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1. Introduction

Among renewable energy sources photovoltaic systems are one of the most up to date
solutions. However their diffusion is limited by relatively high cost in comparison with
traditional energy sources. The downward tendency in the price of the PV (Photovoltaic)
modules, together with their increasing efficiency, put solid-state inverters under the spot
lights as the enabling technology for integrating PV systems into the grid.

This chapter will analyze the single-phase grid connected converter usually used in PV
domestic rooftop applications.

There are two mandatory tasks in grid connected PV systems: the maximization of the
energy extracted from the PV panels (1) and the use of a high efficiency topology for the
power converter able to inject only active current into the grid (2), i.e. a pure sinusoidal
current in phase with the grid voltage.

The first task will not be discussed in depth in this chapter and will be mentioned in section
2. The second task is accomplished by using a PLL (Phase Looked Loop) for the grid
synchronisation (Chung, 2000), (Arruda et al., 2001), (Silva et al., 2004) and by designing a
suitable current controller.

In three-phase converters current controllers in a rotating reference frame (d-q frame) are
used that provide zero steady-state error and superior disturbance rejection. In single-phase
converters achieving zero steady state error at grid frequency is not a simple task. As
known, the poor performances of the integral action at frequencies different from zero leads
to steady state error and to poor disturbance rejection, making the PI controller not suitable
to track a sinusoidal current set point. Interesting solutions were presented in (Yuan et al.,
2002), (Teodorescu et al., 2004). In these papers the authors develop the P+resonant (PR)
controller for reference tracking in the stationary frame.

The use of control system in synchronous reference frame (d-q control), also for single-phase
converters, was proposed for stand alone (Ryan & Lorenz, 1997), (Miranda et al., 2005) and
for grid connected operations (Cacciato et al., 2008), (Bellini et al., 2008). In section 4 the d-q
control is presented and the experimental results will show its nice performances.

Section 3 presents the topologies of PV systems, past and present technology, and the possible
evolutions oriented towards the increase of the energy extracted by each PV module.
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90 Renewable Energy

A very common topology for single-phase converters is the full-bridge with a line frequency
transformer on the AC-side for galvanic isolation purposes. In this configuration the current
injected into the grid is the transformer output current. Adopting this solution the DC
current component at the transformer input is not directly controlled, and core saturation
may appear producing current distortion. A simple solution to avoid core saturation issues
is to control the current at transformer input instead of the injected grid current (Ciobotaru
et al., 2005). However, this solution leads to lower power factor because of the presence of
the transformer magnetizing current, especially at light load conditions. On the other hand,
the direct control of the grid current requires a solution to saturation problems without
introducing input transformer current measurement. In section 5 an original solution based
only on injected current measurement is presented (Bellini et al. 2008). Experimental results
show the effectiveness of the proposed method.

In new converter designs the tendency is to abandon line frequency transformers because of
size, weight and price in favour of high frequency transformers. The presence of high
frequency transformer requires several power stages and, as a consequence, increasing
efficiency and reducing cost may be a hard task. In low power PV applications it is possible
to remove the transformer at all in order to reduce losses, costs and size. The latter
configurations are usually referred to as transformerless power converters. Without
transformer coupling galvanic isolation between the grid and the DC source is lost and the
big parasitic capacitance of the PV panel (Calais & Agelidis, 1998), (Calais et al, 2001) may
introduce ground leakage currents.

Ground leakage currents increase conducted and radiated electromagnetic emissions,
harmonics injected in the grid, losses and the converter has to be disconnected from the grid
if the ground leakage currents exceed prefixed limits.

Section 6 reports the root causes of the ground leakage currents and some solutions. The
best way to reduce them is the use of a suitable converter topology. Inside this section an
original full bridge topology with unipolar PWM is presented that ensures a strong
reduction of the leakage ground currents. Simulation results are reported that show the
effectiveness of the proposed topology.

2. Maximum power exploitation of PV cells

The power generation from PV modules suffers from two main shortcomings: the efficiency
of electric power generation is very low, especially under low radiation states (1), and the
amount of electric power generated by solar arrays is always changing with weather
conditions (2). Figure 1 shows the typical variations of the current voltage characteristic of a
PV module respectively for different values of irradiance and working temperature. Figure
2 shows the equivalent circuit of a PV cell. A maximum power point tracking (MPPT)
algorithm must operate in real-time in PV generation systems. The ideal MPPT algorithm
sets the operating point of the PV panel, usually forcing the panel voltage at the Maximum
Power Point (MPP). Figure 3 shows an example of the power-voltage characteristic of a
photovoltaic field, composed by PV modules connected in series and in parallel for different
values of irradiance and partial shading conditions.

