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Abstract — This paper presents a new topology for the 

power injection system that is based on the parallel 
association of two voltage source inverters: one is operated 
using a quasi-square voltage waveform strategy and the 
other operates with a PWM based strategy. The aim of this 
topology is that the quasi-square inverter injects the power 
from the photovoltaic generation system and the PWM 
inverter controls the current quality. The proposal optimizes 
the system design, permitting reduction of system losses and 
an increase of the energy injected into the grid. 

I. INTRODUCTION. 

The number of photovoltaic generation systems 
(PVGS) is increasing rapidly in Spain, due principally to 
Spanish government subsidies. 

The energy produced by a PVGS must be injected into 
the electric grid, according to pre-established quality and 
reliability specifications, without affecting grid’s normal 
operation. 

This PVGS presents a power injection system (PIS) 
that has the function of injecting the power produced by 
the photovoltaic cell groups, converting the energy from 
the original DC form to the final AC form with the desired 
electrical characteristics. The part of the PIS that carries 
out this conversion is the inverter [1,2]. Usually, Pulse 
Width Modulation (PWM) based inverters [1,3] or 
multilevel topology inverters are used [1,4]. 

In this paper a new topology for the PIS is presented 
based on the parallel association of two voltage source 
inverters (VSI): one is operated using a quasi-square 
voltage waveform strategy (quasi-square waveform 
inverter, QSWI) and the other operates with a PWM based 
strategy (high-switching-frequency inverter, HSFI). The 
general purpose of the QSWI is to inject the power 
generated by the PVGS; and that of the HSFI is to be 
responsible for controlling the quality of the current 
injected into the grid. 
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Fig. 1 Proposed system scheme. 
 

 
Fig. 2 Quasy-square waveform. 

 
 

II. PIS DESCRIPTION 

The grid connected PVGS scheme analyzed is shown 
in Fig. 1. 

A direct connection to the inverters without a previous 
DC/DC converter has been chosen. 

The upper inverter in the figure (inverter 1) is the 
QSWI and the lower inverter (inverter 2), the HSFI. 
 
A. QSWI: Quasi-square wave inverter 
 

The objective of the inverter is to inject the energy 
from the PVGS into the grid. In order to achieve this, 
controlling the fundamental component of the inverter 
voltage is sufficient, under the assumption that the voltage 
does not present harmonics. 



 
Fig. 3 Quasi-square waveform modulation for obtaining the two 
branches switching signals: (a) carrier waveform (sinusoidal wave) and 
modulator waveforms, (b) switching signal for branch A, (c) switching 
signal for branch B. 
 

The power generated by the PVGS, with negligible 
inverter losses, is equal to the power injected into the 
electric grid: 

ϕcos1,SSS IVP = . (1) 
where VS is the RMS supply voltage, IS,1 the RMS 
fundamental supply current component, and ϕ is the 
displacement angle between voltage and fundamental 
current component. 

Examining the proposed system topology (Fig. 1), one 
has that the inverter 1 fundamental voltage component is 
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where I1,1 is the fundamental current component of 
inverter 1 that ideally should be equal to IS,1. 

The RMS value of the fundamental component of the 
quasi-square inverter voltage waveform (Fig. 2) is 

1,1 0.9 cosPVGSV V β= , (3) 
where β is half the angle (in radians) when the quasi-
square waveform is zero. This angle can be expressed as 

0tωβ = , (4) 
where ω is the grid voltage pulsation and t0 is half the time 
interval that the QSWI voltage is zero. 

The control system of this inverter not only must inject 
the energy into the electric grid, but also guarantee that 
the displacement power factor is equal to unity. This is 
achieved when the current injected by the inverter is 

1 ,1 ,( ) ( )S s di t I u t= , (5) 
where us,d(t) is a sinusoidal wave with unity RMS value, 
and with the same frequency and phase as the supply 
voltage. 

Equation (2) can be expressed as 
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and taking into account  (3), the control system must 
guarantee that 
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This value is obtained with a modulation process at the 
fundamental frequency using a sinusoidal carrier 
waveform constructed from (6): 
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This carrier waveform guarantees that the quasi-square 
waveform maintains the phase needed to generate the 
fundamental supply current component in phase with the 
grid voltage. 

