damp the system 

resonances and prevent interference with other components [111]. In this Thesis, the 

frequency scan analysis of the LFAC TS evaluates the equivalent system impedance at the 

onshore and offshore 345kV busbars as well as at the 66kV collector bus of the WTGs. The 

study assesses the frequency response of the LFAC subsea cable and the transmission system 

at normal operation, by varying some of the design parameters such as the cable length and 

OWF power dispatch characteristics. 

More specifically, static frequency scans are performed in the LFAC transmission system by 

ŀǇǇƭȅƛƴƎ ǘƘŜ t{/!5Ωǎ ƛƴǘŜǊŦŀŎŜ ǘƻ ƘŀǊƳƻƴƛŎ ƛƳǇŜŘŀƴŎŜ ǎƻƭǳǘƛƻƴ ŎƻƳǇƻƴŜƴǘ ŦǊƻƳ t{/!5 

master library at the standpoints of the power converters which are considered as potential 

harmonic sources. This frequency scanner tool is an impedance measurement module that 

ƛǎ ŀǇǇƭƛŜŘ ōŜǘǿŜŜƴ ǘƘŜ ǊŜǎǇŜŎǘƛǾŜ ƴƻŘŜ ŀƴŘ ǘƘŜ ƎǊƻǳƴŘΦ Lǘ ƎŜƴŜǊŀǘŜǎ ǘƘŜ ƴŜǘǿƻǊƪΩǎ ƘŀǊƳƻƴƛŎ 

impedance matrix in the phase domain at the corresponding points, starting from 1Hz and 

up to the harmonic frequency of interest. In the produced frequency scan graphs, the 

ǊŜǎƻƴŀƴǘ ǇŜŀƪǎ ƻǊ άǇŀǊŀƭƭŜƭ ǊŜǎƻƴŀƴŎŜǎέ ǊŜǇǊŜǎŜƴǘ ǾŜǊȅ ƘƛƎƘ ƛƳǇŜŘŀƴŎŜ Ǉƻƛƴǘǎ ǿƘƛŎƘ Ŏŀƴ ōŜ 

excited by harmonic current sources such as the fully-converted WTGs and result in 

substantial harmonic voltages. On the other hand, the dips or valleys in the graphs are the 

άǎŜǊƛŜǎ ǊŜǎƻƴŀƴŎŜǎέ ŀƴŘ ǊŜǇǊŜǎŜƴǘ ŀ ƭƻǿ ƛƳǇŜŘŀƴŎŜ ǇŀǘƘ ǘƻ ǘƘŜ ƘŀǊƳƻƴƛŎ ŎǳǊǊŜƴǘǎΦ 

In the following sections, the modelling of the system is described in frequency domain, and 

its resonant frequencies are examined for different LFAC TS topologies and LFAC cable 

lengths. The impact of these resonances on the system is analysed, and passive filtering 

options are proposed to establish a degree of effective damping. Finally, useful observations 

are yielded regarding the projected offshore PtP and MT-LFAC TS designs. 

 

4.2 System Frequency Domain Modelling 

There is a high number of system components that shape the offshore LFAC transmission 

ǎŎƘŜƳŜΩǎ ŦǊŜǉǳŜƴŎȅ ǊŜǎǇƻƴǎŜΦ Lƴ ǇŀǊǘƛŎǳƭŀǊΣ ǘƘŜ export and inter-array cables capacitance 

can create significant parallel resonance interaction with the 66/345kV LFAC step-up 

transformers in the offshore platform and the various converter transformers as well as the 

onshore cable shunt compensating reactors, the LCL filters of the OWTGs VSIs, etc. In parallel 

operation of two or more OWPPs located within close electrical proximity, it is also necessary 

to avoid resonance conditions among these plants and the associated system equipment. 
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It should be noted that there is no specific value of system impedance magnitude that can 

cause harmonic issues in the LFAC TS unless a sufficient level of background harmonic 

currents and voltages near the resonant frequencies excite its resonances. However, an 

offshore LFAC scheme will generally have multiple such harmonic sources as it may only be 

established among various frequency converters. In addition, the impedance at individual 

harmonics can significantly change if contingencies occur such as cable and transformer 

outages, or operating conditions change under routine system variations, e.g. changes in the 

ǎǘŀǘǳǎ ƻŦ ǊŜŀŎǘƻǊ ōŀƴƪǎ ƻǊ ²¢DǎΩ ŘƛǎŎƻƴƴŜŎǘƛƻƴΣ ŜǘŎΦ Lƴ ƎŜƴŜǊŀƭΣ ǘƘŜ [C!/ ¢{ ƛƳǇŜŘŀƴŎŜ 

should not be considered as a single value for each harmonic order as it may vary over a 

range in the R-X plane due to the system loading condition. Hence, the extent to which the 

transmission system should be explicitly modelled depends on the harmonic orders of most 

interest and the required accuracy over the specified frequency range. 