Most of the MPPT algorithms are based on perturb and observe and on incremental
conductance methods. Many improvements to these methods have been presented in order
to improve the dynamic performances and to reduce undesired oscillations around the
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MPP, (Femia et al., 2005), (Fangrui et al, 2008). In high power PV systems the ripple
correlation control method can be used that is based on measuring and processing the

current and/or voltage ripple created by the switching stage of the power converter (Esram
et al., 2006).
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Fig. 1. Electric characteristics of PV panels (Sanyo Photovoltaic HIP-230HDE1) for different
values of irradiance and working temperature.
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field for different weather
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In order to harvest the maximum energy the ripple at the terminals of the PV modules, must
be minimized around the MPP. In single-phase converters since the instantaneous power
does not equal the average power, there is an intrinsic fluctuation of the PV module output
power at twice the frequency of the grid.

The reduction of the output ripple of the PV modules can be obtained only with a power
decoupling device that is normally realized by means of large DC capacitors which decrease
the lifetime and reliability of the whole system. The DC capacitors are either placed in
parallel to the PV modules or to the dc link after a DC-DC converter used for voltage
amplification.

In a three-phase system the instantaneous output power is constant and no DC large
capacitors are needed leading to smaller cost and higher reliability with respect to single-
phase inverters. The use of three-phase system also in low power applications could be an
interesting solution for newer designs.
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3. Topologies for grid connected photovoltaic systems

The basic elements of a PV system are the modules that are usually series-connected. A
series of PV modules is usually called a PV string. If the voltage of the PV string is always
higher than the peak voltage of the grid the PV converter does not require a step-up stage.
In this case higher efficiency can be obtained because a single stage full-bridge converter can
be used. Otherwise, a DC-DC converter or a transformer must be added for voltage
amplification reducing efficiency. A PV system is the combination of PV fields and the
related power converters.

The peak current that can be delivered by one string is determined by the PV module
characteristics, figure 1. To achieve a higher power level several strings can be connected in
parallel as shown in figure 4a. In this way, a single converter can be used reducing the cost
and the losses of the static energy conversion. In this topology, usually referred to as Central
Converter, the lack of individual MPPT for each string does not permit to harvest the
maximum electric power from PV modules, especially when shading or different orientation
of modules occurs. This major shortcoming results in avoiding this simple topology in
newer photovoltaic system designs.
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Fig. 4. Configurations of the power converter for a grid connected PV System, central
converter (a), string converter (b), multi-string converter (c) and AC module (d).

Other options are possible as sketched in Figure 4. The string converter topology is shown in
figure 4(b). This configuration does not employ the parallel connections of the strings. Each
string has its own MPPT and is completely independent from each other. Therefore it is easy
to build PV systems with different orientations, shading conditions and number of PV
modules for each string.

A disadvantage of string-converters in comparison to central converters is the higher price
per kW. String converters are often build only as single-phase converters due to the low
power level. A very common classic topology is the full-bridge with a line frequency
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transformer on the AC-side for galvanic isolation and for voltage step-up. This architecture
is analyzed in section 5.

The multi-string converter (figure 4(c)) manages two or three strings, and provides
independent MPPT by different DC-DC converters. In this case a two-stage configuration is
mandatory. Thanks to these additional DC-DC stages, used also in some string converter, it
is possible to obtain a very wide input voltage range which gives to the user big freedom in
designing of the photovoltaic field.

In these topologies the modules of one string have to be well matched and should be
installed in the same orientation to achieve a high energy harvest. The photovoltaic energy
harvesting can be maximized by using an individual MPPT for each PV module. The low
power level permits to integrate the converter into the housing of the PV module, that is
called AC module (figure 4(d)). The AC module is connected directly to the grid and no DC
wirings are needed between PV modules.

Despite their simple use and installation the low power level of AC modules leads to higher
cost per watt. The major issue of this solution is the lifetime of the actual converters that is
smaller than the lifetime of a PV module (20 years and more). When it will be comparable
this solution will become interesting.

