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ABSTRACT 
This paper explores the interconnection of large scale Photo-Voltaic (PV) systems to the grid though a High 

Voltage Direct Current (HVDC) link. HVDC link is recently utilized for transmission lines longer than 50 km. It 

is usually utilized to interconnect two asynchronous grids with the same or different frequencies while avoiding 

stability disturbances greatly. A suitable Maximum Power Point Tracking (MPPT) techniques is employed to 

control the performance of the integrated PV system. The system of the HVDC link has two 12-pulse converter 

using thyristor-bridges. The delay and the extinction angles at the rectifier and the inverter units control the flow 

and the quantity of the transmitted power from the PV system into the grid. Fixed capacitors and filters are used 

to provide the AC side with the required reactive power and reduce the harmonic contents. For evaluation 

purposes, different simulation investigations are carried out with a detailed modeling using the MATLAB. 

These tests corroborate the efficacy of HVDC link for integrating large PV systems to electrical grids. 

Keywords: PV power plant, HVDC link, Grid Integration, Bipolar link, 12-pulse rectifier, 12-pulse inverter, 

PWM inverter, DC boost choppers  

 

I. INTRODUCTION 
Due to the increasing exhausting of fossil 

fuels and the exaggerated demands of energy 

resources in the world, renewable energy resources 

have nowadays an increasing importance. This 

encourages the research efforts in different countries 

all over the world to declare their own targets of 

penetrating levels of renewable energy systems in 

the future. As example, the European Union has set 

its target of renewable energy generation to be over 

32% of its total generated power by 2030 [1]. 

Among the most common renewable energy 

resources, solar energy arises as the most practical 

and suitable one for almost all countries. Solar PV 

systems are the matured and financially viable 

option for power generation [2]. Large integrated PV 

power plants are mostly utilized nowadays to be 

connected to the transmission (or sub-transmission) 

level. As reviewed in the literatures, PV power 

plants experience a sharper growth of their 

penetration levels as compared with wind power 

resources from 2010 to present [3]. For Saudi Arabia 

in particular, a 16 GW of grid-integrated PV power 

plants is a national target up to 2032.   

On the other hand, different kinds of 

problems arise with integrating PV systems to the 

grid as compared with the experienced ones with 

conventional power plants. The fluctuation of PV 

output power due to the variation of solar irradiance 

is one of the major problems for grid integration [4, 

5]. This impacts the electrical grid remarkably. 

Among these serious impacts, the PV plants may 

adversely influence the dispatch strategies, the 

spinning reserve routines, voltage stability and 

angular stability [6-9]. Hence, eliminating such 

problems is essential in modern power grids. 

Gang Liu el. al. present a feasibility study 

of PV, wind, biomass and battery storage based 

Hybrid Renewable Energy (HRE) systems providing 

the electricity to a residential area in Australia [10]. 

Characterization of the waveform distortion during 

the operation of grid-connected PV inverters was 

investigated with recorded and experimental 

measurements by Schlabbach et. al. as shown in [11, 

12]. Carbone [13] introduced the use of energy 

storage tools in grid-connected PV power plants. 

Energy storage batteries (installed in a distributed 

manner) can improve the energy production of grid-

connected PV power plants. It therefore represents a 

valid alternative to other technical solutions such as 

the distributed active MPPTs based on a number of 

DC/AC or DC-DC power electronic converters. As 

seen in [14, 15], a DC-DC boost converter was 

utilized for integrating PV arrays, Fuel Cell (FC) 

stack and batteries as input power sources in a 

unified structure. In this structure, each switching 

cycle of the proposed boost converter is divided into 

five switching periods in comparison with the 

conventional structure. These switching periods 

introduce five different duty ratios for the proposed 

boost converter. Because the summation of these 

duty ratios should be equal, achieving a high level 

output voltage at the DC-link is not possible. Petra 

Solar’s Generator Emulation Controls (GEC) 
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technology equipped DG inverters with voltage 

support through Volt/VAR drop, low-voltage ride-

through (LVRT), and micro grid forming 

capabilities as described in [16]. Khalifa el. al. [17] 

proposed a control methodology for interfacing 

medium and large PV arrays to the power system 

distribution grid. It consists of a PV array in addition 

to a power conditioning system for grid interfacing 

purposes. The power conditioning system is 

composed of a DC-DC boost converter followed by 

a current controlled Voltage Source Inverter (VSI). 