Two constant waveforms are used as modulators: one 
for each branch of the single-phase inverter (as shown in 
Fig. 3). In order to guarantee the RMS value of the 
fundamental supply current component, the modulator 
waves are 
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B. HSFI: High-switching-frequency inverter 
 

This inverter must control the quality of the current 
injected into the grid by adding the needed current (i2) to 
the current injected by the QSWI (i1). 

The inverter control is implemented using a 
synchronous hysteresis band [5,6,7] with a high switching 
frequency (usually between 10 and 20 kHz). The 
difference between the sinusoidal current reference (iS,ref 
obtained from (1) to (5)) and the current effectively 
injected into the grid (iS, measured from the real system 
and equal to the sum of the currents injected from the two 
inverters) is used as error signal. The operation of the 
hysteresis band control must eliminate the existing error. 

 
C. Passive element selection 
 

The QSWI inductance value (L1) must be selected to 
permit the injection of the maximum power that the PVGS 
can generate (which depends on the irradiance and 
temperature conditions). 

The power injected into the grid from the PVGS 
(neglecting the PIS losses) is 

PVGSSSS PIVP == 1,
, (10) 

as the current is in phase with the grid voltage. 
The RMS fundamental current component injected by 

the QSWI (I1) can be determined from (2): 
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From (10) and (11) one obtains 
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It can be deduced from the last expression that the DC 
inverter input voltage must be at least 
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to guarantee that values for the inductance L1 exist. 
This DC voltage value does not permit good system 

operation, because the quasi-square waveform 
degenerates to a square waveform. Using a higher DC 
voltage as design value for the usual operation conditions 
(irradiance and temperature) is recommended. A value of 
π/6 rad (30º) for the characteristic quasi-square waveform 
angle (β, equation (7)) eliminates the triple harmonics 
from the voltage (and injected current) spectrum. 
Therefore this consideration in design guarantees that a 
control operation margin will exist in changing irradiance 
and temperature situations. The inductance with the 
proposed DC voltage is given by 
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so, for valid values to exist, it must satisfy 
0.78dc SV V> . (15) 

 
The HSFI inductor (L2) must be chosen as high as 

possible (thus achieving maximum filtering) but taking 
into account that this value must permit the needed current 
derivatives in order to build the total supply current with 
the desired quality. The quality must be guaranteed even 
in the worst case (maximum supply voltage for positive 
derivatives and minimum for negative derivatives). For a 
given current derivative or slope, i2,slope, one has 
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To produce valid inductance values, one must have 
that 

Sdc VV 41.1> . (17) 
This condition is more restrictive for the DC voltage 

than the one imposed by  (15). 
The capacitor between the PVGS and the PIS (C) must 

absorb the active power fluctuations (that always exist in a 
single-phase system). Therefore it achieves constant 
power extracted from the PVGS, by keeping the DC 
voltage at the output terminal of the PVGS constant under 
these power fluctuations. 

As the supply current is in phase with the grid voltage, 
and assuming it to be sinusoidal, the instantaneous power 
becomes 

2( ) ( ) ( ) 2 sinS S S S Sp t v t i t V I tω= =  (18) 
and the power fluctuations are due to the energy that is 
stored and discharged in the capacitor, so that the 
instantaneous power associated with the capacitor is 
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The energy discharged from the capacitor in one 
quarter of the fundamental period (which will be equal to 
the energy stored in the next quarter) is 
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This discharged energy produces a capacitor voltage 
decrease: 
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If the voltage decrease is small, the above equation can 
be written as 
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where  is the capacitor voltage fluctuation. Cv%
To guarantee that the relative voltage fluctuations are 

lower than a pre-established value, they must satisfy  
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where ε is the maximum relative value of the DC voltage 
ripple. 

III. CONTROL SYSTEM 

The PIS control can be divided into the blocks shown 
in the schematic diagram of Fig. 4. 
 
A. Maximum Power Point Tracking (MPPT) block 
 

The objective of this block is to set and to maintain the 
PVGS at its maximum power point (MPP). When the 
PVGS is working at this point, one hast that 

0=
pv

PVGS

dV
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The MPPT scheme is shown in Fig. 5. In the proposed 
system, this condition is achieved by considering the 
power derivative as the error input of a proportional-
integral (PI) controller. In this way if the PI controller is 
well-designed, the power derivative will become zero in 
the steady state and the MPP will be tracked. 