4. Current Controllers for Single-Phase Grid Connected Converters

4.1 d-q current controller

The DC-AC stage of a PV system must inject active grid current only, i.e. a pure sinusoidal
current in phase with the grid voltage. To satisfy this condition the steady state error
between the desired grid current and the actual one must be tightly zero at grid frequency.
To this aim many control architectures have been presented in literature to overcome the
drawbacks of the simple PI controller. As known, the poor performances of the integral
action at frequency different from zero lead to steady state error and to poor disturbance
rejection making the PI controller not suitable to track a sinusoidal set point in a stationary
reference frame. The performances of PI controllers can be improved adding a feed-forward
compensation to its output. The feed-forward value is computed in order to obtain at the
output of the power converter the same voltage imposed by the grid in case of a zero
contribution of the PI controller. The PI + feed-forward controller is used in some
experimental results shown in section 6.

An interesting alternative is the P+resonant (PR) controller that introduces an infinite gain at
a selected resonant frequency providing a theoretical zero steady-state error at that
frequency. Actually the gain at resonant frequency is limited by stability problems.

A further option is the use of a control system in a reference frame synchronous with the
grid frequency (d-q reference frame). The d-q control allows an infinite control loop gain at
grid frequency and a superior disturbance rejection. Hence, it can increase efficiency
cancelling reactive current delivered to the grid.

Mimicking the technique used in case of the single-phase transport delay PLL (Arruda et al,
2001), (Silva et al., 2004) to obtain the d-q current components in synchronous reference a

current j 5 (t): Isin (a)t + @, ), orthogonal to the grid current i, (t): I cos (a)t + o, ), is

introduced. Appling the Park transformation I; and I, can be easily computed.
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Let v, (t): Vcos(a)t + gov) and i (t): 1 cos(a)t + gol.) be the grid voltage and the grid

current, where o is the grid pulsation, ¢  and ¢, are respectively the voltage and the current

R i

where the angle 9 (z): ot + ¢, is obtained once the PLL is locked to the grid voltage angle.

displacement, it holds:

Matrix computations lead to the following results:

I,= Icos((pv - (oi): Icosg

: : @)

I, = —Ism(qpv - (p[.): —Ising
Hence, I; and -I, are respectively the amplitude of the active grid current, in phase with the
grid voltage, and the amplitude of the reactive grid current, in quadrature with the grid
voltage; cos¢ is the power factor.

Being the system a single-phase one, only one manipulated variable can be managed. This
variable, named in Figure 5 Vj, depends, generally speaking, on park transformation
reference choice, and drives the single-phase DC/AC converter in order to obtain the
desired grid current. Vp is a output of the Park inverse transformation, whose inputs are: 1)
the V; voltage, i.e. the output of the active current (I;) control loop, 2) the V, voltage, i.e. the
output of reactive current (-I;) control loop. The set-point of the reactive current control loop
is set to zero because in ideal conditions only active current must be supplied.

A simpler choice would require only one current loop, fixing V,=0. However, if the I,
control loop is opened, the presence of reactive voltage drops and system non ideal behavior
will introduce a reactive current component and then a wrong current angle, as it will be
shown in the following by simulation.

The right angle is achieved only if the reactive current loop is closed with a zero set-point. In
fact, in ideal conditions, only the I; current component must appear and the actual I; current
represents a measure of the system error.
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Fig. 5. Block diagram of d-q control structure.
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4.2 Simulation Results

Numerical simulations were used to assess the performances of the proposed d-q control
structure. The MATLAB simulink environment was used to model the whole system, where
the power converter is modeled by PLECS toolbox. A fixed step time of 5 ms was used and
all simulations refer to a step set-point of Id with an amplitude of 10A.

At first some simulations were made to verify the system performances in case of I; current
loop opened and V; set to zero. In this case, the presence of the I; control loop will fix the
active grid current at the right value. However, because of reactive voltage drops and
system non ideal behavior a reactive current component will appear and the grid current
amplitude will increase beyond the desired level. Specifically, the synchronous reference
frame control forces a zero steady state error in d-axis but this result is reached increasing
the grid current amplitude instead of adjusting its angle.

