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1. Introduction
In recent decades, the generation and consumption of electricity supplied by renewable energy systems have grown, 
and it is expected to continually expand. Solar and wind energy can be highlighted as non-polluting energy sources, 
recently demonstrating a significant increase in the electric sector (Hart, 2010; Monfared, et al., 2012; Sundar, et al., 
2014; Xiao, 2017). As a non-polluting energy source, solar energy has stood out as being inexhaustible on the 
terrestrial time scale, currently becoming the most promising renewable energy (Massawe, 2013). The efficiency 
improvements in the solar radiation conversion to electricity, the attractive economic return, the low maintenance 
costs, a system lifetime up to 25 years or 30 years and the growing need for renewable energies make photovoltaic 
systems ideal for electricity generation in utility-scale or smaller distributed generation plants (Massawe, 2013; 
Pinho and Galdino, 2014; Xiao, 2017).

In parallel with the development and improvement of photovoltaic modules, the complementary components 
used for the generation/transformation of electricity have also been improved (Pinho and Galdino, 2014; Xiao, 
2017). Among these, the power converters (i.e. DC/AC converters) play an essential role in the system. They 
are used to convert the direct voltage (Vdc) from the photovoltaic module to alternating voltage (Vac) supplied 
directly to the electric grid or appliances in isolated systems. The so-called inverters or DC/AC converters 
are being constantly improved (Andish, et al., 2016; Jalilzadeh, et al. 2018). Their architectures have always 
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sought better conversion efficiency, elimination of the harmonics generated in the DC to AC conversion, size 
reduction (and consequently a reduction of their final price) and an extension of its operating lifetime (Sundar, 
et al., 2014; Xiao, 2017; Guo et al., 2019; Andish, et al., 2016; Jalilzadeh, et al. 2018). Most renewable energy 
systems use DC/AC converters to transform the voltage from the photovoltaic modules (Vpv) to a sinusoidal 
alternating voltage (Vgrid), supplying energy for isolated loads (off-grid system) or directly connecting to the 
power grid (on-grid system) (Hart, 2010; Massawe, 2013; Sundar, Karthick and Rama Reddy, 2014; Xiao, 
2017; Andish, et  al., 2016; Jalilzadeh, et  al. 2018). Figure 1 shows an example of an on-grid photovoltaic 
system usually used by several authors and manufacturers, and it was also adopted as a reference model in 
this article.

Power converters used in photovoltaic systems usually have two basic stages: DC/DC converter and DC/AC 
converter (Hart, 2010; Andish, et al., 2016; Jalilzadeh, et al. 2018). The first has the function of receiving the DC 
voltage from the photovoltaic modules and adapting it to the next stage (DC/AC converter) (Roomi, 2019). The  
DC/AC converter will receive the appropriate photovoltaic voltage (Vpv) from the DC/DC converter and transform it 
into a scalable AC voltage (Vgrid) with both amplitude and angular displacement control, which is then delivered as 
AC power through a filter using an inductor (Hart, 2010; Xiao, 2017; Guo et al., 2019; Roomi, 2019; Andish, et al., 
2016; Jalilzadeh, et al. 2018).

To perform the power exchange between the photovoltaic modules and the power grid in an efficient and 
controllable way, various power control strategies have been proposed in the literature: current hysteresis control 
(CHC), voltage-oriented control (VOC), proportional-resonant (PR)-based control and constant P-Q control (CPQC) 
(Monfared, et al., 2012; Gajewski and Pienkowski, 2016; Simões and Farret, 2017).

In this paper, the control strategy used as a reference to establish the maximum power transfer between 
photovoltaic modules and the power grid is the CPQC. Figure 2 shows the block diagram of the control and power 
system proposed in this article.

In the CPQC strategy, electric current components from both active and reactive power are measured from the 
AC grid using a wattmeter. These components are compared with the signals from the Park transformation of the 
same AC power current (Igrid) and the same AC power voltage (Vgrid). Then they are coupled to a proportional-integral 

Fig. 1. Basic Scheme of an on-grid photovoltaic system. Source: adapted from Canadiansolar e Itron (Website – Canadiansolar (module), 2021; 
Website – Canadian (inverter), 2021; Website - Itron, 2021).
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control (PI) and the inverse Park transformation is performed, generating a sinusoidal signal with scalable amplitude 
and/or with forward or delay angular displacement for the Pulse Width Modulation (PWM) control of the DC/AC 
converter (Gajewski and Pienkowski, 2016).