The system was controlled to inject a clean 

sinusoidal current into the grid. 

Marinopoulos and Bakas [18] presented 

four different system configurations for large scale 

PV systems with a typical system configuration of 

central inverters and medium voltage transformers as 

a reference. Other three alternatives were proposed 

including high power DC-DC converters connected 

in series or in parallel and cascaded DC/AC 

inverters. Taking into account the current 

developments in energy storage, new possibilities 

for combining PV systems with energy storage units 

for large scale power plants are now available. The 

output power characteristics of combining both PV 

arrays and wind turbines were also introduced. The 

perturbation and observation method is used to 

accomplish the maximum power point tracking 

algorithm for such input sources. The operation 

principle of the proposed multi-input inverters is 

explained as well. 

In this paper, integrating large PV power 

plants into the grid via a HVDC link is tested and 

validated via a detailed dynamic simulation using 

the MATLAB. This well-known package is 

considered as an ideal candidate for simulating 

complicated power systems with its built-in models 

and rich libraries [19]. This integration methodology 

facilitates connecting large PV power plants to the 

transmission (or sub-transmission) level while 

eliminating the possible serious problems regarding 

the stability and power control issues. First, the 

selected system study is described in the next 

section. Then, a thorough investigation study is 

presented for investigating the performance of 

HVDC link in integrating large PV power plants to 

the power grid. 

 

 
Fig. 1. The schematic diagram of the proposed 

system. 

 

II. DESCRIPTION OF THE SELECTED 

SIMULATION SYSTEM 
In order to investigate the performance of 

integrating large PV power plants into the grid, a 

38MW PV power plant is considered as a simulation 

example. The simulated PV plant is integrated to the 

220kV grid system through a HVDC link. A 

schematic diagram of overall system is shown in 

Fig. 1. It consists of three sub-systems including the 

PV sub-system, the HVDC link and the grid. A 

typical 3.2MW PV string containing 10 units of a 

320kW array is connected as described in Fig. 2. A 

Boost DC chopper is dedicated with each 320kW PV 

array, where its data was listed in Appendix A. The 

boost converter is controlled with a MPPT technique 

in order to obtain the maximum power from each 

array. The complete simulated PV system consisted 

of twelve units of the 3.2 MW string to obtain a 

maximum power of 38.4 MW. 

Two different integration options of PV 

inverter are possible. The first one is with using a 

dedicated three-phase inverter with each 3.2MW PV 

array. Each inverter uses a regular sampled 

asymmetrical-double Edge PWM technique [14]. 

Then, all inverters are connected to the 0.8kV/25kV 

setup-up transformer (/Y connected). Finally, the 

system is connected to the transformer of the HVDC 

link at the rectifier station as described in Fig. 3a. 

Alternatively, a high voltage central inverter is 

utilized with the adopted twelve PV arrays and 

connected to the 0.8kV/25kV setup-up transformer 

and to the HVDC link sub-system as shown in Fig. 

3b. This regular sampled asymmetrical-double Edge 

PWM technique is used to reduce the harmonics of 

the output voltage of the PV system and give the 

required ac voltage to the HVDC link at the rectifier 

station. 
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Fig. 2. Arrangement of the selected 3.2 MW PV 

system. 

 

The converter unit is composed of two 6-

pulse converters connected in series. Both series 

converters at the rectifier station are connected via a 

smoothing reactor, while another two series ones are 

in opposite polarities to form the inverter station. 