Figure 6 shows the grid voltage and current under these conditions: the amplitude of the
grid current is higher than requested because a remarkable amount of reactive current is
injected into the grid. In these charts the grid current amplitude was amplified (x10) in order
to identify easily the current displacement. The resulting power factor and then system
performances are very poor.

Then simulations were made relying on the structure of figure 5. Thanks to the action of the
I, axis control loop the reactive current is forced to zero by integral action. Figure 7 shows
clearly that only active current is now present. A unitary power factor is obtained and the
amplitude of the grid current reaches its set-point (10A).

Figure 8 highlights the dynamic response of I; and I;: in a few periods d-q current control
ensures zero steady state error as expected.

Fig. 6 Simulation results with simple control = Fig. 7 Simulation results with d-q control.
structure (V,=0). Grid voltage (violet trace) Grid V(?ltage (violet trace) and amplified
and amplified (x10) grid current (red one). (x10) grid current (red one).

Ig A, 12 [A]
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Fig. 8 Simulation results with d-q control. Dynamic response of I; (green trace) and I, (blue
one).
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4.3 Experimental Results

Several experiments were made in order to evaluate the performances of the d-q control.
The designed prototype is based on a 56F8323 DSP that implements the control algorithm,
the digital filtering, the grid synchronization, the reference frame transformation and the
PWM modulation. Specifically a unipolar PWM modulation is adopted with a switching
frequency of 10 kHz. The power stage is implemented on a 600 V, 25 A Intelligent Power
Module (IPM). Using unipolar modulation a simple LC filter can be used with L = 2 mH,
and C = 1.5 pF. The detailed design and optimization of the output filter is not investigated
in this paper. A 400V low distortion DC voltage source was adopted.

Figure 9 and Figure 10 show the performances of the d-q control architecture. Figure 9 refers
to a step set-point of I; from 0 to 8A while the set point of I, is fixed to zero. Under these
conditions, the set-point is reached in about 10 ms, i.e. less than a period. The dynamic
behavior of the currents is in a nice agreement with simulation results of Figure 8 and, as
theoretically predicted, the d-q control keeps the current tightly at its set-point.

Figure 10 shows the steady state behaviour of the d-q control for a set-point of I; = 7A. The
injected grid current shows only a low distortion content in correspondence of voltage zero
crossing.

— - “s e - - e
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Fig. 9. Experimental Results. Step response: I; (green solid line), I, (blue solid line) and I,
set-point (red solid line).

Fig. 10. Experimental Results. Sfationary conditions: grid voltage (red solid line) and
injected grid current (blue solid line).
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5. Core saturation compensation strategies for PV power converters with line
frequency transformers

5.1 Control of injected grid current in line frequency transformer PV converter

A very common topology for single-phase converters is the full-bridge voltage source
inverter (VSI), driven by unipolar PWM, with a line frequency transformer on the AC-side
for galvanic isolation (Figure 11). The line frequency transformer is a safe solution in order
to match the electrical safety standards and to block out the DC current component.
Moreover, it can be used to adjust the voltage level without requiring a DC/DC power
converter. However, the transformer features increased size, weight, and price of the
converter. The use of a toroidal transformer can partly reduce these drawbacks.

In order to achieve higher efficiency the inverter strategy control must inject only active grid
current, i.e. a pure sinusoidal current in phase with the grid voltage. To this aim injected
grid current must be controlled directly providing zero steady state error at grid frequency.
For a line frequency transformer PV converter, the control of the injected grid current stands
for the control of the transformer output current. In this way, the DC current component at
transformer input is not directly controlled and core saturation and thus current distortion
may appear. A simple solution for avoiding core magnetic saturation, if current
measurement is tuned properly, is to control the current at transformer input instead of the
grid current. This solution leads to poorer performances at light loads conditions because of
the transformer magnetizing current.

On the other hand, the direct control of the injected grid current without the measurement
of current at transformer input is affected by saturation problems. In (Bellini et al. 2008) the
authors presented a solution based only on injected grid current measurement.

i
T -l _I Grid Current
I ) - @ Grid
Voltage
g | KE A J
N T
PV g PLL
s o Current
String Three-level Co nltoll er 4—'
PWM ' g
Modulation

Fig. 11. Block diagram of a line frequency transformer PV converter.