This article presents the design and simulation results of a phase-locked loop (PLL) control system based on the 
CPQC for an on-grid single-phase inverter powered by photovoltaic modules. Together with the software PSCAD/
EMTDC Power Systems, developed by the Canadian company Manitoba Hydro International, was used to allow 
a practically real-time simulation with a dynamic interaction of parameters, such as irradiance and temperature 
on photovoltaic modules. In addition, it allows an excellent integration between the electrical grid and the power 
system electronics. The control strategy scheme CPQC was implemented and improved in the inverter design. 
Several solar irradiance conditions were simulated, providing insights into the efficacy, efficiency, precision and 
also keeping decoupling between the control system and the power system. The control strategy scheme allows 
easy practical implementation through a Digital Signal Processor (DSP) or even Field Programmable Gate Array 
(FPGA). Operational descriptions of each stage (both control and power system) and graphics from simulations 
obtained of PSCAD/EMTDC from the system confirm the theoretical foundations employed and the performance of 
the proposed inverter design.

2. Methodology
2.1. Power stage
Figure 3 shows the block structure of the proposed single-phase inverter power system, and afterward, each stage 
is explained.

Stage A – refers to photovoltaic modules that will feed the DC/DC converter in stage B. The schematic’s 
electrical of stage A implemented in the PSCAD is shown in Figure 4.

Fig. 2. Block diagram of control system and power system. DC/AC, direct current/alternating current; MPPT, maximum power point tracker;  
PID, proportional-integral derivative; PG, phase generator; RG, reference generator; LPF, low-pass filter.
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Two sliding potentiometers are used to simulate the solar irradiance (Irrad) in a range of 100–1,000 W/m2 
and the temperature (Temp) in a range of 5–50°C on the photovoltaic modules. The photovoltaic module has 
a non-linear characteristic current versus voltage (I-V) curve, where each curve changes according to the 
parameters of temperature and solar irradiance on the photovoltaic module (Xiao, 2017). Each I-V curve has 
a maximum power point (Pmpp) wherein occurs the maximum power transfer between the photovoltaic module 
and the load (Massawe, 2013; Pinho and Galdino, 2014; Xiao, 2017). The location of the maximum power 
point in the I-V curve changes according to the variation of temperature and solar irradiance. To demonstrate 
the control strategy applied to the proposed inverter topology in this article, solar irradiations of 1,000 W/m2,  
800  W/m2, 600  W/m2, 400  W/m2, 200  W/m2 and 100  W/m2 were used for a fixed temperature of 25  °C.  
In addition, all voltages and signals are considered at steady-state and the initial charging of capacitors was 
not evaluated. Table 1 shows all parameters used for the configuration of the photovoltaic module in the 
PSCAD/EMTDC software.

The configurations presented in Table 1 provide short-circuit current (Isc) of 30 A and open-circuit voltage 
(Voc) of 400 Vdc for solar irradiance of 1,000 W/m2. These are the limiting values of current and voltage that can 
be obtained from the photovoltaic array, although no power is obtained at these points (Massawe, 2013; Xiao, 
2017). Figure 5 shows the I-V curves and Figure 6 shows the power versus voltage (P-V) curves simulated 
without the coupled power system of the photovoltaic module for solar irradiance of 1,000 W/m2, 800 W/m2, 
600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 for a fixed temperature of 25 °C obtained through the PSCAD 
software.

There are several direct and indirect techniques for tracking the maximum power point (Pmpp) of a photovoltaic 
module/array I-V curve (Dousoky, et al., 2013; Eltawil and Zhao, 2013; Massawe, 2013; Chettibi and Mellit, 2014; 
Rezk and Eltamaly, 2015; Xiao, 2017; Kwasny and Zieliński, 2021). In this article, the incremental conductance 
technique was chosen. This technique is widely used due to its high precision for determining the maximum power 
point, allowing good adaptability and fast response to variations of irradiance and temperature on the photovoltaic 

Fig. 4. Photovoltaic modules and two sliding potentiometers used to simulate the solar irradiance (Irrad) and the temperature (Temp) in the PSCAD.

