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Abstract—Solar photovoltaic (PV) is amongst the leading 

renewable-based power generation. In the last two decades, 

enormous developments have been taking place in PV systems 

in the power electronics domain to meet both utility and load 

requirements. Recent challenges associated with integrating 

large PV generation into the distribution network are 

demonstrated. Legacy inverter-based solutions have a 

documented failure rate and their switching circuits can cause 

harmonics in excess of grid codes, requiring PV farm owners 

or operators to install additional electric equipment (e.g. 

synchronous condensers, switching capacitor banks, filters). 

This paper proposes a novel solar power conditioning system 

which aims to mitigate harmonics, correct power factor and 

control the output voltage whilst providing additional 

redundancy to a complete failure of generating electricity.  

MATLAB/Simulink, was used to model, simulate and 

characterize the performance of the proposed system under 

ideal and realistic solar irradiance profiles. From a PV plant 

perspective, it was demonstrated that the proposed solar 

converter can sufficiently suppress the current harmonics 

originated from PV farm without decreasing the overall 

efficiency.  
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Ih_mag 

Solar photovoltaic 

Maximum power point tracking 

Power conversion system 

Total harmonics distortion 

Energy storage systems 

Static synchronous compensator 

Distributed generator 

Power quality 

Electromagnetic compliance 

Point of connection 

On-load tap changer 

Short-time Fourier transform 

Phase-locked loop 

Proportional-integral 

Proportional-resonant 

RMS three phase-to-ground grid voltages 

RMS inverter output voltages  

Instantaneous inverter output voltages  

Instantaneous inverter output currents 

RMS grid line currents 

Instantaneous grid voltages 

Instantaneous dc-link voltage 

The symbol Y* is replaced, as required by 

the symbol I* for reference currents, by 

symbol V* for reference voltages 

Harmonic magnitude of iabc 

 

Ih_ang Harmonic phase angle of iabc 

P Active power 

Q Reactive power 

Qexch Reactive power exchange between the power 

factor  regulator and grid 

Iexch_mag Power factor regulator output current 

 magnitude 

Iexch_mag Power factor regulator output current phase 

angle  

Tapold Current tap position 

Tapstep Step change on taps 

Tapnew New tap position 

  

I. INTRODUCTION 

The recent rapid proliferation in solar photovoltaic (PV) 
in electrical power generation among all other sustainable 
energy sources can be linked to its merits, such as 
abundance, no rotating parts, no mechanical noise, less 
maintenance, and high modularity [1]. In order to extract 
maximum power from the PV panels, algorithms such as 
maximum power point tracking (MPPT) can be 
incorporated as part of the power conversion system (PCS). 
A well-known example is the perturb and observe algorithm 
presented in [2]. At present, inverter-based PCS dominates 
in a very competitive market. Nevertheless, data indicates 
that they contribute to the highest number of service calls 
and have the greatest operation and maintenance cost 
burden [3]. Failure in PV inverters can be attributed to 
fatigue in printed-circuit boards and solder joints, capacitor 
degradation, poor contactor mechanism, power 
semiconductor switches operating beyond their electrical 
and thermal limits, as well as degradation in enclosures [3]. 

 Many inverter technologies have among others, the 
attributes of (a) boost capabilities, (b) isolation, (c) high 
efficiency, (d) power decoupling and (e) compact design. 
Based on these criteria, the authors in [4] critically reviewed 
different inverter topologies and further classified their 
suitability depending on specific requirement of PV 
systems. A large-scale PV plant without inertia can have a 
significant impact on the power grid stability and reliability 
[5] [6]. Therefore, advanced capabilities including voltage 
regulation, active power controls, ramp-rate controls, fault 
ride through and frequency control are essential to maintain 
grid stability. Their viability has been demonstrated, as per 
[7]. In addition to those issues, a study on the impact of 
harmonics from a 20 MW PV solar plant in Sarnia, Ontario 
under different network has shown that a higher voltage 
total harmonics distortion (THD) occurred during cloudy 
days [8]. The quality was worsened with network 



resonances caused by adding power factor correction 
capacitor banks. 