If the control loop is closed at the transformer output a DC voltage and current bias may
appear at the transformer input when a non ideal DC-AC converter feeds the transformer. In
fact, the transformer blocks out the DC current component, hence the output current control is
not able to manage the DC component at the transformer input. This bias can lead to magnetic
core saturation and then to harmonic distortion of input and output currents. Figure 12 shows
the effects of the DC voltage bias: the magnetic flux, that is, roughly, the integral of the voltage,
will saturate asymmetrically. Depending on the sign of the bias, saturation will affect positive
or negative semi-periods only. In correspondence of flux saturation the e.m.f. will decrease
and the input current will increase accordingly, see Figure 12.
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5.2 Saturation Compensation Strategy
In order to avoid core saturation and then current distortion a suitable algorithm was
developed to compensate the DC bias effects. At first, the algorithm must identify the semi-
period affected by saturation (i.e. the "sign” of saturation), then it must estimate its entity.
Neglecting voltage drop across stray inductance the maximum and the minimum values of
magnetic flux are synchronous with the zero crossings of the supply voltage waveform.
Hence, it is expected that the effect of saturation will appear around zero crossings of
supply voltage. Comparing the output current with its set-point value in correspondence of
the zero crossings of supply voltage, two saturation indexes referred to as positive SIp and
negative Sly values can be computed:

gmrz(,

L= |

T
AT,
5 M

lgrid _lgrid dt (3)

T+ATe
Shy=—|

T-ATye

where i grig and i'giq are the actual grid current and the desired grid current waveform. From

a theoretical point of view the time interval ATzc must be less then or, at least, equal to T/4.

A time integration value of T/10 is sufficient to obtain a robust estimation of saturation core

conditions.

The combination of SIp and Sly is a nice saturation estimator that can lead to an effective DC

K

lgrid - igrid | dt (4)

bias compensation as shown in the following. If a positive DC current component [, is

superimposed to the current at transformer input, saturation affects the positive values of
the flux, as reported in Figure 13. Hence the index SIp will be positive while SIy = 0. On the

contrary, if a negative DC current component /,, is present, saturation will affect the
negative flux values. Hence SIp = 0 and SIy > 0. In case of absence of DC current component
(1

w0 = 0), saturation is not present and SIp = SIy = 0. Computing and summing the two

saturation indexes every period a rough estimation (/

40 o) Of DC current component can
be made: 1 = SIp + Sly.

10 _est
Thanks to the estimation of 7, the effect of the DC current component can be compensated

with the simple feedback control detailed in Figure 14, where V" is the output of the current

regulator. The control loop forces a zero DC current component [, thus preventing

magnetic saturation. This compensation strategy does not require DC current
measurements, thus avoiding intrinsically transducer offset issues.
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/N

Fig. 12. Effect of a positive DC bias on the current at transformer input. Core flux (green
solid line), transformer input (blue solid line) and output (red solid line) currents.

Fig. 13. Computation of saturation indexes. Core flux (green trace), current set point (black
trace) and transformer output current (red one).

500 ek [

SI,

Fig. 14. Block diagram of the saturation compensation scheme.

5.3 Experimental Results

Several experiments were made in order to evaluate the performances of the saturation
compensation strategy. Experiments were made with the prototype described in section 4.1.
The saturation compensation strategy is applied to two different current controllers: PI+feed
forward and d-q synchronous reference frame controllers. The amplitude of the desired grid
current, i.e. the set-point of the current controller, is 8A in both cases.

Figure 15a shows the grid voltage, with an intrinsic distortion not correlated to the PV
system, the grid current (transformer output current) and the transformer input current in
case of PI regulator and feed-forward without saturation compensation. As it can be noted,
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current distortion appears in correspondence of the voltage zero crossing at the end of a
positive voltage semi-period, hence saturation is due to a positive DC bias at the
transformer input. Figure 15b shows the effects of the saturation compensation strategy.

LT S L] S L, LA LS Y LA
(a) PI regulator + feed forward control (b) PI regulator + feed forward control
without saturation compensation with saturation compensation
IS WL

NS N N 17T 7T N TN
(c) d-q control without saturation (d) d-q control with saturation
compensation compensation

Fig. 15. Experimental Results. Time waveforms of grid voltage (violet solid line), grid
current (red solid line) and transformer input current (blue solid line).