Fig. 3. Power stages of photovoltaic module, DC/DC converter, DC/AC converter, filter coupling and control system DC/DC.
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array (Dousoky, et al., 2013; Eltawil and Zhao, 2013; Massawe, 2013; Chettibi and Mellit, 2014; Sundar, et al., 2014; 
Rezk and Eltamaly, 2015; Xiao, 2017). This technique uses the slope characteristics of the photovoltaic power 
curve to sweep the polarisation over the maximum power point (Pmpp) and, for this, compares the instantaneous 

conductance pv

pv

I
V

 with the incremental conductance pv

pv

I
V

∆
∆

, according to the algorithm presented in Eq. (1), which 

is illustrated in Figure 7 (Dousoky, et al., 2013; Eltawil and Zhao, 2013; Massawe, 2013; Chettibi and Mellit, 2014; 
Sundar, et al., 2014; Rezk and Eltamaly, 2015; Xiao, 2017).

Fig. 5. Ipv versus Vpv response curves for solar irradiations of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.

Table 1.  Parameters used in PSCAD/EMTDC software for the photovoltaic module in stage A

PV array parameters PV cell parameters Monitoring

PV array name (optional) Pvarray1 PV array name (optional) Pvarray1 PV array name (optional) Pvarray1

N°. of modules connected in 
series/array

8 Effective area/cell (m2) 0.01 Photo current/module (A) –

N°. of module strings in parallel/
array

2 Series resistance/cell (Ω) 0.0026 Internal diode current/module (A) –

N°. of cells connected in series/
module

72 Shunt resistance/cell (Ω) 1,000 Internal diode voltage/module (V) –

N°. of cell strings in parallel/
module

1 Diode ideality factor 1.130 Internal power loss/module (W) –

Reference irradiation (W/m2) 1,000 Band gap energy (eV) 1.103 Output power/module (W) –

Reference cell temperature (°C) 25 Saturation current at reference 
conditions/cell (kA)

1e–12 PV array output current (A) –

Short-circuit current at reference 
conditions/cell (kA)

0.015 PV array output voltage (V) –

Temperature coefficient of photo 
current (A/K)

0.0017
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Fig. 7. MPPT using incremental conductance technique. MPPT, maximum power point tracker.

Fig. 6. Ppv versus Vpv response curves for solar irradiations of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.
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where ΔIpv is the variation of the photovoltaic current; ΔVpv is the variation of the photovoltaic voltage; Ipv is the 
photovoltaic current; and Vpv is the photovoltaic voltage.

According to Eq. (1), the maximum power point tracker (mppt) signal in Figure 2 will have zero value when the 
voltage on the I-V curve is located on the same vertical axis of the maximum power point of the power curve (Pmpp). 
If the voltage on the I-V curve is located on the left of the axis of the maximum power point of the power curve (Pmpp), 
the mppt signal (Figure 2) will have a positive value. And finally, when the voltage on the I-V curve is located on the 
right side of the axis of the maximum power point of the power curve (Pmpp), the mppt signal (Figure 2) will have a 
negative value (Dousoky, et al., 2013; Johnson, 2013; Xiao, 2017).

Stage J – The PSCAD/EMTDC software has a specific control block called MPPT that is based on the algorithm 
of the incremental conductance technique, producing a reference signal (mppt) that will be compared to a triangular 
signal. The electrical schematic of stage J implemented in the PSCAD/EMTDC is depicted in Figure 8. 

The signal generated by the comparison between the mppt signal and the triangular signal has a square 
waveform with variable duty-cycle according to the level of the mppt signal. In this way, two signals (PP1 and PP2) 
will be generated through a flip-flop type D to switching the transistors of the DC/DC converter of stage B.

The mppt signal level will vary depending on the temperature and solar irradiance conditions. In this way, it 
will vary the duty-cycle and the output power provided by the DC/DC converter. The configuration of the DC/DC 
converter control circuit has the advantage of having high efficiency in tracking and adapting to the maximum power 
point and allowing it to be easily implemented (Massawe, 2013; Chettibi and Mellit, 2014; Xiao, 2017; Roomi, 2019).