To alleviate the above-mentioned issues, several 
solutions were proposed in the literature. A more commonly 
used approach is to couple energy storage systems (ESS) 
with renewable-based generation [9]. However, such 
approach requires a high up-front cost on ESS. A PV solar 
system which can temporally switch to a static synchronous 
compensator (STATCOM) mode is also able to damp the 
grid power oscillation without additional cost on ESS [10] 
[11]. A more sophisticated control was further developed 
where the real and reactive power were controlled 
individually, aiming to achieve fast frequency response and 
power oscillation damping capabilities simultaneously [12]. 
Inevitably, power curtailment takes place due to the use of 
inverter capacity under such circumstances, especially 
during under-frequency and power oscillations events. 
Therefore, the cost due to the temporary restriction of 
energy production needs to be compensated by the 
ancillary/balancing service market. A study was carried out 
where a grid-connected PV system provides harmonics 
mitigation as ancillary service, to maintain the power quality 
of the grid [13]. The study shows that the PV system acts as 
an active power filter and a distributed generator (DG). A 
control scheme was proposed which allows ancillary service 
at a reduced power level under partial shading conditions 
encountered by the PV systems [14].   

This paper proposes a novel solar PCS which has 
capabilities to correct power factor, regulate voltage and 
attenuate harmonics. This patented technology [15] 
substitutes inverter, transformer, VAR compensators and 
filters. Besides generating active power from the solar 
panels, it enables the solar farm to participate in the 
balancing / ancillary services. In addition, the concept offers 
additional redundancy where it can fail safe to transformer 
capability, hence enhancing overall solar farm reliability. 

 The following section explains the architecture of the 
proposed solar PCS and its equivalent modelling (section 
II). In section III, we demonstrate the power factor 
compensation and voltage control functionalities. In 
addition, solar PV farm case studies are presented where we 
analyse the efficiency and THD as we gradually increase the 
number of proposed PCS and replacing the conventional 
inverter-based PCS. The main findings and conclusions are 
summarised in Section IV. 

II. ARCHITECTURE AND MODELLING OF PROPOSED SOLAR 

PCS SYSTEM 

A. Concept and Architecture of Proposed Solar PCS 

A conventional PV system is shown in Fig. 1a and it 
consists of a dc-dc boost converter, a dc-ac inverter, filters 
and a service transformer. The proposed solar PCS (Fig. 1b) 
combines a dc-ac inverter, three pairs of magnetically 
coupled windings, filters and a back-to-back converter. In a 
conventional PV system, the DC voltage is boosted up by a 
dc-dc boost converter. In the proposed solution, this 
function is achieved through the magnetically coupled 
windings. In this case, the front-end dc-ac inverter extracts 
the maximum power from the PV panels, via a MPPT 
algorithm.  

The back-to-back converter is connected to the 
magnetically coupled system through a pair of control 

windings. This arrangement enables capabilities such as 
power factor correction, voltage magnitude control and 
harmonics attenuation. If a fault occurs on the back-to-back 
converter, the system switches to by-pass mode where the 
active control of power flow through the third windings is 
disabled.  In essence, it acts as a transformer without 
interrupting the overall operation whilst the back-to-back 
converter system is under repair. Further information on the 
configuration can be referred in the filed patent [15]. 

B. System modelling and control 

When investigating the impact of grid integration of the 
proposed solar PCS at different penetration levels, 
equivalent (or average) model is preferred to achieve fast 
simulation with less computational burden. The key 
functionalities of the proposed system are demonstrated 
successfully from a network analysis perspective. In this 
paper, the equivalent representation of the proposed solar 
PCS system is shown in Fig. 2. The modelling of each block 
is discussed in the following sub-sections.  

1) dc-ac inverter 
The dc-ac grid-tied inverter is modelled as a full-bridge 

inverter with a standard stationary reference frame 
proportional-resonant (PR) current control, as shown in Fig. 
3. We are using PR control scheme in our work due to its 
large popularity in renewable applications. This control can 
eliminate steady-state error when tracking sinusoidal signals 
by generating a signal with an infinite gain at grid frequency 
whilst attenuating other harmonic frequencies [16].  