Each converter is supplied through a (Y-earthed/Y) 

and (Y-earthed/) transformers (or via a three 

winding transformer with Y-earthed primary and 

both secondary's are of Y and  respectively). These 

transformers act as a 30o phase shift for the AC 

voltage of the secondary sides between the Y and   

sides to produce the required 12-pulse rectifier 

system. Also it can boost the average output voltage 

more than the corresponding voltage of the 

monopolar-link. In order to reduce the ripples and 

the harmonic contents of the orders (5th, 7th, 11th 

and 13th) that are accompanied with the voltage 

waveforms, dedicated filters can be used. The 

ratings of the rectifier station transformer is 40MVA, 

50Hz and 22kV/220kV/220kV, while the grid is 

with 220 kV and 60Hz. The length of HVDC link is 

100km. 
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Fig. 3. (a) Description of the utilized inverters (a) 

Configuration of the 38MW PV system with 12-

inverters. (b) Configuration of the 38MW PV system 

central inverter. 

 

The control of the power can be achieved 

by controlling the firing angles of the rectifier 

station, where the rectifier operates in the 

rectification mode with 0   90 . The extinction 

angle of the inverter station, where the rectifier can 

operate in the inverter mode with the firing angle 

lying in a range of 90 < <180 . These firing angles 

are varied to examine the system performance and 

the characteristics of the HVDC system. Then, the 

effect of varying the irradiance of the PV power 

plant in addition to the change of the angles α and  

should be thoroughly investigated. 
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Fig. 4. Two terminal DC network. 

 

III. DESCRIPTION OF THE HVDC 

CONTROL 
A two terminal DC link is shown in Fig. 4 

with a rectifier and an inverter. The DC system is 

represented by an inductance L and a line resistance 

R. The value of the inductance L comprises of the 

smoothing reactor(s) and the DC line inductance, 

whereas the value of R includes the resistances of 

the smoothing reactor(s) and the resistance of the 
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DC line etc. [11]. Using Ohm’s law, the DC current 

in the DC link depicted in the aforementioned figure 

is given by equation (1). 

 

                                   (1) 

Where  

Vdr is DC-voltage output of the rectifier  

Vdi is DC-voltage output of the inverter 

R is the DC line resistance.  

The power at the rectifier side of DC link is given by 

equation (2). 

   

                           Pdr=Vdr Id           (2) 

  

The power at the inverter side of DC link is given by 

equation (3). 

   

        Pdi=Vdi Id                          (3)  

 

From the converter theory, the relationships Vd-Id 

for the rectifier and the inverter are given by 

equations (4) and (5) as,  

   

                 Vdr = Vdor cos α – Rcr Id                  (4) 

  

    Vdi = Vdoi cos γ - RciId               (5)  

 

where Rcr and Rci depend on the overlap 

angles at the rectifier and the inverter respectively. If 

the overlap angles is zero, their associated voltage 

drop equal to zero with overlap, Rcr equals to 

3XcrId/ and Rci equals to 3XciId/. Id is the DC 

current and Xcr is the commutation reactance (of the 

HVDC transformer) at the rectifier. Xci is the 

commutation reactance of the inverter. 

Vdor = 1.35 VLr is the maximum DC voltage 

of rectifier with firing angle =0. VLr is the rms 

value of line input voltage of the rectifier, while Vdoi 

=1.35 VLi is the maximum DC voltage for the 

inverter with γ=0 and VLi is the rms value of line 

input voltage of the inverter. Using the equations 

describing Vdr and Vdi the DC line current is given 

by either one of two options depending upon the 

choice of the control mode at the inverter:  

 

 Id = (Vdor cos α – Vdoi cos γ) / (Rcr + R - Rci)      (6)  

 

The DC output power of the rectifier and 

inverter are given by equations 7 and 8. Those 

equations shows the power transmitted depending on 

the Vdor, Vdoi, , γ and the DC current. 