Stage B – in this stage, the voltage received by the photovoltaic module is adequate to supply the transistors 
of the DC/AC converter at stage C. The electrical schematic of stage B implemented in the PSCAD is depicted in 
Figure 9.

The technique used for the DC/DC converter is a full-bridge converter. This conversion technique uses a high-
frequency switching transformer, thus allowing a high isolation efficiency between primary and secondary and 
making the transformer small when compared to conventional transformers that do not use transistor switching 
(Hart, 2010; Massawe, 2013; Xiao, 2017). In addition to these advantages, the switching transformer can perform 

Fig. 8. MPPT with incremental conductance technique implemented in the PSCAD. MPPT, maximum power point tracker.
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Fig. 9. Power DC/DC full-bridge converter implemented in the PSCAD.

several transformation ratios, which allows it to raise or reduce the secondary voltage to a large range according to 
the duty-cycle switching of transistors in the primary (Hart, 2010; Sundar, et al., 2014; Xiao, 2017).

The voltage supplied by the full-bridge converter is given by Eq. (2) (Hart, 2010; Xiao, 2017).

	
2 s

o s
p

NV V D
V

 
=  

 
� (2)

where Vo is the Output voltage; Vs is the transformer secondary voltage; Ns is the number of turns of the secondary 
coil; Vp is the transformer primary voltage; and D is the duty-cycle.

Through PP1 and PP2 signals coming from the control circuit (stage J), the power circuit of stage B can control 
the output voltage level (Vdc) by regulating the duty-cycle, and consequently, control the power delivered to stage C. 
The power delivered is the maximum power from the photovoltaic module.

Stage C, I – this stage converts the regulated DC voltage (Vdc) from stage B to single-phase modulated 
AC voltage (Vgrid), providing it to the coupling stage D (Hart, 2010). The electrical schematics of stages C and I 
implemented in the PSCAD are represented in Figures 10 and 11. 

In specialised and specific literature, several configuration structures are presented for active power components 
(Barbi, 2008). The selection of the ideal structure for the inverter depends on several factors concerning the devices 
used, such as cost, power, thermal efforts, ease of acquisition, size etc. (Barbi, 2008).

The structure of the DC/AC converter used in stage C is the full-bridge structure, since this structure is the 
one which is most frequently used, recommended for relatively high power (>1 kW), and is having as interesting 
characteristics the minimisation of transformer stresses, inductors and transistors including the versatility that 
the topology offers (Barbi, 2008; Massawe, 2013; Xiao, 2017). Figure 12 shows the complete bridge structure 
adopted.

T1, T2, T3 and T4 transistors are triggered according to a chosen modulation strategy. Many modulation strategies 
are proposed in the literature, among them: single pulse modulation, width modulation by multiple and equal pulses, 
modulation by optimised pulse width modulation (optimised PWM) and sinusoidal pulse width modulation (SPWM) 
(Barbi, 2008; Massawe, 2013; Xiao, 2017). The control strategy of transistor pulses selected was the unipolar 
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switching SPWM. This technique allows a low total harmonic distortion and shifting the generated harmonics to 
high frequencies, improving the elaboration of suppression filters (Massawe, 2013; Guo et al., 2019). Additionally, it 
allows the control of the output voltage through modulating the amplitude of the reference sinusoidal signal (Barbi, 
2008; Hart, 2010; Xiao, 2017; Youssef, et al., 2020). The unipolar switching SPWM strategy uses two signals to 
create the transistor drive SPWM modulation: a sinusoidal reference signal called modulation or control signal (vsin) 

Fig. 11. SPWM control of power DC/AC full-bridge converter implemented in the PSCAD. SPWM, sinusoidal pulse width modulation.

Fig. 10. Power DC/AC full-bridge converter implemented in the PSCAD.
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and a second triangular signal used for high-frequency switching called carrier signal (vtri) (Barbi, 2008; Hart, 2010; 
Massawe, 2013; Youssef, et al., 2020). Figure 13 shows the two signals.

In unipolar switching SPWM modulation, transistors are switching to produce a positive semi cycle and a 
negative semi cycle considering the zero level and supply voltage Vdc. Eq. (3) presents the switching scheme of the 
transistors according to Figure 12.