 The transfer function of the resonant controller is 
defined as:  

 𝐺PR(𝑠) = 𝐾𝑝 +𝐾𝑖
𝑠

𝑠2 +𝜔𝐺
2 (1) 

where Kp is the proportional gain, and the second term is a 
generalised integrator which represents a bandpass filter 
tuned to resonate at the grid frequency, ωG. This controller 
acts on a narrow band around ωG and therefore, the 
harmonic compensator (HC) for low-order harmonics can 
be realised without influencing all the behaviour of the 
current controller. The parallel connected resonant HC, is 
formed by several bandpass filters tuned to resonate at the 
desired harmonic frequencies, as shown in Eq. (2),  

 𝐺HC(𝑠) = ∑ 𝐾𝑖ℎ
𝑠

𝑠2 + (𝜔ℎ)2
ℎ=3,5,7

 
(2) 

where h denotes the current compensated harmonic order. 
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Fig. 1.  The block diagram for the a) inverter-based PV system and b) 

proposed solar PCS 



2) Active harmonic filter 

The key part of an active harmonic filter is the harmonic 
detection, achieved by applying the short-time Fourier  
transform (STFT) to the grid currents [17]. Note that the 
active harmonic filter is performed individually for each 
phase. Fig. 4 illustrates the algorithm for phase A and it is 
applicable for phase B and C. The grid current, ia is 
monitored and captured through a time window (20 ms, grid 
period) and then fed into the STFT block to extract the 
harmonic spectrum. Only 2nd to 19th harmonic orders are 
considered as they are the dominant harmonics for power 
electronic devices [18]. For each harmonic, the phase angle, 
Ih_ang and magnitude, Ih_mag are extracted. The combination 
of those two, shifted by 180 degrees are fed to the 
controllable current source. This then generates a current 
which cancels out the current harmonics at the PoC.   

3)  Power factor regulator 

 The power factor regulator is modelled as a controllable 
current source in the equivalent model. The corresponding 
control strategy is illustrated in Fig. 5. The three-phase 
voltages and currents, vABC and iABC are measured to 
calculate the corresponding active and reactive power (P 
and Q). Based on P and a targeted power factor PF*, a 
reference reactive power, Q* at PoC is calculated. The error 
between Q and Q* is fed into a PID controller. This 
controller then computes the needed reactive power to be 
injected in the grid, Qinj (and hence the magnitude and phase 
angle of required current injection, Iinj_mag and Iinj_ang). 

4) Voltage regulator 

The voltage regulator is modelled as a transformer 
equipped with an on-load tap changer (OLTC). The 
transformer output voltage, Vabc is controlled by regulating 
the tap position on the primary side as shown in Fig. 6. The 
error between the reference voltage magnitude (Vabc

*) and 
the measured value (Vabc) is passed to a dead-band controller 
to avoid rapid change in tap position. Subsequently, the tap 
is moved upwards on two conditions: Vabc

* is greater than 
Vabc

 and the absolute difference is above half of the pre-set 

dead-band tolerance. The opposite applies when Vabc
* is 

smaller than Vabc. The controlled tap position (Tapnew) 
equals the sum of the current tap position (Tapold) and the 
tap step change (Tapstep). 

III. CASE STUDIES 

In this section, the voltage control and power factor 
correction functionalities are demonstrated through a single 
unit of solar PCS. Then, the THD vs. power frequency 
performance is analysed with a PV farm scenario, where we 
have incrementally replaced the conventional PCS with our 
proposed solar PCS.  

A. Power factor and voltage control functionalities 

The power factor correction and voltage regulation 
functionalities are demonstrated through a simple two-bus 
system where the proposed solar PCS is connected to a 
controllable voltage source (representing the utility grid) 
through an impedance with an aggregated demand 
connected in parallel, as shown in Fig. 7. The aggregated 
demand is 350 kW, 150 kVAr (inductive). As shown in Fig. 
8, the reactive power supported by the utility grid was equal 
to 170 kVAr. It gradually decreased to zero when the power 
factor regulator was turned on at 5 s. 

To illustrate the effectiveness of the voltage regulator, a 
series of intentional voltage disturbances were added to the 
RMS value of the supply voltage, VABC as shown in Table I.  
For simplicity purposes, the voltage regulator is pre-set to 
maintain the grid voltage at 1 p.u. The simulated voltage 
transient is illustrated in Fig. 9. The voltage regulator 
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Fig. 6.  Voltage regulator model 
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Fig. 2.  Equivalent representation block diagram of the proposed 

solar PCS system 
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Fig. 4.  Active harmonic filter control strategy. 
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responded to the voltage disturbance and brought the     
secondary-side voltage (Vabc) back to its nominal value 
within 1 s. It is acknowledged that the modelled voltage 
regulator produced a low-resolution voltage steps and this 
was due to the limitation of the OLTC which utilises 
mechanical switching. The patented device controls the 
voltage through power electronics which provide a 
smoother output voltage control.  