A saturation function has been included to prevent the 
improper operation of the integral part of the controller 
during start-up transients. A low-pass filter is included to 
eliminate the components in the power derivative due to 
the switching frequency. 

 

 
Fig. 4 PIS control system scheme. 



 
Fig. 5 MPPT block scheme 
 

 
Fig. 6 RSCG block scheme. 
 
 
B. Reference Supply Current Generation (RSCG) block 

 
This is the principal block of the proposed control 

system, because it guarantees that the current extracted 
from the PVGS is the desired one and so the MPP is 
tracked. 

The RMS value of the fundamental current component 
that must be injected into the grid is determined by 
neglecting the PIS losses: 
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This reference current value is tuned by the output of 
an additional PI whose input is the error between the 
reference current that must be extracted from the PVGS 
(determined by the MPPT block) and the actual one 
(measured from the system). The aim of this tuning is to 
compensate the system losses that have not been 
considered in (25). 

The RSCG block contains a synchronization module 
[8] that generates two sinusoidal signals with unity RMS 
value, which are in phase (the first one) and in quadrature 
(the second one) with the fundamental grid voltage 
component, and an RMS grid voltage fundamental 
component calculation module [9,10,11]. 

As a result the reference supply current is a sinusoidal 
wave (iS,ref) in phase with the grid voltage, and its RMS 
value is equal to that given by  (25). 

 The resulting diagram for this block is shown in Fig. 
6. 

 
C. Inverter Switching Signal Generation block 
 

This block implements the collaboration between the 
two inverters and their principle of operation was 
described in section 2. Figures 7 and 8 show the schematic 
diagram for each inverter. 

In Fig. 7 the function block “Fcn” implements (9), and 
the function block “Fcn1” is used to avoid values greater 
than 1 for the arc cosine function of this equation. 
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Fig. 7 Switching signal generation for inverter 1. 
 

 
Fig. 8 Switching signal generation for inverter 2. 

 
 
The QSWI is operated in a quasi-open-loop obtaining 

the value of β from the reference supply current 
(determined in part B), not its measured value. 

The HSFI switching signals are generated based on the 
error existing between the reference supply current and 
the measured one, by using a hysteresis band that 
compares the error with zero for a fixed sample period 
(Fig. 8). 

IV. PIS EVALUATION THROUGH SIMULATION 

The control system evaluation is described out in this 
section using the model in Fig. 9, showing how the PIS is 
able to set and maintain the PVGS at its MPP even when 
changing the operation irradiance or temperature. 

A model for the PVGS that permits on-line irradiance 
and temperature changes is used [12]. The principal 
characteristics of the PVGS and PIS are summarized in 
Table 1 and 2. 

The simulated PVGS used for PIS evaluation has 16 
series connected photovoltaic cells (Shell SP150-P). It 
produces a maximum power point voltage of about 550V 
for the reference operation conditions of irradiance, 1000 
W/m2, and temperature, 25 ºC, that satisfies  the condition 
imposed in (17). The main magnitudes of the system when 
starting-up and when changing the irradiance conditions 
following the profile of Fig. 10 are shown in Fig. 11. The 
irradiance profile was selected to evaluate the PIS (to 
simulate the decreasing irradiance level when the sun is 
shadowed by a cloud). The irradiance changes presented 
in this profile are sharper than usual, so the PIS is 
evaluated in a harsher than normal conditions. 

Table 2 shows the PIS parameters values used in the 
simulation test for a supply voltage of 220 V - 50 Hz. 

V. PIS OPERATION ANALYSIS 

A detail of the most representative waveforms for 
evaluating the PIS (near t = 1 s, after the system has 
reached its steady state) is shown in Fig. 12. The spectrum 
analyses of the main current waveforms are shown in Fig. 
13 (component spectrum in real magnitudes) and Fig. 14 
(individual harmonic distortion). 