 

         (7) 

                                                    

                 (8) 

 

The reactive power is absent inside HVDC 

link, therefore the using of fixed capacitors and 

filters at each AC side to supplemented the reactive 

power as mentioned before. 

The best choice select γ =180-  is to 

reduce the voltage drop between output of the 

rectifier and the input of inverter inside the HVDC 

link. 

 

IV. APPLIED SIMULATION TESTS 
Different test cases were applied using the 

developed dynamic simulation of the selected 

system in MATLAB. A constant solar irradiance 

was first considered. Then, the effects of varying the 

solar irradiance was extensively investigated. Also, 

the influences of a sudden change of the firing angle 

was tested. During these tests, the boost converters 

were controlled with a MPPT routine with an initial 

duty cycle of 0.4. The PV inverter operates at 50Hz 

modulation frequency and with a frequency ratio of 

33. It has a modulation depth of 0.95 with a regular 

sampled asymmetrical-double Edge PWM 

technique. 

 

4.1 Constant Solar Irradiance (Constant  And 

) 
The behavior of the simulated system was 

illustrated in Fig. 5 at a constant solar irradiance of 

1000W/m2 with a firing angle of the rectifier station 

of 35o and an extinction angle of 145o. The 

frequency of the rectifier station was 50Hz and the 

frequency of the inverter station was 60Hz. The 

MPPT routine was initiated after 0.5 sec. The 

resulting waveforms for the corresponding voltages, 

currents, active and reactive power were 

demonstrated in Fig. 5(a) generating a total power of 

32 MW. Zooming the resulting quantities raises a 

pure sinusoidal of both voltages and currents as 

shown in Fig. 5(b). 

 

 
(a) 
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(b) 

 

Fig. 5 System performance at the inverter station 

(Grid side) with a solar irradiance of 1000W/m
2
, 

α=35
o
 and = 145

o
. (a) Voltage, current and power 

measurement (b) Zoomed outputs at the inverter 

station (Grid side) with a solar irradiance of 

1000W/m2, α=35
o
 and = 145

o
. 

 

The measured DC voltage and current of 

the HVDC link was demonstrated in Fig. 6 having a 

DC voltage of 535 kV with approximated current of 

60A. Fig. 7 emphasized the performance of the PV 

system with a three phase voltage of 22 kV and 36 

MW after 0.2 second only. The variation of the 

resulting active power at different points of the 

simulated system was demonstrated in Fig. 8. The 

power at the gird side was reduced by the amount of 

the losses in the converter stations, the boost 

converter, the PV converter and the DC line with a 

total accumulated power losses of 3 MW. 

 

 
Fig. 6 Rectifier DC voltage, DC current and inverter 

dc voltage with a solar irradiance of 1000W/m2, 

α=35
o
 and = 145

o
. 

 
Fig. 7 PV performance with a solar irradiance of 

1000W/m
2
, α=35

o
 and = 145

o
. 

 

 
Fig. 8 Measured power variation at overall system 

with a solar irradiance of 1000W/m
2
, α=35

o
 and 

=145
o
. 

 

4.2 Sudden Change Of The Solar Irradiance 

With Constant α and  
The solar irradiance was suddenly changed 

from 1000 W/m2 to 600 W/m2 after 0.5 sec. with a 

constant α and  at 35o and 145o respectively. As 

illustrated in Fig. 9, the resulting active power was 

remarkably reduced, while the corresponding DC 

current of the HVDC link was also reduced from 

60A to 25A as illustrated in Fig. 10.  

 

 
Fig. 9 Performance at the Grid-side for a sudden 

change of the solar irradiance from 1000W/m
2
 to 

600W/m
2 

with constant α and . 
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Fig. 10 Performance at the DC link for a sudden 

change of the solar irradiance from 1000W/m
2
 to 

600W/m
2 

with constant α and . 

 

Similarly, Fig. 11 illustrated the 

performance of the PV system showing the 

reduction of its currents, active power and reactive 

power.  