B. PV farm modelling 

The PV farm consists of three identical PV systems, 
representing a total rated power of 3×200 kW. Each PV 
system is made up of a service transformer, a PV PCS and 
PV panels, as shown in Fig. 10. The aggregated demand at 
the grid side is 350 kW, 150 kVAr (inductive) while the 
rated power for each PV conversion system is 200 kVA. The 
daily load and solar irradiation profiles (at 5 minutes 
sampling interval) were computed from a scaled average 
measurement of 25 LV networks in Manchester, United 
Kingdom [19]. The aggregated demand and the solar 
irradiation profiles are respectively represented by the black 
curve and the red curve in Fig. 11. The solar irradiation 
profile is extremely fluctuating, as it is on a typical cloudy 
day. A smooth curve fitted solar irradiance profile (in blue) 
which represents a clear sky scenario, was used to 
benchmark the performance of the PV farm. 

The proposed PCS is integrated into the PV farm (shown 
in Fig. 10) by replacing the service transformer and PV 
inverter. Four different penetration levels are considered: a) 
no replacement (i.e. regarded as normal PV farm); b) one 
PCS unit applied (denoted as “PCS_1U”); c) two PCS units; 
d) three PCS units. 

C. THD analysis and power efficiency performance with 

a PV farm setup 

In this section, we analyse the THD and power 
efficiency by measuring the three-phase current at the PoC 

under both clear sky and cloudy conditions. Using the 
normal PV farm as a reference, the THD reduction is 
calculated as the solar PCS units are increased in steps, as 
shown in Fig. 12 (clear sky) and Fig. 13 (cloudy day) 
respectively. It can be observed that the THD reduction is 
improved  with a higher number of PCS installed. The THD 
is reduced by more than 80% when full capacity solar PCSs 
were used in the PV farm. Moreover, the THD mitigation 
was more effective when the PCSs were operating at a low 
load factor. The presence of harmonics when the inverters 
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Fig. 7.  Two-bus system simulation setup for power factor correction 

and voltage control  

 

Fig. 9.  The primary and secondary side voltage magnitudes when 

the voltage regulator is on and off. 
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Fig. 10.  Single-line diagram of modelled PV farm. 

 

Fig. 11.  The daily load and solar profiles applied in the case study. 
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Fig. 8.  The grid-side reactive power when the power factor regulator 

is off and on. 
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were operating at low power can be attributed to the 
deviation of reference grid-side current from the inner 
current controller [18]. 

Here, the power efficiency of PV farm is calculated as 
the ratio of the total active power injected into the grid by 
the dc power absorbed from the PV arrays. As shown in Fig. 
14 (clear sky) and Fig. 15 (cloudy day), the power efficiency 
improvement relative to the benchmark system is minimal 
when the solar PCS operates about 20% of its load factor. 
However, as the solar irradiance dropped, an exponential 
efficiency improvement is achieved. This acknowledges 
that the profile may vary depending on the losses model and 
their corresponding parameters. Although accurate losses 
modelling is beyond the scope of this paper, we aim to 
provide a relative comparison of power efficiency whilst 
evaluating active harmonics filtering. 

The THD vs. power efficiency plot with and without the 
proposed PCS is illustrated in Fig. 16. This shows the 
relationship between efficiency and harmonics mitigation. 
It can be seen that the proposed PCS produced a smaller 
variation in THD as the level of solar irradiance varies over 
the day. Therefore, the overall PV farm performance may 
be more predictable which is highly sought-after from the 
utility perspective. 

IV. CONCLUSION 

This paper explores through simulation a novel solar 
power conditioning system which aims to control output 
voltage, correct power factor and mitigate harmonics whilst 
providing additional redundancy to a complete failure of 
generating electricity from the PV panels. As the utility grid 

demands more stringent requirements for PV farms to be    
connected, the additional capabilities shown by the 
proposed PCS may further mitigate the barrier whilst 
ensuring minimal renewable curtailment during operation. 
Furthermore, the extent of each ancillary service may be 
controlled at different levels, depending the grid condition 
at that particular time. Finally, scalability vs. performance 
gained for both THD and power efficiency was 
demonstrated. Future work might consider a more detailed 
models of PCS, and verification of various coordination 
control strategies against experimental results. 
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