	

1  

4  

3  

2  

"1",  
"1", 
"1", 
"1",  

sin tri

sin tri

sin tri
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T if v v
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Fig. 13. Signals Vsin e Vtri used to create SPWM. SPWM, sinusoidal pulse width modulation.

Fig. 12. Structure of full-bridge single-phase inverter using transistors with SPWM. SPWM, sinusoidal pulse width modulation.
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where Tx is the transistor’s binary logic shift; vsin is the control signal; and vtri is the carrier signal.
According to the logic of Eq. (3) and the control implemented in stage I through logic gates, the positive and 

negative semi cycle signals are obtained between points A-B as shown in Figures 12 and 14.
Unipolar switching SPWM modulation has only the disadvantage of requiring a complex circuit to elaborate 

control signals for transistors and also a progressive increase of thermal losses with increased frequency of the 
carrier signal (vtri).

An important parameter regarding control signal ratio (vsin) and carrier signal (vtri) is the modulation frequency 
rate (mf), being important for the determination of harmonics and the best output filter configuration of the DC/AC 
converter. The modulation frequency rate (mf) may be calculated according to Eq. (4) (Massawe, 2013; Luo and Ye, 
2017; Xiao, 2017; Youssef, et al., 2020):

	
tri

f
sin

fm
f

= � (4)

where ftri is the carrier signal frequency and fsin is the control signal frequency.
Another relevant parameter is the amplitude modulation rate (ma), which is important for the determination of the 

amplitude voltage of the fundamental output frequency, given by Eq. (5) (Luo and Ye, 2017; Xiao, 2017; Youssef, 
et al., 2020):

	

, 

,

m sin
a

m tri

v
m

v
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where vm,sin is the control signal voltage amplitude and vm,tri is the carrier signal voltage amplitude.

Fig. 14. SPWM used in unipolar switching. SPWM, sinusoidal pulse width modulation.
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Stage D – refers to the DC/AC converter and AC power coupling, and its electrical schematic implemented in 
the PSCAD is depicted in Figure 15. 

The control of the current supplied to the AC power is performed by regulating the voltage between the points 
A-B (VAB) (as shown in Figure 12). It is applied between the coupling inductor and the AC power. The coupling 
inductor can be determined according to Eq. (6) (Massawe, 2013; Salem and Atia, 2015; Xiao, 2017; Hassaine and 
Bengourina, 2020).

	

( )ab gridL
ab grid

L

V ViL V V L
it
t

−∆
= − → =

∆∆  
  ∆

� (6)

where L is the output inductor; ΔiL is the variation of the output current through the output inductor; Δt is the variation 
of the time; Vab is the voltage between A-B points; and Vgrid is the alternating voltage from AC power.

Before the inductor connected to the electrical grid, two gate turn-off (GTO) thyristors were placed in antiparallel 
to provide a zero volt stage, discharging the electromagnetic energy stored by the inductor during the switching of 
the T1, T2, T3 and T4 transistors (Massawe, 2013; Gerardo, et al., 2015; Salem and Atia, 2015; Guo et al., 2019).

2.2. Control stage
Figure 16 shows the block structure of the control system stages implemented in the PSCAD/EMTDC software for 
control of the single-phase inverter.

Stages E, F, G – stages E and F are two independent phase generators (PG) and their electrical schematics 
implemented in the PSCAD are represented in Figures 17 and 18. 

Fig. 15. AC power coupling and grid-connected implementation in the PSCAD.

86



Henz and Gasparin

Fig. 16. Control stages of PG (current and voltage), park transformation, RG and DC/AC control system. PG, phase generator; RG, reference 
generator.

The phase generator of stage E transforms the sine voltage signal from the AC power (Vgrid) in an angular signal 
θ from 0 to 2π. This is used for synchronisation by Park transformation and inverse Park transformation. Stage 
F phase generator transforms the signal of the sine current from the DC/AC converter output (Igrid) in an angular 
signal θ from 0 to 2π, which is used to generate the sine signal for the α input of the Park transformation and also 

Fig. 17. Control stage of PG voltage implemented in the PSCAD. PG, phase generator.