The measured harmonic impedance is characteristic of the specific system configuration and 

requires detailed modelling. Proper representation of the offshore LFAC TS impedance at all 

harmonic frequencies of interest is essential to quantify in detail all the probable harmonic 

issue. A complete harmonic analysis should be performed with manufacturer-provided data 

regarding the harmonic emission spectrum of the related equipment. The model of the 

offshore Multi-Terminal 16.7Hz part of the LFAC transmission system (MT-LFAC TS) 

developed in PSCAD-EMTDC for the passive frequency scan studies is realised as two OWF 

export LFAC systems that are interconnected at their offshore platforms, and it is shown in 

APPENDIX A. The system components in the frequency domain are explicitly described in the 

following sections. 

4.2.1 Modelling of the LFAC Subsea Cable 

Comprehensive submarine cable modelling is crucial to analyse the offshore LFAC 

transmission system frequency response. The very essence of employing LFAC technology to 

form offshore transmission systems is the considerably longer transmission distances that 

could be achieved through the subsea cables in comparison with the AC systems. This means 

that the LFAC transmission cables are of major importance for these systems and their 

lengths will be significant. Modelling of such long cables as lumped circuits with constant 

parameters, as seen in Chapter 3, should not be used either for harmonic impedance studies 

or EMT dynamic simulations. Instead, distributed-parameter models based on travelling-

wave theory should be adopted.  
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There are several different ways to model the electrical parameters of an LFAC cable and 

selecting the most suitable model depends on the simulation study objectives. The available 

options for modelling cables electrical parameter are shown in Figure 4.1, according to [102]. 

Cable models are classified into two main categories according to the way they estimate its 

electrical parameters, namely lumped and distributed. The latter can be more precise for 

longer cables and can be calculated either by constant parameters that are mainly suitable 

for steady-state fundamental frequency analysis or by frequency-dependent parameters. For 

sufficiently accurate harmonic impedance analysis and EMT dynamic simulations in a wider 

frequency spectrum, cable models with frequency-dependent parameters can be used, 

although more accurate cable data are needed in the modelling procedure and increased 

computational effort during the simulation studies.  

 
Figure 4.1: Models for Cable Representation. 

As illustrated in Figure 4.1, frequency-dependent models can be represented either in the 

modal (J. Marti or Mode model) or phase domain (Idempotent or Phase model), and they 

have similar fundamentals such as their voltage-source based equivalent circuits, instead of 

ŎǳǊǊŜƴǘ ǎƻǳǊŎŜǎ ǳǎŜŘ ōȅ ƻǘƘŜǊ ƳƻŘŜƭǎΣ ŜΦƎΦ .ŜǊƎŜǊƻƴΩǎΦ They are distributed travelling-wave 

models, and they can be valid for greater cable lengths and a wider range of frequencies 

compared to the constant parameter models. The fact that the resistance is distributed along 

with its reactance across the cable length and is not lumped at the endpoints allows 

modelling the distributed nature of the losses, while both the characteristic impedance (ɵ0) 

and the propagation constant ( )ɹ are dependent on the frequency. 



83 

 

However, the Frequency-Dependent Mode model may not be as accurate for short lines or 

at low frequencies, due to limitations in the time-domain system which assumes constant 

modal transformation and can only be accurate for modelling balanced systems [110]. On 

the other hand, the Phase model (FDPM) solves the problem of modal transformation 

matrixes by calculating the propagation wave in the phase domain. Thus, it allows accurate 

simulation of unbalanced AC/DC systems and provides a more accurate frequency-

dependent representation for cables. In this Thesis, the frequency-dependent Phase model 

is selected for modelling the subsea LFAC transmission cables. Below, this method is 

evaluated, and its accuracy is discussed. 

4.2.1.1 The Distributed Parameters ς Frequency-Dependent Phase Model 

According to PSCAD EMTDC user guide, the frequency-dependent phase model provides the 

most accurate cable representation method. It is based on the Universal Line Model (ULM) 

theory and operates on the principle that the frequency dependence of a cable can be 

represented by fitting two separate matrix transfer functions, namely the characteristic 

admittance YC(s) and the propagation function H(s). The equivalent circuit of this cable model 

(the idempotent model) is depicted in Figure 4.2 

 
Figure 4.2: Frequency-Dependent Phase Cable Model Equivalent Circuit. 

According to Figure 4.2Σ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ŀǊŜ ŘŜǊƛǾŜŘ ŦǊƻƳ ǘƘŜ άǘŜƭŜƎǊŀǇƘŜǊΩǎ ŜǉǳŀǘƛƻƴǎέΥ 

ὣϽὠ Ὅ ὣϽὠ Ὅ ϽὌ            (4.1) 

ὣϽὠ Ὅ ὣϽὠ Ὅ ϽὌ            (4.2) 

Where:  Ὄ ὩЍ , is the propagation function matrix and ɹ  is the propagation constant. YC 

is the characteristic admittance matrix. Vk, Ik and Vm, Im are the node voltages and injected 

current vectors at k and m ends that also cause incident and reflected currents in the scheme. 
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H(s) and YCόǎύ ŀǊŜ ŎŀƭŎǳƭŀǘŜŘ ƳǳƭǘƛǇƭŜ ǘƛƳŜǎ ōȅ t{/!5Ωǎ [ƛƴŜ /ƻƴǎǘŀƴǘǎ tǊƻƎǊŀƳ ό[/tύ ŀǘ 

discrete points in the frequency domain, and the resulted representation is used for the 

harmonic impedance studies performed in this Chapter. Then, they are approximated using 

curve fitting methods and replaced by equivalent low-order rational functions, to allow time 

domain migration using computationally efficient recursive convolution techniques of PSCAD 

EMTDC. Hence, this cable model can also be used for the dynamic EMT simulation studies of 

the LFAC transmission system. 

