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Abstract- This paper develops an integrated model of multi megawatt PV plant with HVDC (High 

Voltage Direct Current) or HVAC (High Voltage Alternating Current) network, using the specific 

software of power electronics PSIM. This model has been developed by functional blocks, including the 

photovoltaic field itself, the pertinent conversion units for the integration of each network as well as the 

network type for production. The models allow to obtain transmissions loss for any combination of the 

three variables on which they depend; network length (km), temperature (ºC) and irradiance (W/m
2
). To 

verify the validity of the model and demonstrate the distribution advantages of HVDC -even for 

relatively low-photovoltaic power plants in comparison to the common applications currently used in 

HVDC networks-, a case study has been used which has led to the conclusion that the use of HVDC 

networks may be convenient for this type of power generation plants. 

 

Keywords- HVDC networks, photovoltaic integrated model, PSIM software, electric power transmission 

lines, power converter.                                                                                 

 

ACRONYMS LIST 
 

MMWPV   Multi-megawatt Photovoltaic  

HVAC  High Voltage Alternating Current 

HVDC  High Voltage Direct Current 

HVDCGR  High Voltage Direct Current Ground Return 

HVDCMR  High Voltage Direct Current Metallic Return 

NOTC   Nominal Operating Cell Temperature 

STC  Standard Test Conditions 
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I. INTRODUCTION 

 

This research re-sparks the well-known War of Currents of the 19th century that had Edison, a 

proponent of DC and Tesla as the standard bearer of the AC [1]. From the current perspective, it is a 

challenge to discern a single winner; it is a long-established fact that such technological disagreement 

will result in a technical tie between both forms of electric transport and distribution, given the current 

technological momentum experienced by HVDC (High Voltage Direct Current) technology. 

Such momentum arises from its advantages, highly contrasted and derived from the absence of the 

capacitive and inductive phenomena in AC networks. Such capabilities can be summarized as follows 

[2]: 

- Great transport efficiency. DC can carry large amounts of electrical power over long distances. 

- Flexibility as it permits asynchronous interconnections. 

- Suitable for submarine links. 

These great benefits have propelled the proliferation of HVDC networks and consequently gaining 

ground to alternating current by transporting and distributing more megawatts year after year. Proof of 

this is the number of complete HVDC projects, in progress or about to be completed. A few of these 

projects are emblematic. Two of these examples include the HVDC link DC voltage to ± 500 kV of 

2004 in Three Gorges (Guangdong, China), capable of transmitting 3000 MW over 940 km [3] or, the 

HVDC interconnection link between France and Spain of October 2015, which transmits ± 320 kV and 

1400 MW of transport capacity [4]. 

   Much like its advantages, there is a plethora of literature devoted to its disadvantages, the following 

are worth noting [2]: 

- Higher cost of DC converters.  

- Higher harmonic generation 

- The intricate control employed in multi-terminal operations. The majority of the links are point-

to-point. 

    But perhaps the main technical hurdle that has had to overcome HVDC technology has been the 

lack of a suitable switch [3]; when an AC switch is opened, an arc continues driving the current between 

the contacts to the next zero crossing. Since the DC current does not have this useful pass through the 

zero value of the current, a different approach is needed, and this has for a long time prevented the 

development of more complex HVDC network topologies [3]. 

However, these drawbacks are being addressed and or minimized by new switches capable of opening 

circuits with high alternating current, such as the hybrid switch developed by ABB. This switch 

combines semiconductor technology for the rapid interruption of DC with a fast mechanical switch [5]. 

In addition, the costs of the converter stations are decreasing, thanks to the increase of production in the 

sale of units and their greater integration in the market. 

A direct consequence of HVDC's growing demand is the high expectations set forth by the sector in 

renewable energy generation based on its high efficiency in transportation and long distance 

transmission capabilities while incurring minimum transmission loss, giving Renewable Energies a 

fresh and hopeful boost. This is the case, for example, of the TuNur project [6], consisting of a large 

solar thermal plant that is intended to be built in the Sahara of Tunisia to supply electricity to Europe 

through an submarine cable of more than 600 km connected to the grid European in the Italian part. 

In this instance, it makes sense to use photovoltaic power plants in direct current since PV modules 

already produce direct current electricity from sunlight. Additional factors encourage a paradigm shift in 

the distribution of energy generated in these plants. These factors are as follows; 
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- The increased proliferation of DC powered equipment, such as the electric car, or LED lighting 

has prompted the review of low-voltage electrical distribution, and in some cases is being 

considered to generating power straight into DC, developing networks with a greater efficiency 

and cost reduction [7]. 

- The birth of a new type of solar PV power stations, of floating type, on areas of water reservoir, 

such as the one in Nishihira Pond of 1,7 MW or 1,2 MW Higashihara’s pond, both in the city of 

Kato, Japan, in operation since March 2015 [8]. This revolutionary design has increased 

production thanks to its cooling effect, solving the lack of space while reducing the evaporation of 

water reserves [9]. 

- Although the development of these floating photovoltaic fields is focused on reservoirs or the 

cited ponds, it opens the door for its use in maritime zones, emulating offshore wind farms. In 

fact, there are already PV modules on the high seas, prototypes and testing techniques for future 

use [10]. 

- In both cases, submarine type links would be required, and under these conditions, AC transport 

is limited to short distance, given the high capacitance of isolated conductors, as already 

indicated. 

   Unlike the typical applications of HVDC networks such as large and long-distance energy 

transports, connections between asynchronous systems and submarine links, this research has a different 

focus. This paper explores its use in similar networks such as the large photovoltaic power plants in the 

range of several megawatts, but with inferior power typically handled by HVDC links. 

Therefore, the fundamental objective of this study is the development of a simulation model for a grid 

connected multi-megawatt photovoltaic plant and its different technologies HVAC and HVDC. Such 

model can precisely detect energy losses incurred during distribution based on two of three variables 

that affect transmission, with the fixed network length; temperature, and irradiance. 

In this way, it will be possible to have a very useful tool in obtaining the critical distance of the links, 

in other words, the distance from which is most profitable to distribute in DC instead of AC, and that as 

a general rule is approximately between 800 and 900 km for aerial networks and 60 and 70 km for 

underground [11]. 