Fig. 18. Control stage of PG current implemented in the PSCAD. PG, phase generator.
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to generate an advance 90° sine signal used by the β input of the same. In Figures 19 and 20, the signs Vgrid, Igrid, 
dent_Vgrid and dent_Igrid used in the Park transformation (stage G) are shown.

Fig. 19. PG from voltage (Vgrid). PG, phase generator.

Fig. 20. PG from current (Igrid). PG, phase generator.
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Stage G consists of the control system CPQC based on the Park transformation and its electrical schematic 
implemented in the PSCAD is depicted in Figure 21 (Monfared, et  al., 2012; Gajewski and Pienkowski, 2016; 
Manitoba HVDC Research Centre, 2018; Hairi, 2019). 

In this control system, active and reactive power component errors from Igrid and Vgrid signals are generated by 
a wattmeter (Monfared, et al., 2012; Manitoba HVDC Research Centre, 2018). For this, the Park transformation 
through Eq. (7) is used.
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vv
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θ θ
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   
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where vα and vβ refer to two-axis stationary and vd and vq refer to rotary reference frames, both using Park 
transformation.

The signals vd and vq are compared to the reference values of reactive power (Qload) and active power (Pload = 0), 
and then inserted into a proportional-integral controller (PI) together with the inverse Park transformation (Monfared, 
et al., 2012; Manitoba HVDC Research Centre, 2018; Hairi, 2019). The latter generates two sinusoidal signals vα 
and vβ and these are scaled in both amplitude and angular displacement, which will be used as a reference (vsin) for 
the unipolar PWM signal generation to control the DC/AC converter transistors. The signals vα and vβ generated by 
the inverse Park transformation are according to Eq. (8). The signal vβ is not used by the control system.
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where vα and vβ refer to two-axis stationary and vd and vq refer to rotary reference frames, both using Park 
transformation.

Due to the feedback current control, the CPQC control system allows optimal control dynamics and guaranteed 
static performance (Monfared, et al., 2012; Gajewski and Pienkowski, 2016; Manitoba HVDC Research Centre, 
2018; Hairi, 2019).

When the Igrid current is injected into AC power, it must be exactly in phase with the Vgrid voltage, or even the 
Igrid current must have the ability to advance or delay its phase, aiming to maintain a unit power factor (Simões 
and Farret, 2017; Xiao, 2017). Thus, the E, F and G systems constitute the PLL responsible for synchronisation 

Fig. 21. Control system CPQC based on the park transformation. CPQC, constant P-Q control.
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between the Igrid current and the Vgrid voltage, always allowing a power factor of 1, even with the addition of 
capacitive or inductive loads (Gajewski and Pienkowski, 2016). In this way, the circuits are always performing 
the maximum power transfer between the photovoltaic module and the AC power (Simões and Farret, 2017; 
Hairi, 2019).

Stage H – the electrical schematic of stage H implemented in the PSCAD is depicted in Figure 22. 
The implementation of this circuit is necessary due to the fact that PSCAD/EMTDC software requires a referential 

generator to vsin sine signal. The Iinv_a_out signal (vα) generated by the referential generator (sen_2) is used by stage I 
and has both phase and amplitude modulation displacement. Therefore, the signal control implemented in stage H 
(sen_2) reproduces exactly these changes from Iinv_a_out signal (vα).

3. Simulations and Results
To validate the theoretical foundations and functionality of the proposed DC/AC converter in the PSCAD/EMTDC 
software, simulations were performed for solar irradiance at values of 100 W/m2, 200 W/m2, 400 W/m2, 600 W/m2, 
800 W/m2 and 1,000 W/m2 with a fixed temperature of 25 °C. Figures 23 and 24 show the values of Vpv and Ipv for 
the maximum power point for the selected solar irradiances.

Fig. 22. Control of RG to vsin sine signal implemented in the PSCAD. RG, reference generator.
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Fig. 24. Ipv response curves for solar irradiances of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.

Fig. 23. Vpv response curves for solar irradiances of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.
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According to the Vpv and Ipv values seen in Figure 5 by the individual simulation of the photovoltaic modules, it is 
verified that the values obtained in the DC/DC converter input are exactly equal to those of the simulation, proving 
the effectiveness of mppt control and control of the DC/DC Full-Bridge converter, implemented in stage J.