The same experimental results are made using the d-q control without (Figure 15¢) and with
(Figure 15d) saturation compensation. As expected, in this case the steady-state error is zero
and the better disturbance rejection of the d-q control damps harmonic distortion of the
current. The proposed compensation strategy results very effective for both control schemes.

6. Transformerless grid-connected converters

In new converter designs the trend is to abandon line frequency transformers because of
size, weight and price in favour of high frequency transformers. The presence of high
frequency transformer requires several power stages and, as a consequence, increasing
efficiency and reducing cost is a hard task.

In low power PV applications it is possible to remove transformer at all (transformerless
configurations). The absence of the line frequency transformers does not ensure the
elimination of DC grid current. The DC component is mainly caused by an offset in the grid
current measurement that is usually realized through Hall effect sensors. As known, these
sensors are strongly affected by DC offset drift. A current sensor based on fluxgate
technology could be adopted to reduce the DC offset drift.

The absence of the line frequency transformer also causes two major drawbacks: safety issue
in case of isolation faults, and wrong operation because of ground leakage currents.
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The first issue occurs since the PV generator is not isolated from the grid, as a consequence
isolation faults at the PV generator or at DC-wiring can get a safety hazard in case of
indirect electric shock. Hence, transformerless inverters are equipped with Residual Current
Devices (RCD), which monitor the ground leakage currents during operation. When a
dangerous leakage current is recognized, the inverter is immediately disconnected from the
AC-grid.

A typical configuration for a transformerless power converter, based on H-brige
configuration, is reported in Figure 16.
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Fig. 16. Schematic representation of a transformerless power converter, based on H bridge,
for PV systems. Leakage ground currents are shown as dashed lines.

The second issue is created by the large parasitic capacitance of the PV panel (10-
100nF/kWp) that results in high ground leakage currents in case of variations of common
mode voltage at the output of the power converter. Impulsive common mode voltages will
result in large ground leakage currents because the power converter is coupled to a resonant
circuit with a small damping coefficient. The resonant circuit is composed by the earth
capacitance, the converter, the AC filter and the grid. A blocking filter is not easy to tune,
since the earth capacitance changes with environmental conditions. The damping of the
resonant circuit is small since it is mandatory to reduce dissipative terms and thus to
achieve a high efficiency.

Therefore the best remedial strategy for ground leakage current is the reduction of the
excitation, i.e. of variation of common mode voltage. To this aim it could be necessary to
adopt topologies free from common-mode voltage variations (Lopez et al., 2007), (Gonzales
et al., 2007). Converter topologies intrinsically safe from leakage currents are the Half-Bridge
(HB) and the Neutral Point Clamped (NPC) ones (Gonzales et al., 2008), (Lopez et al., 2006).
However, these configurations require twice the input voltage to obtain the same voltage
level that is one of the major drawbacks for a PV system. On the other hand, a full-bridge
converter driven by bipolar PWM (Gonzales et al 2007) exploits the full voltage rails but
reduces common mode voltage with lower efficiency than HB of NPC configurations. From
a power quality point of view all these solutions present current ripple at switching
frequency.

For power converters with transformers the full bridge converter with unipolar PWM is
widespread, since it represents a nice trade-off between efficiency, complexity and price.
The biggest advantages of unipolar PWM are that the current ripple appears at twice the
switching frequency and that the voltage across the AC output filter is unipolar, thus
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reducing core losses. In summary, with unipolar PWM the maximum current ripple is four
time smaller than the case of bipolar PWM. However, in terms of ground leakage currents
the unipolar PWM generates common mode voltage at switching frequency with a peak to
peak value equal to the DC voltage Bus. As a consequence, a big common-mode filter is
required in photovoltaic transformerless applications relying on full bridge configurations
with unipolar PWM.

Here an original architecture is proposed where a full bridge converter with a unipolar
PWM is used with two additional blocks that ensure no common-mode voltage variations
also in case of actual (asymmetrical) commutations.

The instantaneous common-mode voltage in the full-bridge converter of the Figure 16 can
be computed from the two mid-points of both legs by:

y = Vao T Vao (5)

2
The most widespread single-phase topology is the full bridge one. This topology allows
both bipolar and unipolar PWM. In the following sections the behavior of full bridge
topologies with bipolar and unipolar PWM will be presented showing performances in
terms of ground leakage currents and the original compensation circuitry.