The subsea cable modelling procedure in PSCAD requires some basic physical and 

geometrical characteristics as inputs to estimate the equivalent electrical impedance and 

admittance matrixes and produce the cable Frequency-Dependent Phase Model. However, 

the input template provided by PSCAD comprises scalable concentric, circular and 

homogeneous conductor - insulation layers and its graphical representation is depicted in 

Figure 4.3. These may approximate but not accurately represent complex cable structures 

that may have different layer types (e.g. semiconductors) or other physical characteristics 

such as different fill between conductors, segmental or non-concentric strands, etc. 

Therefore, the calculated output FDPM parameters represent the input parameters but may 

not reflect the actual cable electrical characteristics. 

 
Figure 4.3: Graphic Representation of the Three-Phase XLPE cable in PSCAD. 
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For the reasons mentioned above, to explicitly represent a subsea cable in PSCAD, some input 

parameters of the default template need to be adjusted, as demonstrated in APPENDIX A 

[102]. The purpose of this correction is to match the cable electrical parameter values 

calculated by PSCAD with those measured by the cable manufacturer (NEXANS), as described 

in Chapter 2 and 3. Therefore, some parameters of the conductor, shield and insulation of 

the LFAC cable as well as the sea (burial) depth below the ground surface are adapted for 

PSCAD modelling. 

4.2.1.2 Frequency Response of the LFAC Subsea Cables 

The analysis of the impact that each element has on the LFAC TS impedance profile is the first 

step to identify undesired system resonances and optimise its design. The frequency scan of 

the 345kV XLPE-1400mm2-Al LFAC cable is performed using the harmonic impedance 

solution component of PSCAD. Figure 4.4 shows the difference between the frequency 

response of the FDPM against a -̄model equivalent of the same 200km cable as calculated 

by PSCAD EMTDC. Although the ̄ -model provides the same impedance value at fundamental 

frequency, it does not accurately represent the cable properties at other frequencies. 

 
Figure 4.4: Impedance Profile Difference of FDPM vs. ʃ-Circuit Model of the XLPE-1400mm2-Al LFAC Cable. 

Figure 4.5a) and b) depicts the examined FDPM LFAC cable impedance and resonance points, 

respectively, against frequency for different cable lengths without any other system 

elements connected to it and shows how the impedance of the cable varies with its length. 

 
Figure 4.5: a) Impedance vs. Frequency and b) Resonance vs. Harmonic Order Plots for various Cable Lengths. 
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It can be observed that as the cable length increases, the shunt capacitance increases and 

the point of the natural resonance frequency of the LFAC cable moves to a lower value. 

However, cable resistance increases too, introducing more losses and damping that result in 

a lower resonant impedance of the cable. Thus, for longer cables the first resonance moves 

towards lower frequencies (every time the cable length doubles, the resonant harmonic 

order drops to almost half), having lower magnitude. At the same time, higher-order 

resonant peaks occur more frequently with lower impedance magnitude in all other resonant 

frequencies, due to the higher damping offered by the increasing total resistance. 

As the capacitance of the export cable increases with its length, the problem of harmonic 

resonances becomes more prominent for long subsea cables, which dramatically affects the 

total system resonance, its operation and the other power system components. When the 

cable length is increased to 300km, its resonance occurs at 130Hz, and for 400km the cable 

resonant frequency appears at 94Hz which could be detrimental for typical HVAC operation 

of the system at 50Hz (i.e.~2nd order harmonic resonances) even without considering the 

rest of the system equipment that is inductive in nature or other phenomena related to the 

charging currents. Besides the cable itself, inductive transmission system components such 

as power transformers, shunt compensation and frequency converter reactors influence the 

resonant points as well, and they should also be included in the analysis. 

4.2.2 Cable Reactive Compensation Equipment 

Since the study concentrates on low order harmonics of the passive LFAC system, the usage 

of reactive power compensation equipment and power factor correction devices should also 

be accounted as they alter the system impedance. Equipment, such as shunt reactors, Static 

VAR Compensators (SVCs), STATCOMs, etc. introduce shunt inductance in the LFAC network 

and can resonate with the capacitive elements of the system. Here, cable shunt reactors are 

assumed only at the onshore side of the cable for its reactive current compensation, and they 

are represented as lumped equivalent inductors in series with a resistor having an X/R of 300, 

having the values estimated in Chapter 3. 