 

4.3 A Sudden Change of  With Constant Solar 

Irradiance and  
In order to investigate the effects of 

controlling the firing angle of the rectifier station, α 

was suddenly changed from 35o to 50o while 

keeping the solar irradiance and the angle  constant 

at 1000W/m2 and 145o respectively. Fig. 12 shows 

the grid performance during this condition, where 

both voltages and currents were almost constant. On 

the other hand, the resulting active power was 

slightly reduced as a function on the firing angle α. 

Fig. 13 shows the performance of the HVDC link, 

where the DC voltages at rectifier and inverter 

stations were not changed. However, the DC current 

is reduced depending on the value of firing angle α. 

This, therefore, affects the measured power after the 

rectifier station as shown in Fig. 14. 

 

 
Fig. 11 PV system performance for a sudden change 

of the solar irradiance from 1000W/m
2
 to 600W/m

2 

with constant α and. 

 
Fig. 12  Grid side performance for a sudden change 

of α from 35
o
 to 50

o
 with constant solar irradiance 

and . 

 
Fig. 13 Performance of HVDC link for a sudden 

change in α from 35
0
 to 50

o
 with constant solar 

irradiance and. 

 

 
Fig. 14 Power measurement for a sudden change in 

α from 35
0
 to 50

o
 with constant solar irradiance 

and. 

 

The resulting active and reactive power 

from the PV system were affected as illustrated in 

Fig. 15. Also, a remarkable distortion of the 

resulting AC voltage and current was noted 

revealing extra harmonic contents. 
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Fig. 15 Performance of PV system for a sudden 

change in α from 35
0
 to 50

o
 with constant solar 

irradiance and . 

  

4.4 Severe Test with  Time Varying Solar 

Radiation 

The overall PV system was subjected to a 

severe test with a time varying solar irradiance 

according to the seen profile in Fig. 16. This can be 

caused due to severe environmental and weather 

conditions. The PV system was subjected to this 

varying solar irradiance with a constant firing angles 

of the converter and inverter of 35
o 

and 145
o
 

respectively. Fig. 17 shows the performance of the 

PV systems during this condition. As revealed from 

the results, the resulting voltages and currents were 

changed according to the irradiance variation. Active 

and reactive power components were consequently 

affected. Fig. 18 illustrated the behavior of the 

HVDC link during this condition. The resulting DC 

current followed similarly the shape of the irradiance 

of PV system, while its DC voltage level was almost 

unchanged.  As noted from Fig. 19, the measured 

power at the grid side followed also the same profile 

of the solar irradiance, while its voltage and current 

waveforms were almost unchanged  
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Fig. 16 Time varying profile of the solar irradiance 

of the PV system. 

 
Fig. 17 PV system performance during the time 

varying irradiance with α=35
o
 and = 145

o
. 

 

V. CONCLUSION 
In this paper, integrating large scale PV 

power plants into the power grid via HVDC links 

was explored. Different benefits are gained using 

this integration methodology including eliminating 

stability issues, higher capacity, lower losses, better 

voltage profile and better controllability. Also, 

utilizing bipolar-HVDC link facilitates integrating 

different PV units (even with different frequency) 

together (with different frequency of the grid) to the 

grid. A large PV example of a 36 MW was 

considered as a simulation example. Different 

investigation tests including the variations of the 

solar radiance and the converter control angle. A 

MPPT routine was utilized for maximizing the 

performance of large grid PVs. Controlling the firing 

angles of the rectidier and inverter (α and ) helps 

supervising the integration profile effectively. 

 

 
Fig.  18 HVDC link performance during the time 

varying irradiance with α=35
o
 and = 145

o
. 
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Fig. 19 Grid side performance during the time 

varying irradiance with α=35
o
 and = 145

o
. 

 

Appendix: PV String (32kw) 

The type of the module: Sun-Power SPR-30 SWHT, 

Number of cells per module=96, Number of series-

connected modules per string=35 and number of 

parallel strings 330. 
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