6.1 Full bridge topologies with bipolar PWM for PV transformerless converters

Ideally, the full bridge converter with bipolar PWM does not generate a variation of
common-mode output voltage. Hence, it is adopted in some commercial transformerless
converters. With reference to the schematic of Figure 16 two configurations are sequentially
operated in the switching cycle:

1) T1 and T4 ON (T2, T3 OFF): v,y =V, ., v, =0,v, =

> " em

2) T2 and T3 ON (T1,T4 OFF): v,, =0,v,, =V,.,v,, =

[\ ‘D‘ \S] ‘D‘
Q Q

In case of ideally synchronous commutation of the switches the common-mode voltage is
kept constant at half the DC bus level, and thus no ground leakage currents would appear.
However, in actual converters, a small common-mode high-frequency filter is necessary to
avoid ground leakage currents due to switching mismatch and asymmetries.

Recently modified version of the full bridge configuration with bipolar PWM were
proposed in order to combine higher efficiency with reduced ground leakage currents in
real operations.

Figure 17 presents a modified full-bridge topology with two additional blocks used
alternatively: inserting only the DC decoupling block a former topology, known as H5, is
obtained while, inserting the AC decoupling block a latter one, known as HERIC, is
obtained (Kerekes et al., 2007), (Gonzalez et al., 2006). The use of DC or AC decoupling
allows, during conduction of freewheeling diodes, the disconnection of the grid from
photovoltaic panel.
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If no conduction of freewheeling diodes occurs the power switch of DC Decoupling in H5
topology is on while the power switches of the AC decoupling in HERIC topology are off.
The H bridge is driven according to 1) and 2) and common mode voltage will be equal to
Vbc/2. On the other side during conduction of freewheeling diodes H5 topology modifies
the PWM involving only the high side of the bridge. DC decoupling is OFF hence, in case of

symmetrical commutations v,, = v, = V,/2. In this way common mode voltage does

not vary avoiding ground leakage currents increase.

The HERIC topology obtains the same result turning on one of the two added power
switches of the AC decoupling block in function of the sign of the injected grid current and
driving off the transistors of the H bridge. So doing the freewheeling will involve only the
AC Decoupling.

In both topologies the output voltage is zero during freewheeling obtaining a three level
output voltage as in case of unipolar modulation. However the output current ripple is still
at switching frequency.

Again asymmetrical PWM commutations can determine little leakage ground currents.

» »
Fig. 17. Full Bridge topology with DC and AC decoupling additional blocks.

6.2 Full bridge topology with unipolar PWM for PV transformerless converters

The full bridge topology with unipolar PWM ensures a reduction of the current ripple,
specifically the maximum current ripple is four times smaller then the bipolar PWM
maximum current ripple.

Referring to Figure 16 the common-mode voltage resulting during a switching cycle in case
of unipolar PWM is computed in the following. Reference is made to positive output voltage
and current (first quadrant operations); output voltage is indicated as v, =v,, —v,, .

Four configurations are sequentially operated in the switching cycle:

1) T1, T4On (T2, T3 OFF): v, =V, , v, = % .

2) T2, T4, D2ON: v,, = 0. Low side current freewheeling through D2, T4, v, =0 .
3) T1,T4 On (T2, T3 OFF): v, =V, , V., 2% .

4)T1, T3, D3 ON: v,, = 0. High side current freewheeling through T1, D3, v, =V .
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The common mode voltage v varies from 0 to Vpc and thus a large ground leakage

current will flow.

Figure 18 shows the original configuration that is proposed to reduce ground leakage
currents. Two additional blocks are added: the former one, named DC decoupling, fixes the
common mode voltage to Vpc/2, while the latter, named No-Ideality compensation, helps to
keep a constant common mode voltage in case of non ideal (asymmetrical) commutations.
The DC decoupling disconnects the H-bridge from DC source during freewheeling. In
particular during high side freewheeling T5 is switched off while during low side
freewheeling T6 is switched off. In case of ideal commutations this block is sufficient to

guarantee no variations of the common mode voltage v, . In actual converter, to fix the v,

at V. /2 during asymmetrical commutations, two additional low power switches should be

added. In order to avoid the complexity introduced by two controlled switches an attempt
was made replacing them with two diodes. The idea relies on the following explanation.
Once the decoupling switch T5 opens, the voltage of the high side of the H bridge, is floating.
Then this voltage, due to parasitic capacitances, would decrease, however the inserted diode
will clamp it to Vpc/2. Simulation results confirm this behavior.