4.2.3 LFAC Transformers 

The above subsea cable assessment in frequency domain demonstrates the importance to 

evaluate the broader risk of potential system resonances for specific cable lengths. Since the 

LFAC step-up transformers are the main inductive components in the offshore LFAC 

transmission system, it is expected that inherent harmonic resonance issues could also be 
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related to the transformer leakage reactance, making it the main element for the transformer 

frequency-domain modelling. However, the transformer representation for harmonic 

analysis includes not only resistance and inductance connected in series but also accounts 

for its maximum X/R that occurs at a particular frequency. 

As mentioned in Chapter 2, the per-unit leakage reactance of a 16.7Hz LFAC transformer can 

be naturally lower than this of a 50Hz equivalent with the same MVA rating, due to the 

dielectric gaps and core sizes. Figure 4.6 shows the impedance vs. frequency profiles of the 

200km LFAC export cable alone and when connected only to the LFAC step-up transformers 

of the LFAC TS. Moreover, the impact of their leakage reactance (Xl) is showcased for the 

values of 0.15p.u. and 0.07p.u.  

 
Figure 4.6: Frequency Scans of the 200km Cable Alone and Connected to LFAC Transformers with Different Xl. 

It can be observed that the cable in conjunction with step-up transformers of the offshore 

platform can amplify low-frequency harmonics (inherently ~5th harmonic order for a 200km 

cable), without considering the converter transformers or the rest inductive and capacitive 

elements that are present in such an offshore power system. Furthermore, the lower the 

transformers relative leakage inductance in p.u., the higher the frequency of the ǎȅǎǘŜƳΩǎ 

first resonance and the lower its magnitude, whilst the fundamental 16.7Hz frequency 

impedance magnitude responsible for the system losses is also reduced. Notably, in Figure 

4.6, for a transformer leakage reactance of 0.07p.u., the resonance is 770 Ohm and appears 

at 78Hz (harmonic order of ~4.7) while for 0.15p.u.the resonance reaches 1266 Ohm at 59Hz 

(harmonic order of ~3.5).  

By examining Figure 4.7, the beneficial impact of the lower transformer reactance to the LFAC 

system impedance harmonics is obtained for various LFAC cable lengths. 
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Figure 4.7: Harmonic Order Impedance vs. Distance of LFAC Cable-Transformer pair for Xl: a) 7% and b) 15%. 

Thus, it can be inferred that in an offshore LFAC system configuration with specific subsea 

cable lengthΣ ǘƘŜ ǎȅǎǘŜƳΩǎ ƛƳǇŜŘŀƴŎŜ ŎƘŀǊŀŎǘŜǊƛǎǘƛŎǎ ŀǊŜ mainly a function of the step-up 

ǘǊŀƴǎŦƻǊƳŜǊΩǎ ƭŜŀƪŀƎŜ ǊŜŀŎǘŀƴŎŜ, and the OWTGs harmonic spectrum or the transformer 

inrush-magnetization current upon energisation may excite such system resonances. 

Consequently, a transformer design with lower Xl in p.u. is a better choice for this system if a 

reasonable trade-off with its cost can be attained.  

4.2.4 Offshore Collector System (OCS) Representation 

In an Offshore Collector System (OCS) the transmission mediums are the short submarine 

intra-array and array cables. The frequency scan results for a wind plant collector system shall 

include these cables as they contribute to parallel resonance due to the interaction of their 

shunt capacitance with the rest of the network. The modelling of each string-array is 

represented in PSCAD for the frequency domain analysis of the LFAC transmission schemes, 

as shown in Figure 4.8 

 
Figure 4.8: Array of 8 x OWTGs for Frequency Scan Studies. 

It is sufficient to model these submarine cables having a couple of kilometres length with 

simple ̄ -equivalent circuits since they can be considered relatively short and not allowing a 

travelling-ǿŀǾŜ ƳƻŘŜƭ ŀǘ ŀ ǎƛƳǳƭŀǘƛƻƴ ƛƴǘŜƎǊŀǘƛƻƴ ǎǘŜǇ ƻŦ рл˃ǎΦ ¢Ƙƛǎ ƛǎ ƻǇǇƻǎƛǘŜ ǘƻ ǘƘŜ ƳǳŎƘ 

longer export cables that are modelled with frequency-dependent parameters, as mentioned 

in 4.2.1.  
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4.2.5 OWTGs and Onshore Frequency MMC Representation  

As the LFAC TS  is formed among power converters, its impedance profile is highly dependent 

on the converter types and their control system response and is not explicitly reflected in the 

passive frequency scan assessment of this Thesis, but its impact is evaluated through the EMT 

dynamic performance studies of Chapter 7 for different VSC control strategies.  In this work, 

the static frequency scans of the LFAC TS indicate its impedance characteristics regardless of 

the implemented converter control systems, but they analyse the impact of the various 

passive components (e.g. Transformers, Cables, Filters, etc.) on the formation of the low-

order resonances of the system and examine its behaviour for various configurations. 

Subsequently, any passive mitigation measures that are introduced to alleviate the dynamic 

impedance of the system is designated neglecting the VSC control system arrangements. 