Another key aspect is verifying the suitability of small-scale HVDC links to distribute the production 

of multi-megawatt photovoltaic plants and determine if these plants can benefit from said advantages, 

which would undoubtedly lead to a greater integration and presence of Solar photovoltaic energy 

worldwide. 

In Section II, the various stages of work -that have been covered to achieve the objectives set out in 

the first section- are discussed along with a technical analysis of the conditions and functional requisites 

for the integration of the MMWPV plants into HVDC networks. This analysis culminates in a proposal 

of unit converter plant MMWPV - Network HVDC that will lay the foundation for the rest of the study. 

Subsequently, two working models of MMWPV plant are developed, including both HVDC and HVAC 

networks, figures 2 and 3. 

In section III, the models generated are applied to a specific case of MWPV plant, using real technical 

data of the integrating components and gathered from commercial catalogs. These elements have been 

previously modeled in a generic way (as already indicated) to obtain through the subsequent simulation 

the losses resulting from energy transportation according to the variables which define them including 

temperature (ºC) and irradiance (W/m
2
), and considering a specific length. This section concludes with a 

summary of results, table IV. 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 

Finally, section IV presents the most relevant conclusions based on the results including, the validity 

of the models, the technical and economic viability of the integration of MWPV into HVDC and the 

possible applications in both developed and developing countries. 

 

 

II. MATERIALS AND METHODS 

 

The simulation models were built upon a well differentiated four phase process: 

1) The phase of research and analysis of the PV plant elements including - distribution networks, with 

emphasis on the current situation and future trends or lines of development, taking as references, 

besides those indicated, the technical documentation of the leading manufacturers in the transport 

sector in HVDC, ABB, and Siemens. 

2) Block structured functional design of the required central converting unit (multi-megawatt 

photovoltaic plant connected to HVDC grid). 

3) Modeling the system, using PSIM power electronics software, following a modular strategy; 

photovoltaic field, central converter unit MMW PV connected to HVDC grid, central converter unit 

MMW PV- HVAC, HVDC and HVAC distribution networks. 

4) A case study to apply the generated models and subsequent simulations to measure transmit losses 

for any combination of the variables that affect transmission rate including, temperature (ºC) and 

irradiance (W/m
2
), with a certain network length. 

These simulations will be tested on three types of networks (HVDC GR, Ground Return, HVDC 

MR, Metallic Return, and Three-phase HVAC), with aerial or underground lines. 

By following this process, all the possible cases will be covered, establishing the validity of the 

generated models, in addition while comparing transmit loss among these to showcase the 

advantages of HVDC transmission for PV plants, which fall under the category of small-scale plants 

for electric generation. 

 

 

II.A.- FUNCTIONAL DESIGN CENTRAL CONVERTING UNIT MMWPV-HVDC NETWORK 

 

To carry out the coupling of PV plants in HVDC networks it will be necessary a DC / HVDC 

converter capable of coupling the variable production in voltage and DC type and low voltage that 

occurs in the PV field to the high voltage requirements in continuous and variable current of the HVDC 

networks. 

There are several alternatives to raise the voltage of the DC field, DC type and variable according to 

the environmental conditions, to the orders of magnitude of the order of kV required in the HVDC links 

(since the Joule effect losses decrease with the square of the tension). The alternatives are: 

- Connect the strings of modules in series or strings. A no-viable option due to the limit of the 

inverse voltage in the PV modules, around the 1000 V. 

- Connect the strings of modules in series or strings after the maximum power point tracker, MPPT 

or Maximum Power Point Tracker, which is also not viable because in practice it would disable its 

functionality, subduing all the modules to the maximum power generated by the chain of worst 

production. 

- Another option could be including a boost converter (or booster) after the MPPT block; a structure 

already offered by a few current PV inverters without a transformer. These converters are 
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primarily used in regulated DC power sources and regenerative DC motor braking. As its name 

implies, the output voltage is always larger than the input voltage, and it includes a large output 

filter capacitor to ensure a constant output voltage [12]. This option, however, has two limitations; 

one in the amplification range, too short for the needed requirements and the other is low 

performance compared to DC / AC converters.  

- From the standpoint of achieving equal performance to that of the DC / AC converters of the PV 

plants in AC networks, the best option to achieve the high output voltages of the PV-HVDC unit 

is, paradoxically, using an AC transformer. The proposed structure is similar to those seen in the 

current medium voltage photovoltaic plans or MMSS (Multi Megawatt Solar Station), but with an 

additional rectifier stage. 

These platforms are making headway in the last two years favored by the programming and 

installation of the major photovoltaic systems, mainly in the United States, China and several countries 

in South America, in the order of several tens of megawatts [13]. 

Medium-voltage PV platforms power ranges from 300 kW to 2500 kW contain all the necessary 

elements to simplify the construction of high-power photovoltaic solar energy installations. These vary 

depending on the manufacturer parameters such as the number of MPPT trackers, the number and type 

of DC / AC converters, and the characteristics of the low to medium voltage transformer. 

By adding a rectifier stage to one of these platforms, the outcome is a structure capable of satisfying 

the functional requirements, i.e., a high and constant DC tension, which will vary depending on the solar 

production of each moment. In other words, it is reversed to raise the tension and rectified to reap the 

benefits of transmission in HVDC. 

This structure is a combination of two standalone systems; the medium voltage PV platform on one 

side and a small-scale AC / HVDC converter station of the order of megawatt with order output voltages 

of some tens of kV. 

Therefore, this PV-HVDC unit must have (see Fig. 1):  

- MPPT (maximum power point tracking) blocks, which are truly DC converters. These trackers are 

fundamental to increase the efficiency in the utilization of the production of the photovoltaic field. 

Much has been done in the recent years regarding improvements in control algorithms to improve 

tracking. One of the future trends may include tracking algorithms based on adaptive control 

techniques [14]. 

- Central type DC/AC converter units, given the many modules connected into the MMW PV plant; 

it is customary to have an inverter for every 500 kW approximately. It is proposed to use the three-

phase VSI (voltage source inverter) type with SPWM (pulse width sinusoidal modulation), state-

of-the-art control technology based on the utilization of multiple modulations with pulse width 

variation proportional to the amplitude of a sine wave evaluated at the center of said pulse [15]. 

Given the power requirements, this VSI inverter must use IGBT (Insulated Gate Bipolar) switches. 

There will be a constant value sine wave voltage at the output of these inverters along with a 

variable current which follows the current variations of the PV field. 

