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Abstract - The connection of distributed power sources
with the utility grid generally needs an electronic power
converter for processing the locally generated power and
injecting current into the system. If the source provides a
DC voltage, the converter must be able to produce a low-
distortion, high-power factor AC current. The same
aspects related with the voltage and current distortion
produced by non-linear loads can be considered for the
injection of power into the grid. This paper presents a
three-phase inverter using low-frequency commutation.
An auxiliary circuit is added to the inverter topology in
order to reduce the output voltage distortion, thus
improving the current waveform. The main advantages
of this approach are: (1) the minimization of the
switching losses (i.e. high efficiency); (2) the elimination
of the EMI (which avoids high-frequency filters necessary
in high-frequency commutation inverters).
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I. INTRODUCTION

The connection of distributed power sources with the
utility grid generally needs an electronic power converter for
processing the locally generated power and injecting current
into the system. If the source provides a DC voltage, the
converter must be able to produce a low-distortion, high-
power factor AC current.

The same aspects related with the voltage and current
distortion produced by non-linear loads can be considered for
the injection of power into the grid. In the absence of a
specific standard, this paper takes as a reference the limits for
current harmonics given by the IEC 61000-3-4 technical
report [1]. The justification for this approach is that, from the
resulting line voltage degradation, there is no difference
between  injected and  absorbed  current.  The
recommendations proposed in [1] are applicable to low-
voltage single and three-phase systems with input current
greater than 16 A per phase. In this case, the harmonic
current limits are a percentage of the fundamental
component, measured at the rated power.

For low-power applications, like photovoltaic panels and
small fuel cells, a single-phase inverter (DC-AC converter)
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can be used for connecting the alternative source with the
grid [2]. But above a few kW it is more convenient to use
three-phase inverters.

PWM converters can be used to produce any voltage or
current waveforms. This modulation technique has been used
for many applications, including the connection of DC
sources to the grid [3].

The main advantage of PWM inverters is the possibility
of producing any current waveform. Nevertheless these
converters present some drawbacks especially related with
the EMI generation, due to the high-frequency commutation,
and a relatively low efficiency, due to the power switches
losses [4]. A low-pass filter is necessary to attenuate the
high-frequency components due to the switching process.

There are other converter topologies presented for grid
interfaces applications [5], but they also use high-frequency
commutation, thus EMI filters are still necessary if one is
interested in injecting a low-distortion current into the line.

This paper presents a three-phase inverter using low-
frequency commutation. The converter is based on the low-
frequency commutation three-phase rectifier [6]. An
auxiliary circuit is added to the inverter topology in order to
reduce the output voltage distortion, thus improving the
current waveform. The main advantages of this approach are
the minimization of switching losses, which increases the
converter efficiency, and the elimination of the EMI filter.

The circuit is conceived as an interface between DC
sources and AC lines and does not present the capability of
compensating local load current distortions.

A comparison among low and high frequency
commutation rectifiers was presented in [7]. Most of the
conclusions can be extended to DC-AC topologies. The most
important aspects are that the switching losses ask for a high
heat-sink volume and the limitation of the conducted EMI
needs a huge filter. In both cases the consequence is the
reduction of the overall converter power density.

It is not possible, without a specific study, to conclude
which converter would present the highest power density, but
one should not previously discard the low frequency
commutation as an alternative.

II. THE PROPOSED TOPOLOGY

Fig. 1 shows the proposed converter topology. The bridge
switches are controlled so as to apply at the inverter
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terminals a voltage that results in a quasi-sinusoidal line
current. Each bridge switch operates at the line frequency,
while the auxiliary switches at twice this frequency, as
shown in Fig. 2.

The fundamental component of the inverter voltage (Viuy1)
must be adjusted to produce the desired current through the
output inductor.

The design procedure is oriented to select the minimum
inductance value that simultaneously allows generating the
rated power and complying with the current harmonic limits.

The inductor voltage V| must lead by 90° the respective line
voltage to minimize the RMS line current, as shown in Fig.
3. This procedure maximizes the resulting power factor.
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Fig. 2 — Typical switches command signals. The effect of the aux1hary. circuit, as shown in Fig. 5, is to
smooth the edges, thus reducing the harmonic components of
the inverter output voltage and allowing reducing the
inductance needed to comply with the standard.
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Fig. 1 — Three-phase inverter and the bi-directional switch.

The inductor voltage is the difference between the line
and the inverter voltage:

VL () = iy (0) — V8in6

The current injected into the grid is:

. 1
i =——[vi(0u0

i

(D
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The peak-to-peak capacitor voltage variation is V,. This
value can vary from E (for a complete excursion) to 0 (for a
infinite capacitance or null resonant interval). In the next
analysis the resonant interval is approximated as a sinusoidal
variation. In fact it is not, due to the harmonic currents, but
as will be shown, the results are quite similar.
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Fig. 5 — Inverter output voltages with the auxiliary circuit.
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II1. DESIGN PROCEDURE

For a given maximum current, associated with the rated
power, and in order to minimize the input inductance, it is
interesting to reduce the phase-shift 5. However, while the
fundamental component of the current depends on the
difference between the grid and the inverter voltages, the
harmonics depend only on the inverter waveform.

Theoretically, considering only the fundamental
component, the input inductance could tend to zero. In such a
situation the harmonics would tend to infinity!