Thus, the Type 4 OWTGs being interfaced to the LFAC TS through their VSIs as well as the 

onshore LFAC side MMC Terminals can be considered to have low internal impedance at 

harmonic frequencies as viewed by the LFAC bus, and they are modelled as harmonic voltage 

sources with their equivalent converter impedance on the LFAC side without considering 

converter losses . This simplification is conservative as a voltage source is by definition a short 

circuit to ground in frequency scan studies while the actual converter harmonic impedance 

may exhibit a more damped resistive behaviour with low phase angle in steady-state 

operation and its losses contribute to system dynamic impedance damping as well [61]. 

Moreover, Type 4 WTGs are considered with their LCL harmonic filters, that are installed in 

the LFAC side of their VSIs. Henceforth, the LFAC system VSCs are modelled in the frequency 

domain, as shown in Figure 4.9 where the power output is represented as an impedance (Zc) 

in Ohms, which is an industry practice and has been used in related studies [92].  

 
Figure 4.9: VSC Model for Frequency Scans. 

Here, to estimate the influence that these power variations could potentially have, some 

resistive values of 0 to 100 Ohm can be assumed for the onshore MMC output impedance 

representation to account for probable steady-state conditions, while the OWF equivalent 

can be assumed to cover a range from 0 to 10 Ohm [92]. These impedance values could refer 
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to cases where either the number of WTGs in service or their output decrease. Figure 4.10, 

demonstrates PtP LFAC TS cases with 200km LFAC cable for which the harmonic resonances 

are plotted for various converter states. 

  
Figure 4.10: Impedance vs. Frequency Variation of the PtP LFAC TS with 200km cable, for various VSC states. 

It is evident that if Zc changes, it causes resonant points to change accordingly. More 

specifically, the increase of the equivalent OWF-VSI module resistance may somewhat 

reduce the system dynamic impedance magnitude, but also brings the resonance points to 

lower frequencies closer to 3rd harmonic order (~60Hz). Since the LFAC transmission system 

is formed exclusively among power electronic converters, it can be inferred that their 

dynamic operation can dominate the low-order frequency response of the LFAC TS by 

changing the frequency range and damping of its resonances. Conversely, as the operating 

state of the converters affects the dynamic impedance of the system, any probable non-

passive, unstable response of the connected VSCs might even reduce the system damping 

and cause instability.  

 

4.3 Export (PtP) LFAC TS Schemes without Filtering 

Frequency scan studies are performed at various LFAC export system points and the MV 

collector bus to identify the points of potential harmonic issues and any need for installation 

of damping filters tuned around the problematic frequencies according to the loci of the low 

order harmonic frequencies. The passive LFAC system without any damping filter is 

connected to the cable and the impedance variations with frequency are noticed for different 
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cable lengths as seen from the offshore and onshore 345kV busbars as well as the 66kV OCS 

busbar at the 16.7Hz side. The export system under investigation with the impedance 

measurement points is depicted in Figure 4.11, without showing the inter-array cables for 

simplicity, while the obtained results for 100-500km cable lengths are presented in the 

graphs of Figure 4.12. 

 
Figure 4.11: Simplified PtP LFAC TS Schematic with the Impedance Measurement Points. 

From the impedance measurement points shown in Figure 4.11, the graphs of Figure 4.12. 

are obtained. It is evident that in the investigated LFAC export system, every resonance 

measured at the offshore 345kV busbar has relatively higher magnitude than at the onshore 

busbar, while the lowest resonance levels of all cases are noticed at the 66kV OWF, compared 

at a per-unit scale. Accordingly, as the cable length increases, the resonant frequencies move 

lower due to the increasing cable capacitance and inductance but with lower magnitudes as 

well, because of the increasing cable ohmic resistance that produces natural damping.  

 

 
Figure 4.12: PtP LFAC TS Impedance Profiles vs. Frequency for various Cable Lengths. Measurements at 345kV 

Onshore and Offshore and at 66kV OCS. 

6 x 141 MVA  
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It can be observed that the LFAC export system harmonics are inherently amplified at low 

frequencies from 41Hz for 500km cable length to 90Hz for 100km cable and up to the 3rd 

harmonic order for up to ~350km cables respectively. Another drawback of increasing the 

cable length is system power losses which could further rise if potential passive mitigation 

measures are adopted. Except for the harmonic filter losses that depend on its rating, type 

and quality factor (Q), additional shunt compensation may also be required, further 

increasing ƭƻǎǎŜǎ ŀƴŘ ƧŜƻǇŀǊŘƛǎƛƴƎ ǘƘŜ ǎȅǎǘŜƳΩǎ ƻǾŜǊŀƭƭ ƭƛŦŜ ŎȅŎƭŜ ŎƻǎǘΦ 

The resonant frequency of the passive network for 100 to 300km cable length, lies between 

53-90Hz, which would have jeopardised the viability of an OWF export system operating at 

50 or 60Hz HVAC, while at 16.7Hz LFAC, this resonance lies still over its 3rd harmonic order. 