- A single low to medium voltage transformer to collect the outputs of all the DC/AC converters the 

platform supports.  A single transformer could be included for each inverter, but that would 

increase the final price. It is important to point out that a few types of medium-power grid-

connected inverters include high-frequency transformers to boost performance to which the 

previous CC/CA bridge works at elevated frequencies. 

- A final rectifier stage based on IGBT type devices is recommended, given the need to reach 

medium voltage tensions, this final stage must be composed of a multi-level converter of three 

levels, according to the Diode-Clamped topology also known as Neutral-Point-Clamped, with two 
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capacitors on the DC bus. Multilevel inverters are a breakthrough concerning traditional inverters, 

as these can handle large voltages and powers, generating alternating voltages with fewer 

harmonics than conventional inverters [16]. The diodes connected to the midpoint are the elements 

that set the blocking voltages of the switches at a fraction of the DC bus voltage, making these an 

essential component of this topology.  During normal operations, there are two semiconductor 

switches per phase in a locked state, which allows double-voltage operation of the DC link of a 

two-level converter using the same elements. As a result, this converter/rectifier will allow 

working with output voltages in the medium voltage range, making the VSI bridge with IGBT 

combination the best choice [17]. 

Once the necessary conversion unit structure is selected, the next step is developing a valid functional 

model of all the elements that comprise the MMW PV plant, from the PV modules to the distribution 

network, to procure its integration into a single structure, which is also the final objective of this study.    

The specialized power electronics software PSIM V11.0.3 [18] will be used for this purpose and a 

modeling line will be followed according to specific functional criteria specific to the elements that 

make up the installation (for example, the PV modules) together with the rules and electrotechnical laws 

that govern the electrical behavior of the assembly. 

 

 

II.B.- MODELING OF THE PV FIELD AND THE MPPT BLOCK  

 

As previously indicated, PSIM is a critical resource for this research and consequently for this 

modeling as it aids in the implementation of the photovoltaic field. This physical solar model can be 

found in PSIM's component library "Renewable Energy Module”. This module factors the variation of 

solar radiation and temperature, which are fundamental to the analysis of losses during distribution 

under different environmental conditions (reference PV field in Fig. 2 & Fig. 3). PSIM PV model block 

was used to model our PV system and modelled the MPPT with an efficiency gain. The equivalent 

circuit that employs the physical model includes the equivalent circuit of a solar cell, along with the 

equations that characterize it [18].  

Nevertheless, it is necessary to supply a large number of parameters. A few of these can be found in 

the manufacturer's data sheets as shown below; 

- NS, number of serially arranged cells which compose the module. 

- VOC (V), open circuit voltage. 

- VMP (V), the voltage at maximum power. 

- ISC (A), short-circuit current. 

- IMP (A), current at maximum power. 

- PPMP (W), maximum power, peak power or at the point of maximum power. 

- VOC temperature coefficient (%/ºC o K). 

- ISC temperature coefficient (%/ºC o K).  

- (dv / di) in VOC refers to the slope (dv / di) in the open circuit voltage VOC, which can be 

estimated from the V-I characteristic curve of the solar module. 

Table I displays other parameters, these parameters are not usually provided by the datasheet, so in 

[19] is presented how to obtain these parameters with the help of the I-V curve provided by the 

datasheet [20]. Solar Module (Physical Model) is another useful feature included in PSIM as it 

facilitates the definition of the solar module parameters described in section III.B, and display precisely 

the operation of the chosen module for the application case. 

The MPPT block can be implemented following different control strategies, such as [21]: 
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- Method of disturbance and observation (D&O). 

- Incremental conductance method. 

- Hill Climbing Technique. 

- MPPT method with current measurement. 

The physical model of the PV panel that has been used to model the PV field, has 2 inputs, where the 

temperature and irradiance conditions of the module are set, and three outputs:  

- One positive and one negative terminal to deliver the power the module is giving, per temperature 

and irradiance as well as the connected load. 

- The third output is at the top, where maximum power point information is provided about those 

ambient conditions regardless of the connected load. This output will, therefore, be utilized since it 

is equipped with the maximum power point tracker.    

A proportional block with a gain of 0,99 has been included to take into account the current 

performance of the MPPT devices, which is around 99%. 

 

 

II.C.- PV-HVDC UNIT MODELING 

 

At a functional level, the converter-transformer-rectifier unit behaves as a constant-current transducer, 

causing the HVDC output network to have a high voltage, of the order of kV, and a fixed value, and a 

current variable that follows the variations produced in the PV field. Therefore, a model has been 

developed based on the following criteria as indicated in figure 2:  

- The use of an adder is required to sum the power produced by each of the converter units, 

providing us with the PPVT, total PV power. The value of the converter unit's performance can be 

included in each of the input gain, which can be estimated generically at 0,95. 

- By adding a voltage-to-voltage transducer, it is possible to adapt the working voltage for the rest 

of the elements of the circuit. The gain of this transducer will be adjusted according to the working 

voltage of the HVDC network. Therefore, the amount of gain from the first transducer is a DC 

voltage of equal value to the PV current. 

                                                
HDVC

TOTALMPPPV
V

PPVT
I                  (1) 

- The next step involves another voltage-current transduction, adjusting the gain of this second 

transducer to the estimated transformer performance. 

   As a result, the PV-HDVC unit will have all the current produced by the PV field with the 

corresponding performances and the desired working voltage. 

 

 

 

II. D.- PV-HVAC UNIT MODELING 

 

The operation of MMW PV platforms with medium distribution AC system modeling is required to 

comparing transmit losses between the HVDC or HVAC networks. Such modeling calls for an 

alternating voltage generation with an effective value which corresponds to the working HVAC voltage 

and resistance that changes according to the PV output as indicated in figure 3. 

The variation of the voltage's internal resistance based on production is equivalent to injecting more or 

less current into the HVAC network. The use of the nonlinear element V = f (i, x) is necessary to 
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consider the association of PV HVAC system to establish the parameters. In this equation, the PV power 

generation is the external variable based on environmental conditions. 