Table 2 shows the displacement angles (θ) between Igrid current and Vgrid voltage, the photovoltaic array power, 
active and reactive power for selected irradiance levels.

The phase angle θ presented an advance or delay always <1°, keeping the power factor practically around 
the unit for any irradiance value. Thus, the efficiency and dynamics of the PLL control system based on the Park 
transformation, as elaborated in stages E, F and G of Figure 16, are verified.

Figure 25 presents the DC/AC converter efficiency values according to the ratio of the converter output power 
and maximum power, where multiple irradiances of 100 W/m2 were highlighted.

Comparing the DC/AC converter implemented in the PSCAD with current commercial DC/AC converters, it is 
verified that the yield is equivalent or superior. Around 10% of its maximum capacity (irradiance of 100 W/m2) the 
conversion efficiency is approximately 95%. With an irradiance of 1,000 W/m2, which in the particular case is around 
76% of its maximum capacity, the converter efficiency is 86%. With these simulated results, the effectiveness of 
stages C and I of the DC/AC converter is confirmed. The Vdc and Idc outputs of the DC/DC converter are demonstrated 
in Figures 26 and 27.

For the solar irradiance range evaluated, the voltage Vdc has become practically stable due to the duty-cycle 
increase of PP1 and PP2 signals used for transistors switching at stage B. For the Idc current, only at an irradiance 
of 100 W/m2, a small ripple is verified due to the reduction of duty-cycle switching of the same signals. However, this 
ripple did not present problems for the generation of Igrid output current, due to the filtration performed by stages C 
and D. Vpwm voltages are shown in Figure 28.

To illustrate the general behaviour of the proposed inverter, this paper will present the Vpwm voltages for fixed 
solar irradiances of 100 W/m2, 600 W/m2 and 1,000 W/m2, all at a fixed temperature of 25 °C. The output voltages 
of the DC/AC converter (Vpwm), for each adjusted irradiance, showed good stability and did not suffer interference 
in their amplitudes by the ripple voltages from the Vdc voltage of stage B. In this way, the right choice of the output 
filter and transistor switching circuit in stage I is proved.

Still on stage I, Figure 29 shows the use and non-use of GTO thyristors before the inductor coupling with the 
AC power.

According to Figure 29, the use of GTO thyristors presented an excellent alternative in promoting the discharge 
of the electromagnetic energy stored by the inductor. The latter occurs during the switching to the logic level ‘1’ 
of the T1, T2, T3 and T4. The Vpwm do not present deformations or harmonics into output voltages of the DC/AC 
converter, as seen in Figures 29 and 30.

According to Figure 30, the voltage Vgrid and current Igrid, which were supplied to the grid, did not present 
deformations or noise. This was possible due to the choice of a high switching frequency for the DC/AC converter 

Table 2.  Displacement angles (θ) between Vgrid e Igrid

Solar irradiance Irrad 
(W/m2)

Photovoltaic module  
power – Pmpp (W)

Output active power 
P (W)

Output reactive power  
Q (Var)

Displacement angle between Igrid 
and Vgrid θ (Degrees)

100 885.6 846.2 −6.7 −0.45

200 1,813.2 1,743.9 23.0 0.75

300 2,741.4 2,621.9 9.2 0.20

400 3,661.4 3,421.8 −16.7 −0.27

500 4,569.1 4,247.6 18.3 0.24

600 5,460.8 5,104.1 −4.7 −0.05

700 6,339.0 5,735.6 107.2 0.99

800 7,198.9 6,433.5 18.9 0.16

900 8,040.7 7,034.8 11.2 0.09

1,000 8,863.9 7,674.4 −20.4 −0.15
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Fig. 25. Efficiency versus output/maximum power response curves for solar irradiations of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 
and 100 W/m2 at 25 °C.

Fig. 26. Vdc response curves for solar irradiances of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.
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Fig. 27. Idc response curves for solar irradiances of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.

Fig. 28. Vpwm response curves for solar irradiations of 1,000 W/m2, 600 W/m2 and 100 W/m2 at 25 °C.
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Fig. 29. GTO drive simulation. GTO, Gate Turn-Off Thyristor.