In the characteristic base-case comprising a 200km subsea cable that is also analysed in EMT 

ǎƛƳǳƭŀǘƛƻƴǎΣ ǘƘŜ ƛƴǘŜǊŀŎǘƛƻƴ ƻŦ ǘƘŜ ŎŀōƭŜΩǎ ŎŀǇŀŎƛǘƛǾŜ ŎƻƳǇƻƴŜƴǘ ǿƛǘƘ ǘƘŜ ƛƴŘǳŎǘƛǾŜ ǇŀǊǘǎ ƻŦ 

the LFAC TS provokes a resonance at 65Hz with a magnitude of 1147 Ohm (or 1365 Ohm 

offshore).  Depending on the operating mode of the system (e.g. energisation, full power, 

etc.), its resonance at that point may appear even lower than 60Hz, as seen in 4.2.5, 

rendering the frequencies around the 3rd and 4th harmonic order potentially problematic. 

Since the LFAC transmission system resonances can amplify the harmonic components of the 

OWPP and the onshore frequency converters, mitigation measures must be adopted.  

 

4.4 Harmonic Mitigation Measures 

In most OWPP applications with HVAC connections, the export cable lengths are generally 

not as long (i.e. <100km), and in the related HVDC configurations where the OWTG arrays 

feed into the HVDC platform, the AC cables that connect the OWPP collector stations (OCS) 

to the rectifiers together with the inter-array cables have relatively short lengths with 

resonances appearing in higher harmonic orders. Nevertheless, related harmonic 

amplification and propagation issues are reported in the literature for both offshore HVAC 

and HVDC transmission systems with the HVAC systems also being affected by the SCL of the 

system at the point of interconnection and the HVDC systems by the control settings of the 

offshore rectifier [134].  

In HVAC systems, these issues are tackled by employing passive or active harmonic filters or 

even a combination of passive filtering with FACTs devices such as STATCOMs, SVCs, etc. at 

the onshore substation. In HVDC systems, passive or active harmonic filters can be installed 
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in the offshore platform or potential offshore converter control enhancements for high-

frequency harmonics could be applied. In the island offshore LFAC export system 

configuration described in 4.3, the low-order harmonic resonances are mainly formed by the 

interaction between the impedance of the step-up transformers and the extensive high 

voltage cable system (i.e. >100 km). The resonant frequency of this system can range from 

6th to 2.5 harmonic order for 100-500km cable lengths, respectively, while the LFAC system 

can also be affected by the control settings of the onshore MMC terminal. Hence, to mitigate 

the dynamic impedance of the system, the installation of passive or active harmonic filters 

or the islanded-control strategy of the grid-forming converter shall be considered [2]. 

In the following section, passive filtering solutions are analysed as a potential mitigation 

measure. They are the most common approach for alleviating the harmonics in OWPPs and 

preventing from undesirable harmonic propagation into the transmission systems. If certain 

system conditions are not known, or if the filtering equipment needs to be placed at the 

offshore platform, then the more compact active filtering solutions employing converters 

may be more suitable although more expensive, as they can be dynamically adjusted and 

continuously kept in tune to system variations [133].  

Thus, the location of low-order passive resonant filters can be critical, as it can determine the 

impedance of the whole transmission system and affect the harmonic distortion and stability 

levels of the network.  There are practical and techno-economic factors that affect the 

harmonic filter location. From an economic perspective, offshore, it is possible to directly 

connect the passive filters in the medium voltage of the OCS, in contrast to the onshore side 

where only high voltage is available, but the increased cost of the premium space in the 

offshore platforms, and the access difficulties for maintenance purposes can make it less 

feasible solution.  From a practical perspective, if wider and meshed LFAC networks would 

be envisaged with LFAC inter-connected branches, then any extra filtering equipment that 

might be required would inherently necessitate bigger sized or even additional offshore LFAC 

platforms that could jeopardise the system flexibility and expandability.  

4.4.1 Passive Harmonic Filtering 

tŀǎǎƛǾŜ ƘŀǊƳƻƴƛŎ ŦƛƭǘŜǊǎ ŀǊŜ ŎƻƴƴŜŎǘŜŘ ƛƴ ǎƘǳƴǘ ŎƻƴŬƎǳǊŀǘƛƻƴ ŀƴŘ ǎǳǇǇǊŜǎǎ ǎǇŜŎƛŦƛŎ ƘŀǊƳƻƴƛŎ 

currents to their corresponding filter branches or by diverting them to ground. At these 

frequencies, the filter branches would present only the resistive part of their impedance. This 

way, they can prevent harmonic propagation from affecting the LFAC TS electric connection 
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infrastructure. Some of the most common passive harmonic filter designs in the industry are 

the single-tuned or notch filters, the single-damped, the c-type and the double-tuned 

damped filters [85], as shown in Figure 4.13.  

 
Figure 4.13: Harmonic Filters: a) Single-Tuned, b) Single-Damped, c) C-type, d) Double-Damped. 

As the notch type filter offers small bandwidth, it can lead to sharp resonances at non-

characteristic frequencies and produce undesirable resonant points that may be detrimental 

for a system with low order resonances. The single-damped and the c-type are second-order 

filters that are tuned to resonate at a single frequency, having similar impedance 

characteristics but offering better damping. In case there is a need for damping at two 

desired frequencies, then two of the above filters or the double-damped type filter may be 

used that has only one reactor subjected to full line voltage. In this study, the c-type filter is 

used as it can be designed to have minimum losses in fundamental-frequency operation and 

shunt to ground all frequencies above a specific harmonic. 