Since the two diodes impose a maximum voltage equal to Vpc/2 across T5 and T6, latest
generation Mosfets can be chosen as controlled switches, in order to reduce the power losses.
In figure 18 x and y represent the PWM signals used for driving the legs of the full bridge.
A simple combination of PWM signals can be used for driving the switches of DC decoupling
block.

With reference to the schematic of Figure 18 four configuration are sequentially operated in
the switching cycle:

V,
1) T1, T4, T5,T6 ON (T2 and T3 OFF): v, =V, , v, = % .
2) T2, T4, T5, D2 ON (T1, T3, T6 OFF): v,, =0 . Low side current freewheeling through T4,
V,
D4, v, =V, =V =2,
2
Ve
3) T1, T4, T5, T6 ON (T2 and T3 OFF): v, =V, , v, = T .
4) T1, T3, T6, D3 ON (T2, T4, TS5 OFF): v,, =0. High side current freewheeling through
V
Tl’DS’ ch = vAO = VBO = %C
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(e No=|deality
Decoupling,  Compensation

Unipotar FAWM

Fig. 18. Schematic of the original configuration for full bridge topology with unipolar PWM
for transformerless converters.

In an actual converter the PWM modulation strategy of the DC decoupling block has to be
modified because of the presence of dead times. A simple adaptation of the driving circuit
can be made that ensures correct operations in actual conditions.

6.3 Simulation Results
The proposed topology (Figure 18) was validated thanks to the PLECS toolbox, which
allows fast simulation of power electronic circuits under MATLAB/Simulink. The

simulation parameters are: V,. =450V, Vg”. , =230V, Rgmun , =29, C PVground = 14nF ,
L,=2mH,C =22uF, R,=05Q, L, =40uH, the switching frequency is

/., =10kHz . A simple current controller is used to inject a sinusoidal current of 13Ams into

the grid with unitary power factor equivalent to 3kW of injected active power.

Extensive simulations were performed with the attempt to assess the performances of the
proposed converter topology with special reference to common mode voltage and ground
leakage currents. Results confirm that the proposed topology allows to keep the common
voltage constant at Vpc/2. In this way, the resulting ground leakage currents are negligible.

Figures 19, 20, 21 show respectively the common mode voltage v,

cm’

the ground voltage
V,.oms and the ground leakage currents i, without DC decoupling and No-Ideality

groun
compensation additional blocks. These simulations were made to quantify the common
mode voltage and the ground leakage currents arising in a transformerless full bridge
topology with unipolar PWM. Figures 22, 23 show the simulation results obtained when the

two additional blocks are added. Figure 22 shows that the common mode voltage v, is

fixed to V,./2. Therefore the ground voltage v does not contain high frequency

ground
components and only the fundamental grid frequency is present (Figure 22). The resulting
leakage ground currents will be very small, as shown in Figure 23.
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7. Conclusion

This chapter deals with single-phase grid connected converters used in photovoltaic plants.
Some proposed improvements to the widespread full bridge topology are investigated in
order to improve energy conversion.

PV power converters, based on full bridge topology, are distinguished by the presence or
not of a line frequency transformer.

In both cases the control of the injected grid current is one of the most important issue. The
d-q current controller was deeply analyzed and some experimental results are reported to
show its superior power quality in comparison with traditional controllers.

In order to increase the performances, notably at light loads conditions, the full bridge
topology was modified moving the feedback from the transformer input to the transformer
output. In this way, the DC component at the transformer input is not directly controlled,
thus an original core compensation strategy is proposed to avoid saturation. Experimental
results are reported showing the effectiveness of the proposed compensation.

In low power applications the trend is to remove the transformer (transformerless
configurations) in order to reduce losses, costs and size.

In transformerless configurations the major issues are the accurate control of DC component
of injected grid current, the safety issues in case of isolation faults, and the reduction of
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ground leakage currents. Here the most common configurations are reviewed and an
original solution is presented that achieves a nice trade-off between efficiency, power
quality and reduction of ground leakage currents.
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