Fig. 30. Vgrid and Igrid response curves for solar irradiances of 1,000 W/m2, 800 W/m2, 600 W/m2, 400 W/m2, 200 W/m2 and 100 W/m2 at 25 °C.
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(19,200 Hz), which allowed filtration with an efficient coupling inductor, causing Igrid currents to show low harmonic 
distortions at high frequencies (>600 kHz) only. However, because of the choice of a high switching frequency of 
the transistors (19,200 Hz), there was a decrease in output efficiency of the DC/AC converter. This can easily be 
observed with the increased Igrid current supplied by the DC/AC converter, as shown in Figure 25.

4. Conclusions
In this article, the investigation of a proposed control strategy for a single-phase DC/AC on-grid converter was 
designed and simulated with the PSCAD/EMTDC software. The implementation of the DC/DC conversion stage 
proved to be efficient and effective in stabilising the supply voltage to the DC/AC converter. In addition, the DC/DC 
stage was efficient to reach maximum power transfer through the incremental conductance algorithm for the I-V 
curve maximum power point tracking.

The DC/AC conversion stage showed low harmonic distortion and allowed a satisfactory DC/AC conversion rate 
compared to commercial converters. Already, the control system PLL based on the Park transformation allowed 
a dynamic and static control, acting in the angular displacement of the injected Igrid current. Thus, obtaining a unit 
power factor and also acting in the amplitude modulation, allowing maximum power transfer in conjunction with the 
DC/DC converter, was made possible.

The simulations, graphs and mathematical equations presented prove the efficiency and effectiveness of 
the proposed strategy, which can serve as the basis for a more complete and even simpler control system 
for DC/AC converters used in photovoltaic systems. The simulation using discrete components allows the 
investigation of the responses at every stage of the circuit. Once optimised, the control strategy can be 
implemented through digital signal processing in the next project stage, which is the physical implementation 
of the circuit.

5. Nomenclature

Symbol Description Unit

θ Phase angle radian

ΔiL Variation of the output current through the output inductor ampère

ΔIpv Variation of the photovoltaic current ampère

ΔPpv Variation of the photovoltaic power watt

ΔVpv Variation of the photovoltaic voltage volt

Δt Variation of the time second

DC Direct current ampère

CA or AC Alternating current ampère

D Duty-cycle percent

dent_Vgrid Reference AC voltage angle signal radian

dent_Igrid Reference AC current angle signal radian

DSP Digital Signal Processor –

FPGA Field Programmable Gate Array –

fsin Control signal frequency hertz

ftri Carrier signal frequency hertz

GTO Gate Turn-Off Thyristor –

(continued)
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Symbol Description Unit

Ipv Photovoltaic current ampère

Igrid Alternating current from AC power ampère

Irrad Solar Irradiance watt/m2

Isc Short-circuit photovoltaic current ampère

L Output Inductor henry

ma Amplitude modulation rate volt

mf Frequency modulation rate volt

Mppt Signal maximum power point tracking volt

MPP Maximum Power Point –

Ns Number of turns in a transformer secondary coil –

PG Phase Generator –

PI Proportional-integral –

PID Proportional-integral derivative –

P Active power watt

PLL Phase-Locked Loop –

Pmpp Power in the maximum power point watt

Pref Active power reference watt

PWM Pulse Width Modulation percent

Q Reactive power volt-ampere reactive

Qref Reference reactive power volt-ampere reactive

RG Reference Generator –

SPWM Sinusoidal Pulse Width Modulation percent

SEC Electrical System of Consumption –

SEP Electric Power System –

Temp Temperature degrees

Vab = Vpwm Voltage between A-B points volt

Vdc Direct voltage volt

Vo Output voltage volt

Voc Open-circuit photovoltaic voltage volt

Vp Transformer primary voltage volt

Vpv Photovoltaic voltage volt

Vs Transformer secondary voltage volt

vm,sin Control signal voltage amplitude volt

vm,tri Carrier signal voltage amplitude volt

Vgrid Alternating voltage from AC power volt

vsin Control signal volt

vtri Carrier signal volt

Zinv Impedance output of inverter ohm
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