4.4.2 C-Type Filter Design 

The primary parameters that define the impedance characteristics of the damping filters are: 

× V: The system base voltage [kV]. 

× f or ̟ : The system frequency [Hz] or angular frequency [rad/s]. 

× h: The harmonic order for filter tuning. 

× vŎΥ /ŀǇŀŎƛǘƛǾŜ ǊŜŀŎǘƛǾŜ ǇƻǿŜǊ ƻŦ ǘƘŜ ŬƭǘŜǊ ώa±!ǊϐΦ 

× Q: The quality factor of the filter (Q=X/R) that defines its selectivity or tuning response. 

From Figure 4.13c), ƴŜƎƭŜŎǘƛƴƎ ǘƘŜ ŎŀǇŀŎƛǘƻǊǎΩ ŘƛŜƭŜŎǘǊƛŎ ǇƻǿŜǊ ƭƻǎǎ ŀƴŘ ǘƘŜ ǊŜŀŎǘƻǊΩǎ 

resistance, the c-type filter impedance can be expressed as [72]:  

ὤ‫ Ὦ
Ͻ

Ὦ        (4.3) 

The c-type filter is anticipated to provide damping of the system resonant impedance with a 

minimum amount of power dissipated across the damping resistor (R) at the fundamental 

frequency (f). For this reason, in Equation (4.3) the inductor (L) and the smaller capacitor (C2) 
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must be resonant or impedance matched at the fundamental frequency (̟2LC2-1=0). This 

way, further system resonance damping is achieved over a wide frequency range and lower 

filter power losses during normal operation, as the filter impedance at the fundamental 

frequency is determined only by C1, as follows: 

ὤ‫ Ὦ Ὦ            (4.4) 

Using the above fundamental filter characteristics (V, f, h, Qc, Q) as inputs, it is: 

ὒ                (4.5) 

ὅς            (4.6) 

Considering the total filter capacitance (Csd) as in a single-damped filter equivalent Figure 

4.13b), and C1, C2 of the c-type filter in a series connection, it is: 

               (4.7) 

Where: ὅίὨ Ͻ  

By the quality factor (Q) definition, the damping resistance value is yielded in Equation (4.8). 

Ὑ 1            (4.8) 

Except for these key filter specifications, an iterative design process is adopted to specify 

their suitable harmonic characteristics that includes EMT and frequency domain simulations 

for a range of system operating conditions. Since the power losses of this filter in steady-

state are lower than of a single-damped equivalent, Q can be set to lower levels, resulting in 

better damping of the LFAC TS resonance. In addition, the tuning points (h) of the filters are 

ǎǇŜŎƛŦƛŜŘ  ōŀǎŜŘ ƻƴ ǘƘŜ άL999 DǳƛŘŜ ŦƻǊ !ǇǇƭƛŎŀǘƛƻƴ ŀƴŘ {ǇŜŎƛŦƛŎŀǘƛƻƴ ƻŦ IŀǊƳƻƴƛŎ CƛƭǘŜǊǎέ 

recommendation, that suggests the tuning of the harmonic filters up to 15% below the 

resonant frequency in order to achieve satisfactory harmonic performance across the whole 

frequency spectrum, even in a case of slight filter-detuning [85].  

A combination of two c-type filters is utilised to mitigate the LFAC TS resonance of a base-

case with 200km cable. The total size of the filtering branches is selected at 300MVAr 

comprising of a 100MVAr filter tuned at 64Hz and a 200MVAr filter at 43Hz, while a Q=2 is 

used. Initially, the 4th ƘŀǊƳƻƴƛŎ ƻǊŘŜǊ ŦƛƭǘŜǊ ƛǎ ŀǇǇƭƛŜŘ ǘƻ ƳƛǘƛƎŀǘŜ ǘƘŜ ǎȅǎǘŜƳΩǎ ǊŜǎƻƴŀƴŎŜΣ ōǳǘ 

it produces a new resonance with lower amplitude, closer to 3rd harmonic order which is 
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damped by an additional 3rd order harmonic filter. This combination of c-type filters is 

depicted in Figure 4.14. 

 
Figure 4.14: Combination of C-Type Filters rated 200MVAr at 43Hz and 100MVAr at 64Hz with Q=2. 

Equivalent 300MVAr C-Type, Single and Double-Damped filters for the LFAC TS base-case 

with 200km cables are presented in Table 4-1, and their response characteristics are 

compared in Figure 4.15. 

Table 4-1: 300MVAr C-Type, Single and Double-Damped Filter Parameters for LFAC TS with 200km Cable. 

 

 
Figure 4.15: Filters Response Characteristics: Left-Impedance vs. Frequency Response, Right-Power Losses. 

It is evident that for similar design characteristics, the c-type filters can offer better damping 

at the frequencies of interest with lower losses at the fundamental frequency. 