                 
PPVT

Vi

PPVT

V
irixifV HVDCPHASEHVDC

PHASEphaseiphaseHVACLINE

3

3

),(
22 


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






                     (2) 

For the parameterization of the system it is necessary to know the voltage trend with respect to the 

intensity, as shown below;  

                                                           
PPVT

V

i

V
HVDCHVACLINE 32 





                                                   (3) 

 

II. E.- HVDC NETWORK MODELING 

 

Before modeling a monopolar link, there is a need to include a resistance that characterizes the ohmic 

value of the line, which will depend on the type of conductor, the distance between the link and the 

calculating section. The network model HVDCGR, nonlinear element v = f (i, x) is necessary to include 

the effect of the variation of the link length to establish the parameters. In this equation, the length is the 

external variable, which will change during the simulation from zero to the link's maximum distance. 

                                     1000.),(
S

l
iRIlifV LINEHVDCHVDCGRLINE                                       (4) 

The multiplication factor of 1000 is included to work in km. For the parameterization of the system it 

is necessary to know the voltage trend with respect to the intensity, as shown below; 

                                                     1000.
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When modeling a monopolar link with a metallic return, it is only required to include the 

multiplication factor of 2 in expressions 4, and 5 since the distance to consider is doubled due to the use 

of two conductors in the link. 

 

 

II.F.- HVAC NETWORK MODELING 

 

The total inductive reactance value of each phase is estimated based on the data provided by the 

manufacturer for insulated cables, and design of aerial networks with bare conductors. Once this value is 

known and to determine the value of the required inductance all that is required is to apply the concept 

of reactance impedance: 

                                 
502

)()(2





 LPhase
LPhase

X
HLHLfX                                         (6) 

 

II.G.- SIMULATION AND VARIABLE MODELING 

 

Once the previously mentioned systems are modeled the full integration yields the following models: 

MMW PV-HDVC as seen in figure 2, and MMW PV-HVAC as seen in figure 3. Tables II and III 

specify the meaning of all external variables and measurement points for both models. 
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III.  RESULTS AND DISCUSSION 

 

III.A.- INSTALLATION DATA TO BE MODELED 

 

Through modelling it might be able to estimate transmission losses for any combination of the 

variables that affect transmission including, temperature (ºC) and irradiance (W/m
2
), with a certain 

network length. If no measurements were available, the best way to test the veracity of these models is 

by running simulations on a few actual case studies involving, a 2 MW PV power plant for HVDC and 

HVAC connection, a Ground Return HVDCGR and metallic return HVDCMR.  

The baseline data includes:  

- Types of distribution networks to be analyzed: 

 An 80-km underground distribution network built with insulated aluminum cables. Total 

transit loss will be calculated in the three modeled networks and different scenarios of 

irradiance and temperature. 

 An 80-km aerial distribution network built with bare aluminum cables. Total transit loss 

will be calculated in the three modeled networks and different scenarios of irradiance and 

temperature 

- The following commercial elements will be considered for the parameterization of the model: 

 ABB medium-voltage PV array of 2MW nominal power, model PVS800-IS-2000kW-C 

with the following specifications for the parameterization purposes, are; 

o Number of MPPT units = 2 

o Number and type of inverter units: 2. Central inverter type. 2 x 1200 kW of 

maximum input power. 

o Number of inputs per inverter: 12 

o MPPT input voltage range: 600 to 850 V 

o Maximum input voltage: 1100V 

 Commercial PV module model NU-RC290 | 290 W from the manufacturer Sharp [20]. 

 Medium-Voltage range commercial conductors, i.e., high-modulated ethylene-propylene 

insulated cables, called EPROTENAX will be used for the underground network. The 

technical specifications are extracted from [23] 

 Bare aluminum conductors, i.e., LA-XX type, will be used for the aerial network. The 

technical specifications are extracted from [23] 

- Several case studies will be analyzed for each type of network (aerial or underground), and type of 

distribution technology (HVDCGR, HVDCMR, and HVAC), to establish a sound comparison of 

transmission losses between them. The cases consist of 4 relevant situations in each type of 

network according to the following alpha-numerical sequence: A (Aerial Network), U 

(Underground Network), Temperature (ºC) / Irradiance (W/m
2
). 

 U/A Cases -10ºC/1000 (W/m
2
), relevant cases because they representing the extreme limit 

of operation for the calculation of the upper limit of string couplings to the inverter units. 

 U/A Cases 25/1000 (W/m
2
), relevant cases because they representing the standard 

conditions of measurement or STC. 

 U/A Cases 48/800 (W/m
2
), relevant cases because they representing the normal operating 

temperature conditions of the cell, or NOTC. 
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 U/A Cases 70/1000 (W/m
2
), relevant cases because they representing the extreme limit of 

operation for the calculation of the lower limit of string couplings to the inverter units. 

These cases have been selected because they are very characteristic values in the PV studies in 

terms of irradiance and temperature, such as the STC and NOTC conditions. The other values are 

within the operating temperature of the electrical elements and meet the requirements of III.C. The 

value of -10ºC is due to the fact that in the Shetland Islands, the minimum registered temperature 

is -8.9ºC according to [24]. 

These simulations are carried out considering the distance variable of 80 km because it can be 

considered as an acceptable distance for PV installations on islands, floating or even in developing 

countries. 

Once the general installation data is established, said data would then be parametrized in the generated 

models to calculate the transmission losses through simulation. 

 

 

III.B.- SOLAR MODULE PARAMETRIZATION 

 

The solar module used for this case is the module NU-RC290, manufactured by SHARP, consisting of 

60 monocrystalline silicon cells connected in series [20].  

It is necessary to use the tool Solar Module (Physical Model), to transfer the functional characteristics 

of the module to the physical panel model. This process consists of the following steps [19]. 

 
III.B.1 DATASHEET INTRODUCTION  

The basic electrical parameters IMPP, VMPP, ISC, VOC, PPMP, the number of cells and temperature 

coefficients of ISC, VOC, are introduced. 

  The value "dv/di (slope) in VOC" refers to the slope dv/di to the open-circuit voltage Voc, which can 

be approximated by the V-I curve of the module, obtaining an estimated value of -0,5. 

 
III.B.2 INITIAL ESTIMATION OF EG, A, RSH, Y KS  

Typically, these four parameters are not provided in the data sheet and have to be approximated.  

According to the considerations of [19], in the case of the NU-RC290 module, we will assume initial 

values of: Eg = 1,12V, A = 2, Rsh = 2000 Ω, Ks = 0.  

 

 
III.B.3 CALCULATING I-V P-V CURVES AND THE MAXIMUM POWER POINT 

With the previous information, the tool calculates the following parameters: series resistance RS, 

short-circuit current Isc0, saturation current Is0, and temperature coefficient Ct.  