 



Table 1. PVGS Characteristics 
Parameter Value 

Number of series connected cells 16 
Number of parallel connected cells 1 
Photovoltaic cell reference SHELL SP150-P 
Short-circuit current (25ºC, 1000 W/m2) 4.8 A 
Open-circuit voltage (25ºC, 1000 W/m2) 43.4 V 
MPP current (25ºC, 1000 W/m2) 4.4 A 
MPP voltage (25ºC, 1000 W/m2) 34 V 
Open circuit voltage variation coefficient for 
irradiance changes 

 0.85 V/(W/m2) 

Open circuit voltage variation coefficient for 
temperature changes 

 0.12 V/ºC 

 
Table 2. PIS Parameteres 

Parameter Value 

Filter inductance L1 50 mH x 2 
Filter inductance L2 25 mH x 2 
Switching frequency 20 kHz 

 
 

 
Fig. 9 Simulated system scheme. 

 
 
 
 
 
The QSWI inverter generates a current that injects the 

power extracted from the PVGS (that matches the 
maximum power as shown in the previous section) into 
the grid, but the quality of this current is low (THD>5% 
and some IHDh above 3%, Fig. 14 (b)). 

The HSFI performance improves the total injected 
current quality reaching a THD<5% and keeping all the 
IHDh below 2% (Fig. 14 (d)). 

Similar analysis has been done for the interval 1.94 to 
2 s. The irradiance level is 750 W/m2 and the angle β of 
the QSWI is nearly 45º. Then the THD becomes 12.5% 
for QSWI current, 13.4% for HSFI and 4.9% for supply 
current (Fig. 15). 

The main advantage of the proposed system is the 
inverter loss decrease, because the QSWI has low losses 
which are due principally to conduction. The switching 
losses are small because the switching frequency matches 
the grid frequency, near 50Hz. The conduction losses 
could be even further reduced if a low ON- voltage 
semiconductor is selected, since no high speed switching 
semiconductors are needed for this inverter. 

 
 

 
Fig. 10 Irradiance profile used for the simulation test. 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 
 
Fig. 11 Principal magnitude waveforms in the start-up process and 
with changing irradiance. 

 



 

 

But also losses in the HSFI (principally due to the 
switching losses) decrease notably, because the current 
levels for this inverter are lower than those produced if it 
was working alone (without the QSWI cooperation). This 
can be observed in Fig. 12 (c), where the maximum 
instantaneous current value is lower than 3 A, a value that 
is significantly lower than the maximum value of 15 A for 
the total injected current, Fig. 12 (a). If one assumes that 
the switching losses are proportional to the maximum 
instantaneous current value, these losses will be reduced 
to approximately 20%. Therefore the high switching 
semiconductors used in this inverter will have a current 
ratio of about five times lower than the semiconductor 
used in a conventional PWM inverter for the same task. 
The reduction in losses allows one to use a smaller 
aluminium radiator. 

(a) 

  

Furthermore, the QSWI inductor can be built with a 
conventional core coil designed for a working frequency 
of 50 Hz (ferromagnetic core and conventional cupper 
wire), and the HSFI inductor can be built with an air core 
coil with smaller section cupper wire (usually special 
cupper wires must be used due to the high switching 
frequency), because the RMS current value is smaller than 
if it operates alone. The total inductor losses will be 
lower: 

• the electric losses in inductor of inverter 1 decrease 
because it has a lower resistance (R1) than if it had 
been built with air core coils (because far fewer turns 
of cupper wire are needed). Ferromagnetic losses 
will be small since the operation frequency is 50 Hz. 

(b) 

 

• the electric losses in inductor of inverter 2 decrease 
too, because the RMS of the current that flows 
through it (I2) is reduced by five times. 

Although the cost could seem to increase due to the 
more complex topology and control and to the higher 
number of semiconductors needed, others factor related to 
cost should be taken into account: decrease in losses and 
so decrease in the size of the aluminium radiator, 
possibility of using ferromagnetic core inductors for 
filtering the greater fraction of the current (this inductors 
are about 30% less expensive than air core inductors 
[14]), possibility of using slower semiconductors (so 
cheaper devices) for the greater current fraction, and using 
lower rating high frequency semiconductors (because they 
operate with a lower current fraction).  