H-Filter Type h f [Hz] Qc [MVAr] Q / ώ˃CϐL [mH] R [Ohm] /н ώ˃Cϐ

Single-Damped 2.5 42 200 3 13.5 1.1 843.2

Single-Damped 4.1 68 100 3 7.5 0.7 933.3

C-Type 2.6 43 200 2 16.0 1.3 577.8 72.1

C-Type 3.8 64 100 2 8.0 1.0 776.5 87.7

2.5 42 3 21 405 414

3.9 65 3 122 82 78
Double-Damped 300

LFAC TS- H-FILTERS-200km - 300MVAr/345kV
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In the above evaluation of the harmonic filter designs for the base case of 200km cable 

length, the c-type harmonic filters are the most practical solution in terms of the LFAC system 

impedance damping and power consumption. The implementation of such filters can 

improve the feasibility of the scheme compared to [2] where single-damped filters were 

employed, increasing the transmission system losses.  

The damping effect of the applied 300MVAr c-type filters on the PtP LFAC TS resonance is 

obvious in Figure 4.16, while the export system impedance after the c-type filter 

implementation can be seen in Figure 4.17. 

 
Figure 4.16: Effect of Harmonic Filter Implementation on the PtP LFAC TS Resonance for 200km Cable. 

 
Figure 4.17: PtP LFAC TS Impedance Magnitude and Angle Profile vs. Frequency, after the Implementation of 

the Harmonic Filter for 200km Export Cable Length. 

The phase angle in the above system impedance frequency scan diagram indicates the effect 

of damping on the resonances that appear. The undamped resonances of the system 

impedance can lead to undamped oscillatory behaviour of certain harmonic voltages and 

currents in the corresponding frequency range. This is why mitigation measures must be 

adopted, such as passive or active filters, or even damping through appropriate control 
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tuning or other resonance suppression control algorithms implemented in the MMC control 

system of the LFAC side terminal. 

From the LFAC export system impedance graphs for various cable lengths seen in 4.3, the 

magnitude of the undamped system harmonic resonance decreases with increasing cable 

length while its frequency falls to lower than 3rd harmonic order for cables longer than 

350km. Thus, for the 400km and 500km cable cases, the c-type filters should offer more 

damping in a single frequency to avoid tuning closer to 2nd harmonic order that could have 

been highly impractical. All the c-type filters tested are rated at 300MVAr and Table 4-2 gives 

their parameter specifications for different cable lengths of the PtP LFAC TS schemes. 

Table 4-2: C-Type Filter Parameters for PtP LFAC TS with various Cable Lengths. 

 

The impedance magnitude over frequency characteristics of the c-type filter designs for 

various cable lengths of the PtP LFAC TS are shown in Figure 4.18, below.  

 
Figure 4.18: Impedance vs. Frequency Profiles of the C-Type Filters to the PtP LFAC TS.  

In these plots, the lower the tuning frequency of the c-type filter, the less becomes the 

damping it can offer to higher frequencies for the same MVA rating and the higher its power 

consumption in the fundamental frequency can be, as presented in Table 4-2. However, as 

mentioned in 4.2.1.2, with increasing LFAC cable length, the resonant amplitude of the PtP 

LFAC TS becomes lower due to the increased cable resistance, offering natural damping to 

the system. 

Steady-State Losses

Cable Length [km] h f [Hz] Qc [MVAr] Q / ώ˃CϐL [mH] R [Ohm] /н ώ˃Cϐ [% MW/MVAr]

2.9 48 200 2 16.0 1.0 513.0 94.9

5.1 85 100 2 8.0 0.6 583.5 160.2

2.6 43 200 2 16.0 1.3 577.8 72.1

3.8 64 100 2 8.0 1.0 776.5 87.7

2.3 38 185 2.0 22.8 1.2 453.9 78.3

3.1 52 115 2.0 9.2 1.4 834.7 63.4

400 2.3 38 300 2.0 24.0 1.1 435.0 80.7 0.223

500 2.1 35 300 2.0 24.0 1.4 472.3 65.5 0.254

LFAC TS - C-TYPE FILTERS - 300MVAr/345kV

0.173

0.120

0.206

100

200

300
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4.5 Export (PtP) LFAC TS Schemes with Filtering 

The implementation of the c-type harmonic filters is shown in Figure 4.19, and their impact 

on the LFAC export system impedance for various cable lengths is shown in the impedance 

over frequency plots of Figure 4.20. 

 
Figure 4.19: Simplified PtP LFAC TS Schematic with Harmonic Filters and the Impedance Measurement Points. 

 

 
Figure 4.20: Impedance vs. Frequency Profiles of the PtP LFAC TS with Harmonic Filters. 

The LFAC export system impedance profile has been drastically improved, eliminating the 

undamped resonances noticed in section 4.3. Although the highest amplitude impedance 

points have been shifted to lower harmonic orders, they are effectively damped without 

posing concerns for either the steady-state system operation or transient response. 

Nevertheless, higher system losses shall be expected not only because of the c-type filtering 

active power consumption but mainly in case larger shunt reactors are needed to 

compensate for the added reactive power generation of the filtering equipment to keep the 

LFAC side MMC operating within its capability range. 

6 x 141 MVA  






































































































































































































































































