 
III.B.4 COMPARISON OF THE DATA SHEET AND EXPERIMENTAL DATA FOR DIFFERENT OPERATING 

CONDITIONS, AND PARAMETER ADJUSTMENT 

Since the first parameter approximation is outside its nominal value in the catalog, it is necessary to 

fine tune the parameters A and (dv /di), generating a more accurate value which represents the selected 

module for the case study as shown in figure 4. 

A fine-tuned parametrization reveals a closer value to that of the nominal power, which is 

290,32W≈290W. These values are then loaded into the two physical panel models in the diagram, 

depicting the operation of the NU-RC290 module accurately. 
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III.C.- PHOTOVOLTAIC FIELD CONFIGURATION  

 

Given the voltage at the output of the PV panels is a function of temperature, it is necessary to verify 

the inverter can operate in adverse conditions (-10 °C to +70 °C). The optimum coupling between the 

PV field and the inverter will, therefore, be guaranteed provided the followings conditions are met:  

                                        min

2

min º70ª/1000@ MPPTPV UCTymWU                                                    (7) 

                                        max

2

max º10ª/1000@ MPPTPV UCTymWU                                                      (8) 

According to the module and inverter unit technical data sheets, the following apply: 

 Solar module 

o UOC module= 39,3 V 

o Variation of Voltage with temperature: -0,29% / ºC. 

 Inverter Unit MPPT data coupling  

o Inverter UMPPT min = 600 V 

o Inverter UMPPT max = 850 V 

o Inverter U max = 1100V 

The previously mentioned conditions-presented in 7 and 8- can be verified by serially connecting the 

modules; however, in this instance and since each inverter unit is equipped with 12 inputs, it is 

necessary to interconnect these in 17 parallel strings, consisting of 20 modules per string. 

                                     
       

      
      

      

        
      

      

        
       

       

        
                                                 (9) 

Thus, the maximum total power for each inverter unit will be as follows: 

                                      
       

        
       

  

      
                                           (10) 

Before implementing this PV field distribution in the model, the following must occur: 

- The 20-module series per strings is configured by multiplying the number of cells of each 

physical model by 20: 

    
       

      
      

     

      
       

     

      
                             (11) 

- The parallel association of the 17 module strings series and the connection to each of the 12 

inputs is configured by including the proportional block called Nstring (see figures 2 and 3) with 

equal gain is shown below:  

                 )/(204tring)(modules/s r)/20es/inverte4080(modul inverterstringsN STRINGS                                (12) 

 

III.D.- FV-HVDC CONVERTER UNIT SETTINGS 

 

Once both PV module parameterization and PV array configuration are complete, the next step 

involves the parameterization of the FV-HVDC converter. Given the simplicity of the implemented 

model, only the desired HVDC voltage must be included. Such voltage is included in the transducer 

gain block power PV to tension (see figures 2 and 3). 

There must be a correlation between the power and the voltage carried. Ideally, it is best to work at the 

highest allowed voltages, as losses due to the Joule effect decrease with the square of it. Furthermore, it 

is equally important to consider the range of standard distribution voltages.  

A good way to approximate the appropriate voltage value in a distribution is by using the Still 

expression 
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                                                    kV
Pl

kVU NETWORK 8,24
100

62,0
5,5)( 


                                                          (13) 

 

Therefore, 

U voltage between phases, in kV 

l line length in km 

P Average power to be transmitted in kW 

The distribution voltage of 20 kV, 20 000 V is a very common distribution voltage. It also matches 

that of the power to be transmitted. Therefore, the transductor gain power-voltage model should be 

configured as follows; 

                                                 kVVVG HVACREDRMSHVDCREDtoVPPVRTRANSDUCTO 20                                                (14) 

 

 

III.E.- PV-HVAC CONVERTER UNIT SETTINGS 

 

The PV-HVAC converter unit settings involve the parametrization of the generator's internal 

resistance of 20 000V between lines to correlate as already indicated, the PV production into an HVAC 

network. By applying the expression (2), the nonlinear riphase resistance must be parametrized. The 

external variable is the generated PV power along with the already known working voltage of 20kV as 

shown below: 

             
PPVT

i

PPVT

V
irixifV PHASEHVDC

PHASEphaseiphaseHVACLINE

300020

3

),(
22 











                         (15) 

For the parameterization of the system it is necessary to know the voltage trend with respect to the 

intensity, which is: 

                                                      
PPVTi

V HVACLINE 300020 2 





                                                     (16) 

 

 

III.F.- UNDERGROUND NETWORK PARAMETERIZATION 

 

The total length of the underground network is 80 km, and it consists of 20 kV insulated cables 

suitable for underground or underwater applications. 

The following data is required to model the pertinent circuit for the underground network: 

- Calculating conductor sections to obtain the resistance for HVDCGR and HVDCMR respectively. 

- Inductive reactance XL and capacity C equivalent per km and per phase are both necessary to 

model the three-phase HVAC link along with the resistance value obtained in the previous case. 

The calculation of the section requires-given the length of the link and economic criteria to reducing 

values to acceptable values- the use of higher sections of those technically required based on the criteria 

of nominal load currents and short circuit current. It is important to remember that the voltage drop 

criterion has no bearing when calculating the section in a medium voltage network. 
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- As a starting point, power losses (associated with the heating of the conductors) is around 3% in 

the HVDCGR case. 

- The previously calculated section will be used to compare the losses in the three types of links. 

Considering the fundamental equation of transport as shown below [25]: 

                                                               
2

1

1(%)
U

P

S

l
KLosses                                                                          

(17) 

Therefore, 

- K = Coefficient which depends on the line type. 

- l = Length of the line. 

- S = Section of the conductor used. 

- P1 = Power measured at the source. 

- U1 = Voltage measured at the source. 

The coefficient K has the following value: 

- DC lines:      

- Single-phase AC lines:.   
   

      
 

- Three-phase AC lines:   
  

      
 

Its application reveals that in order to limit losses in an aluminum line to 3%, with a resistivity of 1/28 

(m / Ω mm
2
) at 90 ºC; therefore, a section of 476 mm

2
 is required: 

                                                
2

2
476

00020

0000002

03,0

00080

28

1
mmS                                                     (18) 

In this case, a section greater than 500 mm
2
 is appropriate to minimize losses at the end of the HVDC 

GR run (80 km). It is a suitable section based on the total transport length (abnormally high) for the 

(small-scale) range of power to be distributed, especially when the purpose is to compare both networks, 

HVDC and HVAC. 