Fig. 6 shows the necessary inductance for each harmonic
component, as a function of the resonant interval duration
expressed in degrees. Notice that typically, for a wider
resonant interval, the necessary inductance reduces, due to
the reduction of the harmonic components. For the
fundamental component the rated current is considered,
while for the harmonics the limits are given by [1].

The best solution is the minimum inductance that allows
injecting the nominal current while guaranteeing an
acceptable harmonic content.

In Fig 6, for a DC voltage of 305 V and a rated power of
10 kW, selecting the inductance determined by the
fundamental component the harmonics will comply with the
limitations for any resonant interval.
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Fig. 6 - Minimum inductance for compliance with [1].

The selected inductance value will be determined by the
resonant angle that results in unitary displacement factor
(DF).

Through numerical simulations it is possible to determine
the relationship between the resonant angle, 0,, and the angle
O (that results DF=1), and the RMS value of the inverter
voltage fundamental component. As can be seen, the K factor
is almost constant all over the resonant angle range and its
average value is 3.483 mV™".

0,=155
V. =E-V,-K

(26)
27

invl —
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Fig. 7 — Parameter K for different resonant angles.

The input data are: line voltage, Vi, and rated power (per
phase), P..x. For P... the capacitor voltage excursion is
complete (V,=E).

1) Based on numerical calculus, find the minimum DC
link voltage, E, for which the inductance associated
with the fundamental component are always higher
than the values calculated for the harmonics, as
done in fig. 6.

2) Estimate the inverter voltage fundamental
component: V., =E-V;-K
3) Known Viand Vy,,, determine Vi ¢
Vi
d=acos V. =V, -tan(d) (28)
Vinvl

4) Determine 6,.

5) Determine L according to Fig. 6 (specific for each
set of parameters).

6) Numerically, determine the average current during
the interval 05 to m (Im) and evaluate the capacitor
value:

C= Im-9r (29)
2‘0)i E

IV. SIMULATION RESULTS

Fig. 8 shows the current waveform and the respective
spectrum, at rated power. In this simulation, for a 127/220 V
grid, the component values are: 5.9 mH input inductance,
36 uF resonant capacitance. The rated power injected into
the grid is 10 kW, corresponding to 26 Arms. The DC
voltage is 305 V. The Total Harmonic Distortion (THD) of
the current is 10% and the harmonics comply with the
recommended limitations.

For reduced power generation there are different

possibilities: (1) reducing the DC voltage; (2) adjusting the
phase shift between the grid voltage and the inverter voltage;
(3) modulating the switches' duty-cycle or (4) a combination
of these.
Another situation that must be considered is the islanding. In
this case the line must be disconnected and the inverter will
supply the local load. It is necessary to ensure a local
synchronism and stabilize the AC voltage. Using a DC
voltage next to the line peak voltage, and maintaining the
switching pattern, the resulting waveform will be the same as
shown in Fig. 8. In this case, the voltage THD is 22%.
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Fig. 8 — Voltage and current waveforms and normalized current
spectrum.

A lower distortion can be obtained by adding a
capacitive filter at the output, as shown in Fig. 9. The voltage
waveform will be improved for a dominantly resistive load.
In this case, the THD is 9.5%, the peak voltage is maintained
as compared with the nominal line-to-phase voltage. For
non-linear loads (like rectifiers), the output filter resonance
can degrade the waveform. When the line voltage returns, it
is necessary to guarantee synchronization before the
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Fig. 9 - Output voltage waveform for islanding condition.
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V. EXPERIMENTAL RESULTS

A preliminary prototype has been tested in order to verify
the circuit behavior and the design procedure. The main
waveforms are shown in Figs. 10 to 13.

In fig. 10, one operates without the auxiliary circuit. The
DC voltage is 100V, the AC line voltage is 55Vgys, and the
inverter is connected with the line through a three-phase
transformer bank. In fig. 11, the prototype operates with the
auxiliary circuit. the DC voltage is 60V, the AC line voltage
is 35Vrums. L=9.5 mH, C=15uF.
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Fig. 10 — Inverter voltage (100 V/div.), Line voltage (75
V/div.) and line current (5 A/div.). Horiz. Sms/div. (without
the auxiliary circuit)
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Fig. 11 — Phase voltage (20 V/div.), line current (2 A/div.). and
inverter voltage (25 V/div.), Horiz. 2.5ms/div.

Figs. 12 and 13 show the current spectra of the inverter
without and with the auxiliary circuit. The harmonic content
reduction is clear.
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Fig. 12 — Current spectrum without the auxiliary circuit.
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Fig. 13 — Current spectrum with the auxiliary circuit.

VI. CONCLUSIONS

The proposed three-phase, low-frequency commutation
inverter presents some interesting characteristics if one is
looking for low-cost, good-quality inverters suitable for
distributed generation systems, based on DC primary
sources, connected with the utility grid. Taking as quality
parameter, the current distortion limits established by
international standards, the current injected into the grid by
the topology presents low distortion and high-power factor.
As the circuit operates at the line frequency, EMI filters are
not necessary, and the switching losses can be neglected,
thus reducing the heatsink area. The design procedure
minimizes the inductance and the DC voltage value. If it
would be necessary to control the injected power, it could be
done controlling the auxiliary switches conduction time. The
inductors are designed for the line frequency using Fe-Si or
equivalent core, and typically have a relatively high
inductance value.
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