(c) 

  

VI. EXPERIMENTAL RESULTS 

The proposed PIS has been tested with a laboratory 
prototype (Fig. 16) 

HP-E4351B solar array simulator (supplying 70 VDC) 
is connected to a four branches inverter (SEMIKRON 
CON.IGBT MULTIDIDACT 4GB) forming the power 
stage that injects the power into the grid (220V 50Hz) 
trough an autotransformer (1:20). (d) 

 The principal prototype values are summarized in 
Table 3. The results are shown in Fig. 17 and 18. Fig. 12 Detail (near to t = 1 s, after the system has reached its steady 

state) of the most representative waveforms for the PIS analysis: (a) total 
current injected into the grid (sum of the two inverter currents), (b) 
current generated by the QSWI, (c) current generated by the HSFI, and 
(d) voltage waveform at the terminal of the QSWI , and grid voltage. 



 
(a) 

 
(b) 

 
(c) 

Fig. 13 Components spectrum for: (a) QSWI current, (b) HSFI current and (c) Total injected current (sum of the two inverters). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 14  Analysis for t = 1 s, irradiance = 1000 W/m2. (a) Voltage waveform at the terminal of the QSWI, and grid voltage. Individual harmonic 
distortion ratio (taking as base value the fundamental component of the total injected current) for: (b) QSWI current, (c) HSFI current and (d) Total 
injected current (sum of the two inverters). 
 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 15  Analysis for t = 2 s, irradiance = 750 W/m2: (a) Voltage waveform at the terminal of the QSWI, and grid voltage. Individual harmonic 
distortion ratio (taking as base value the fundamental component of the total injected current) for: (b) QSWI current, (c) HSFI current and (d) Total 
injected current (sum of the two inverters). 
 

 
 

1 

 
3 

2 

 
 

4 
 
 

5 

 

6 

 
 
Fig. 16 General view of the PIS laboratory prototype: (1) four 
branches SEMICRON inverter, (2) inductors, (3) xPCTarget system, 
(4) xPCTarget host, (5) Photovoltaic simulator, (6) oscilloscope.  
 

Table 3. Prototype values 
Parameter Value 

Filter inductance L1 (ferromagnetic core) 13 mH x 2 
Filter inductance L2 (air core) 5.5 mH x 2 
HSFI Switching frequency 10 kHz 

 
The proposed PIS behaves as in the simulation 

setup. The supply current is a high quality sinusoidal 
wave in phase with the source voltage so attaining a 
unity power factor. One can notice that the total current 
is obtained principally by the QSWI and corrected by 
the HSFI operation. The HSFI current has a lower RMS 
value than the QSWI current. The QSWI operates with 
an angle of about 60 degrees (Fig 17 – channel 2). 

VII. CONCLUSION 

In this paper a new topology for the power injection 
system used in photovoltaic generation systems is 
presented. This topology is based on the cooperative 
parallel association of two inverters, one operating at a 
low switching frequency (equal to the grid frequency) 
and the other at a standard switching frequency (above 
10 kHz). The performance of the proposed system was 
tested by simulation and by a simple laboratory 
prototype. The proposed system optimizes the system 
design, permitting the reduction of the system losses 
(conduction and switching losses, and Joule effect 
losses in inductors) and so increases the energy 
effectively injected into the grid. There will 
consequently be an increase in profit when selling this 
energy. 

We also showed how a simple PI controller can be 
used as the basis for the MPPT algorithm. Furthermore 
we demonstrated how the power stage of the PIS can 
work without a DC/DC converter and can be operated 
by only controlling the current injected into the grid. 
Finally, we showed how the overall performance can be 
improved (guaranteeing maximum energy extraction) 
with a PI controller that operates to reduce the error 
between the reference and the measured PVGS current.  



 
Fig. 17 Experimental waveforms: (a) Grid voltage, (b) QSWI 
voltage, (c) QSWI current, and (d) supply current. 

 
The resulting control system complexity is not 

excessive, because it could be said that the QSWI is 
operated in a quasi-open-loop and the current controller 
used in the HSFI is a synchronous hysteresis controller. 

The most complex component is synchronization 
module that was not considered in this paper because a 
detailed description of the used synchronization module 
was given in [8]. 

This paper’s results could be improved by 
substituting the hysteresis current controller used in the 
HSFI for another kind of high switching frequency 
current controller (for example, dead-beat current 
controller [9]) but it would result in a more complex 
control algorithm. 

The authors are working at present on building a 
higher rating PIS prototype and evaluating the 
possibility to use high power semiconductors (like 
GTOs [13]) in the QSWI. 
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