The cable specifications reveal the inductance and capacity of the lines. In this case, and according to 

the specifications obtained in [23], the following information applies; 

- The chosen section can handle a much higher current than the one circulating for each case, as 

clearly indicated by the economic criterion to minimize transmission losses. 

- The same applies to the intensity criterion of the short-circuit current. 

- The capacity of the cable, according to the manufacturer's data is 0,484 (µF/km), reactance at 

0,095 (Ω/km), and in the case of three unipolar cables, the value is of 500 mm
2
. These values are 

acceptable values because of the high capacitance and a low reactance, typical characteristics of 

insulated wires. 

The parameterization of the nonlinear Rline resistance is required in the HVDCGR case to adjust the 

length during the simulations. Considering a maximum operating temperature of 90 ºC and aluminum 

conductor and applying (4): 

                 1000.
50028

1
1000.),(

l
i

S

l
iRIlifV LINEHVDCHVDCGRLINE                               (19) 

For the parameterization of the system it is necessary to know the voltage trend with respect to the 

intensity, which is: 

                                               1000.
50028

1 l

i

V HVACLINE





                                                       (20) 
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For the modeling of the underground HVAC network, the following will be considered:  

- Nonlinear and variable resistance with the length of each phase is modeled just like the HVDCGR, 

parameterization equations (19) and (20) since it is the same section, same conductor and same 

distance. 

- In the case of an underground line with a high capacitance factor per km, the switches S1 and S2 

connecting the capacitors at the ends of the configuration to "pi" shall be closed, assigning each a 

value of: 

                                            FCLINE 36,19
2

80484,0
2/ 


                                            (21) 

- The inductance value of the line shall be, applying (6), and considering a factor of 0,095 (Ω/km) 

and a length of 80 km:  

                              mHHLHLfX LPhase 19,24
502

80095,0
)()(2 







                              (22) 

 

 

III.G.- AERIAL NETWORK PARAMETERIZATION 

 

The aerial network is 80 km and must use bare 20 kV cables between phases, in addition to the 

supports and other elements necessary for its layout. The design includes a simple symmetric phase in a 

triangle. A commercial example of suitable cables for medium voltage aerial distribution is bare 

aluminum cables type LA-XX. The technical specifications can be extracted from [23].  

The commercial section closest to that calculated based on economic criteria is 500 mm2 for 

underground networks, so the same example will be used again to achieve a more homogeneous 

comparison. A bare aluminum conductor with a 500 mm
2 

section. 

From this aluminum section and considering the link's length, upgrading HVDC networks is like the 

one underground. 

The following must be considered when modeling an HVAC aerial network:  

- Nonlinear and variable resistance with the length of each phase is modeled as in the case of 

HVDC GR, parametrization equations (19) and (20) since it is the same section, same conductor 

and same distance. 

- Since it is a short-length aerial line with bare conductors, the effect of the capacitance can be 

ignored. As a result, switches S1 and  2   connecting the capacitors at the ends based on the "pi" 

configuration   will open.  

- The line's inductance value shall be, applying (6), considering a factor of 0,35 (Ω/km), a common 

value for aerial lines with a symmetrical in equilateral triangle design [13] and a length of 80 km: 

 

                           mHHLHLfX LPhase 12,89
502

8035,0
)()(2 







                                  (23) 

 

III.H.- SIMULATION SETTINGS 

Once the necessary operations are performed to parameterize all the elements of both models, there is 

a need to adjust the parameters and begin the simulation. 

 
III.I.1 SETTINGS OF THE TEMPORARY PARAMETERS OF THE SIMULATION 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

 

 

The temporary parameters for the graphical simulation are adjusted through the Simulation Control 

tool. Samples will be taken every 0,001 seconds. The entire simulation involving all variables will last 

20 seconds. 

 
III.I.2 VOLTAGE (V) -IRRADIANCE (W/m

2
) TRANSDUCTION  

The solar modules reach a working voltage level starting at a small little irradiance value, typically 

from 2 to 8 (mW /cm
2
). An intermediate starting point 50 (W/m

2
) will be taken, and therefore the 

voltage line required to cover the irradiance range, from 50 to 1000 (W/m
2
), must be set to 20 seconds 

of simulation, as: 

                                                      tttu
mWI







5,4750
20

501000
50)( )2/(

                                                    (24) 

 
III.I.3 VOLTAGE (V)-LENGTH TRANSDUCTION (km) 

  Likewise, the voltage line required to cover the entire length range, from 0 to 80 km should be 

characterized- for 20 seconds of simulation- as follows 

                                                                           tttu Kml  20
20

80
)( )(

                                                            (25)  

 

 

III.I.- UNDERGROUND NETWORK SIMULATION 

 

The simulation results of the 4 developed cases of underground distribution for the three analyzed 

networks are summarized in Table IV. To show the ability to adapt of the generated models, two graphs 

generated during the simulation process of the underground network conditions, figures 5 and 6, are also 

included. Figure 5 shows the power loss progression associated with the Joule effect, which occurs in 

each of the networks (HVDCGR, HVDRMR, and HVAC) for a temperature of 25ºC, a total length of 80 

km according to irradiance every step of the way, from 50 to 1000 (W/m
2
). 

 The power loss progression is of quadratic nature since the losses are proportional to the square of the 

network's current, and it increases linearly with the increase of irradiance. 

  Figure 6 shows the progression of diminished capacity in the HVAC network, for a temperature of 

25 °C, a total length of 80 km and an irradiance of 1000 (W/m
2
).  

The graph shows a significant peak of power demanded at the beginning, which is necessary to charge 

the lines, diminishing its capacity due to the reactive energy required to charge/discharge both the 

capacitance of the lines and its inductance. 

 

III.J.- AERIAL NETWORK SIMULATION 

 

The simulation results of the 4 developed cases of aerial distribution for the three analyzed networks 

are in Table IV. This case includes two graphs generated during the simulation process of the aerial 

network (see figures 7 and 8). 

   Figure 7 shows the power loss progression, associated with the Joule effect, given in each of the 

networks (HVDCGR, HVDCMR, and HVAC) for a temperature of 48ºC, an irradiance of 800 (W/m
2
) 

according to length variation from 0 to 80 km. The graph shows the progression of such losses, which is 

of quadratic nature since the losses are proportional to the lines' ohmic effect, and this one increases 

proportionally to the length. 
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   Figure 8 shows the progression of diminished capacity in an HVAC aerial network and for a 

temperature of 48 ºC in the cell, a total length of 80 km and an irradiance of 800 (W/m
2
).  Once again, 

the graph shows a significant peak of power demanded at the beginning, which is necessary to charge 

the lines, diminishing its capacity due to the reactive energy required to charge/discharge both the 

capacitance of the lines and its inductance. 

III.K.- SUMMARY RESULTS 

 

Table IV shows the summary of the results obtained in each of the four cases through a series of 

simulations, including the underground and aerial distribution networks, considering the total length for 

all three network types. These scenarios were selected because these are particularly significant in the 

photovoltaic power generation field of study. 

From the results obtained, and given that an equal conductor cross section was used for the three types 

of networks in both types of distribution (500 mm
2
), the following evaluations can be made; 

- The network with fewest losses is the HVDCGR network since the link uses one single 

conductor. The losses in the HVDCMR system are of double digits in all cases, which is logical 

taking since the link has two conductors. 

- The link with the most losses due to Joule effect is the HVDCMR, which is logical taking into 

account that such link carries all the current along two conductors and the HVAC the current is 

distributed through each phase in a relation less than 3 . 

- Joule losses in HVDCGR and HVAC are very similar, with greater differences in the case of 

underground distribution. The following should be noted:  

o In a real situation and due to the skin effect, the resistance of the phases in AC will be 

somewhat higher; therefore, one may think the difference between them is due to this 

effect. However, and given that the models  or su h resistive e  e ts    of both networks    

have been characterized in the same manner, with a nonlinear resistance which value 

increases with length, the skin effect is ignored. 

o After this simplification, and given that in each phase a 3 smaller current is circulating 

and the total losses are the sum of the three phases and, in the absence of capacitive and 

inductive phenomena, the losses in both cases must be equal: 

            

2

2

3
3 












NetworktoPV

LINEHVACNETW ORKtoPVLINEHVDCGR

I
RJLIRJL                           (26) 

If these are not equal, it is because of the capacitive and inductive effects of the lines. 

This difference is more noticeable in underground networks, with a high capacitance. The 

constant loading/unloading on the lines increases the current on the line, experiencing a 

greater transmission loss. In the aerial line case- having neglected this effect and given a 

shorter line- the effect is smaller, and the losses are similar. 

- In addition to the Joule effect losses, HVAC networks experience transmission losses due to a 

reduction in capacity, moreover HVAC aerial networks have an inductive reactance, 10 times 

greater, which is supporting evidence that the losses due to the Joule effect- decrease capacity 

lead to higher transmission losses in HVAC to those in the HVDC network. 

- Both types of losses involve a financial cost: Joule losses represent a direct economic cost and 

capacity reductions indirect costs of under-utilization, which is necessary to capitalize on as 

operating expenses. 
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The best and most efficient option in the transport of production of the 2 MW PV plant is the use of 

an HVDC GR networks as it experiences the lowest losses of all and it only requires one conductor, 

followed by HVDC with a metallic return, which have a lower transit loss (collectively) and uses 

one less conductor. These findings are not onl  insi ht ul,  ut are also a  unda ental to o  e tive o  

this stud    the develo  ent o  a si ulation  odel  or  ulti- e a att  hotovoltai   lant and its 

di  erent te hnolo ies      and        to  re isel  dete t trans it losses according to 

temperature and irradiance, with a certain network length.  

Along with the simulations carried out, a Joule loss analysis was carried out for the three network 

types underground with real data of the indicated location, the Shetland Islands, with irradiation data 

obtained from [26]. The selected data are those of the average irradiance of the month of July, with 

the objective of having significant data since the Shetland Islands are slightly above 60 ° N of 

latitude. The results are shown in figure 9. These findings culminate this research by drawing four 

very distinct, yet related conclusions. Findings have been compared with those available in top 

international journals [27-32] for comparative and validity purposes. 

So far, little has been written in the scientific literature (in top international journals) about modeling 

multi-megawatt photolvoltatic plants. To our knowledge, state-of-the-art of previous modeling of 

multi-megawatt photolvoltatic plants has limited to using a wavelet variability model (WVM) for 

simulating solar photovoltaic (PV) power plant outputs (given a single irradiance point sensor 

timeseries using spatio-temporal correlations). See, for example, Lave et al. [33]; or to propose new 

control strategies that enable the storage requirements to smooth out short-term power fluctuations. 

See, for example, de la Parra et al. [34]. As a consequence, authors can reasonably prove that this 

paper incorporates some features that falls outside the pool of existing knowledge of its technical 

realm, which makes this paper of particular interest.  

 

 

IV. CONCLUSIONS 

 

The first conclusion relates to the generated models used in this research. Such models have adequately 

measured the transmission losses for any combination of the variables according to temperature, 

irradiance, and with a certain network length by evaluating and comparing the viable transport distances 

for HVAC, HVDC while allowing the length adjustment of said links. Moreover, these models have 

quantified performance variation in MMW PV plants at different temperatures; critical to accurately 

determining the increase in production as well as the losses incurred from changes in irradiation by 

applying irradiance variation's profile and adjusting the time during simulation, obtaining the total 

energy loss (Wh). Another key aspect of these models is the development of a tool that allows 

capitalizing the operating costs of the PV plant networks based on a multitude of combinations of said 

variables, simplifying the calculation of the various links' critical distance, thus making this process 

more efficient. Last, the modular nature of these models offers scalability for other PV plant 

configurations while making its parametrization simple as evident in the case study. 

Next is technical feasibility of MMV PV plant integration in HDVC networks. The distribution of 

energy produced in MMW PV plants via HVDC networks is technically viable. These networks would 

work in the 15 to 30 kV range and power in the order of MW, which is considered a small-scale HVDC 

network.  

Given the evidence presented in this paper, the best alternative for electrical distribution are HVDC 

networks a ground return as the first choice and metallic return as the second option, due to the decrese 

of capacity of the HVAC networks. Regarding the efficiency of the PV field converter unit, the most 
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efficient one is the combination of the existing medium voltage multi-megawatt PV with the addition of 

a final rectifier stage, as a small-scale HVDC converter station. This last state – given the power and 

voltage requirements– can consist of a multi-level structure IGBT type switches given the ranges of 

medium voltage output voltages required by the links. The last point involves transmission losses; 

therefore, and given both the thermal losses of the Joule effect and diminished capacity present in 

HVAC networks–resulting in line availability– it is concluded that, as a whole, the HVAC lines 

experience greater losses than the HVDCGR. Thus, the smaller scale environment PV plants operate 

under is more convenient to transport via the HVDC network. 

The answer to the economic feasibility of the use of MMW PV plants in HVDC networks is that for 

HVDC transport to be economically viable, the cost between the two transport options must level. It will 

happen when the savings resulting from the reduction of conductors and transit losses equals that of the 

multilevel rectifier unit plus the cost of the end-of-line converter station, which is becoming increasingly 

feasible because of substantial cost reductions in power electronics and the small-scale power being 

handled. 

The last differentiated yet related conclusion relates to MMW PV applications via HDVC networks. The 

output produced by -MMW PV integrated into small scale HVDC networks- offers a myriad of 

possibilities including market penetration. One of these involves the use of floating PV plants in 

reservoirs or islands close to the shore, using one single conductor, decreasing losses as already 

demonstrated. Another possibility has the potential to become a very viable alternative to increase the 

electrification rate of developing countries, given the reduction of costs that can be achieved, the large 

transport distances that can be reached for distributed systems and the great solar capital available in the 

majority of these. 

 

 

ACKNOWLEDGMENTS 

Thank to María Guindulain Argandoña for her collaboration in the translation of the article, which has 

been of great heppful and a great boost in the stage final of this paper.  

 

 

 

 

APPENDICES 

 

APPENDIX A. HVDC NETWORK MODELING 

 

There are different interconnection topologies between the converter stations in HVDC networks. 

Given the complexity of the multi-terminal control, the most common use, as already indicated, it is the 

point-to-point interconnection. The number of cables interconnecting stations varies. The most common 

are;  

- Monopolar links with Ground Return, HVDCGR. It uses a single conductor to transmit electrical 

energy. The return uses connected electrodes, which are in turn connected to the conversion 

stations. These electrodes perform the functions of anode and cathode. This type of connection 

connects systems separated by long distances and where the non-installation of the return cable 

can lead to considerable savings [2]. 
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- Homopolar links with a metallic return, HVDCMR. A few monopolar systems include a metallic 

return when grounded electrodes are not an option, typically because of environmental issues, or 

when losses are significant [2]. 

- Bipolar links are currently used the most for its greater power transmission capacity. 

Ground return monopole systems are simpler and cheaper than other systems and are best suited for 

moderate energy transfer [4]. Therefore, in the case of MWPV plants, the most suitable link is 

monopolar, given the small-scale level of the power to be transmitted. 

 

 

APPENDIX B. HVAC NETWORK MODELING 

 

When modeling AC lines of medium to long length or in all distances when it comes to AC 

underground lines, it is important to consider three factors. These include the effects exerted by both the 

resistance and the inductance, and most importantly, the effect of capacity; responsible for leakage 

currents, capable of decreasing transport capacity until it is rendered unfeasible. The T-equivalent circuit 

method or the "Pi" method can be used to consider these effects [22]. 

The "Pi" method is suitable as it provides greater versatility in simulations, see figure 34, with the half 

capacitances connected in parallel through two manual switches S1 and S2. These switches are 

connected according to the length of the line, that is, depending on whether or not the capacitive effects 

can be ignored. 

For the characterization of these parameters, it is necessary to consider:  

- The ohmic value determines the resistance for each phase, and it includes the variable length, just 

as in the case of the HVDCGR or HVDCMR. Because of the skin effect present in AC, there is 

more current flowing around the periphery of the conductor, so the total resistive value of the line 

is higher, but this effect has no relevance in low frequencies such as 500.95 

-  work of the link. 

- Despite conductance's (G) ability to measure the leakage current of both the insulators and those 

due to the corona discharge, it is not used in many case studies because conductance's incidence is 

low under normal operations conditions and is complicated to calculate. As a result, it is often 

disregarded and considered to be infinite. 

- The total inductive reactance value of each phase is estimated following II.F.  

- The  anu a turer’s data is needed to deter ine the value o  the net ork  a a it  required  or the 

model. The data includes isolated conductors, and it is calculated according to the design of aerial 

networks with bare conductors as previously mentioned. 
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Fig. 1 Functional block diagram of the proposed MMWPV-HVDC station [Self-developed] 
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Fig. 2 Complete MMW PV plant to HVDC Model [Self-developed] 
 

 

 



 

 

 
 

 

 

Fig. 3 Complete MMW PV plant to HVAC Model [Self-developed] 

 

 



 

 

 
 

 

Fig. 4 Parameterization of the UN-RC290 module with the Solar Module (Physical Model) tool. [Self-developed] 

  



 

 

 

 
 

 

Fig.  5 Losses due to Joule effect according to Irradiance, Tº = 25ºC, l = 80km, underground [Self-developed] 

  



 

 

 

 
 

 

 

Fig.  6 Decrease in line capacity HVAC under STC, I = (1000W/m2), Tº = 25 ºC and l = 80 km underground [Self-developed] 

 



 

 

 
 

 

Fig.  7 Joule effect losses as a function of length, aerial network and NOCT, Tº = 48 ºC, I = 800 (W/m2) [Self-developed] 



 

 

 
 

 

Fig.  8 Decrease in line capacity HVAC, aerial network and NOCT, Tº = 48 ºC, I = 800 (W/m2) [Self-developed] 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 
 

Fig.  9 Losses due to Joule effect according to hour, underground, in the month of July in the Shetland Islands [Self-developed] 
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TABLE I  

PV MODULE REQUIRED PARAMETERS [19] 
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TABLE II  INPUT VARIABLES AND INDICATORS FOR THE HDVC MODEL [Self-developed]  

 

 

 

 

 

 
 

  



 

 

TABLE III INPUT VARIABLES AND INDICATORS FOR THE HDAC MODEL [Self-developed] 

 

 
 

 
  



 

 

TABLE IV 

TRANSMIT LOSSES FOR EACH TYPE OF LINK [Self-developed] 

 

 
 




