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Traditionally DC-AC converters are considered with voltage source inverters (VSI); although less studied and discussed, it has
started recently to be used current source inverters (CSI). Another possibility for DC/AC conversion is the multilevel configuration.
This paper shows experimental operation and simulation analysis of a grid-connected multilevel current source inverter (MCSI),
which includes a circuit for equipment safety reasons due to grid disconnections.

1. Introduction

Since fossil fuels are depleting day by day, research has started
to focus on different alternatives in order to fulfill the required
energy around the world. Nowadays, renewable energy is
becoming more important. There exist some applications
of renewable energy which employ hundreds of MW (high
power), and there are also some of those, which uses
hundreds of few W (low power). Applications may also be
classified depending on if they are connected to the grid or
not, and also it is well known as cogeneration and stand-alone
systems.

Grid connected systems deliver the maximum obtainable
power from the photovoltaic (PV) and/or wind system to
the AC mains [1]; since energy supply changes according to
weather conditions, then possible amount of released energy
also changes. Algorithms such as improved perturbation and
observation method [2], sliding mode observer technique [3],
and some others [4-8] are employed to seek the maximum
power point (MPP).

For increasing system efficiency, low voltages are used
not only in solar cell arrays [9], but also in some wind
systems. Hence, boosting type converters are required for

these systems. Different topologies which provide current to
the AC mains are shown in Figures 1 and 2, based on VSI and
CSI respectively.

A two-stage topology is illustrated in Figurel(a): a
DC/DC boost converter and a DC/AC converter [4]. For
increasing input voltage, a DC/DC converter, which allows
interaction to the AC mains, not only is used for constant
output voltage but also is employed in order to perform the
MPP, while inverter stage delivers a sinusoidal current to
the utility line. Converter as illustrated in Figure 1(b) also
includes two stages: multiple isolated DC/DC converters
and a multilevel inverter [9]; first stage is mainly used for
isolation purposes and the second one is used for providing
sinusoidal current to the AC mains. Converter addressed in
Figure 1(c) has also two stages: a DC/DC boost converter and
a nontraditional multilevel inverter [10]; first stage is mainly
used for increasing the input voltage, and the next one is used
to provide sinusoidal current to the AC mains. Some other
schemes are found in the literature [11-14].

Systems, which combine the power from two or more
sources, are normally found in the literature [15-21]. Some
authors [15] have suggested a converter which is able to obtain
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F1GURE 1: Topologies to inject current to the ac mains based on VSI.
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F1GURE 2: Topologies to inject current to the ac mains based on CSI.

energy from a PV array and the utility; however, for this
particular case, there is not energy injected to the AC mains.
Some others [16] have proposed a series of DC/DC converters
connected when multiple photovoltaic panels are employed, a
single converter for each panel, and also a DC/AC converter is

taken into account. In [17] has been proposed a system which
considers photovoltaic panels and a wind turbine as main
inputs, the photovoltaic voltage is higher than the output
voltage, and the wind turbine voltage is lower than the output
voltage.
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Converters based on CSI, which are shown in Figure 2,
are able to handle photovoltaic arrays [22-25], with the aid of
DC/DC converters. Both buck and inverter are used to inject
energy to the AC mains [22] as illustrated in Figure 2(a). For
this topology in particular the input has to have high voltage.
Figure 2(b) illustrates the use of DC/DC boost converter in
order to produce a multilevel output [23]; the CSI is operated
at low frequency, as a polarity inverter.

Some multilevel CSI, which are not applied to PV systems,
are for general purpose [26, 27].

A comparative performance evaluation for PV system
between VSI and CSI is shown in the literature [25]. Com-
parison is made under short-circuit fault conditions, and
it demonstrates how CSI offers a better solution. However,
grid disconnection is not consider, into account; as it will be
shown next in this paper, this may cause damage in CST if a
protection circuit is not considered.

This paper discusses about a grid connected CSI of
multilevel type, which combines CSI and multilevel converter
features. Inverter topology is already found in the literature
[27]; however, it did not consider grid connection. This
converter is simple, and it uses fewer or equal amount of
semiconductors than the multilevel CSI described in the
literature [25-27]. The important part of this proposal is
to include the protection circuit for grid disconnection,
which differs from islanding protection. A CSI under grid
connection must include this type of protection as will be
shown.

The paper is organized as follows: the proposed converter
is addressed in Section 2 it includes not only operation and
waveforms but also implementation details; simulation and
experimental results are discussed in Section 3, and finally
some conclusions are given.

2. Proposed Grid Connected Multilevel
Current Source Inverter

The proposed idea consists of a CSI, but a multilevel type
allows producing an output current with a lower harmonic
content with a relatively low semiconductors switching fre-
quency. This converter injects current to the AC mains in
parallel connection. A circuit for grid disconnection is con-
sidered for safety reasons. This multilevel converter topology
is illustrated in Figure 3.

2.1. Operation of the Converter. For an easy explanation of
how multilevel CSI operates, the input current is considered
constant (large inductors); when switches S;, S,, and S; are
turned on, the rest of switches are turned off; in fact the
control signal of S, is exactly the opposite of S, and the
same for the others switches. In practice there exist a small
overlapping in the control signals S; and S, this is because
always a current path must be provided to the inductors in
order to avoid the semiconductor damage.

Current generated by the MCSI is shown in Figure 4.
These waveforms are at low frequency, and only the positive

FIGURE 3: Proposed grid connected multilevel current source
inverter.
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FIGURE 4: Control signals and output current. Top to down: control
signal of S;, control signal of S,, control signal of S,, and output
current.

semicycle is shown in order to illustrate the behavior. Control
signals for switches S;, S,, and S; are also included. According
to this Figure 4, the converter operates as follows:

(1) During t,-t;, S;, S,, and S; are turned on, the
equivalent subcircuit is shown in Figure 5(a), then
zero current is injected (also a zero current may be
produced when S;, S, and S; are turned off).

(2) Duringt,-t,, S, is maintained on, S, and S; are turned
off, the equivalent subcircuit is shown in Figure 5(b),
and then a positive current is delivered.

(3) During t,-t;. The same switches state used during
ty-t, is considered during this stage; then a zero
current output is obtained.



TABLE 1: Switching states of the converter.

Output current Switches
S S, S5
Zero ! ! !
0 0 0
Positive ! 0 0
0 1 0
Double positive 1 1 0
Negative 0 L !
1 0 1
Double negative 0 0 1

«» «  »
1” means “on.
“0” means “off”

(4) During t;-t,, a positive current is injected to the load,
but in this case the other combination is used. S, is
turned on; S, and S; are turned oft.

(5) During t,-ts, S, and S, are turned on, S; is turned
off, the equivalent subcircuit is shown in Figure 5(c),
and then a double magnitude of positive current is
obtained.

(6) After t5, during the rest of time, the converter opera-
tion is similar to that mentioned previously. In Table 1
summarized the different switching states to produce
the required output current.

2.2. Circuit Protection for Grid Disconnection. An important
part in this proposal is the protection circuit for grid dis-
connection. Elements for this circuit are a couple of diodes
D,, D,, a capacitor C,, and a dc/dc buck-boost converter
composed by S,, L, and its diode (Figure 3).

The inverter may be described mathematically as a cur-
rent source when it is connected to the ac mains in parallel;
if grid disconnection occurs, for any circumstance (break
protection, utility failure), an overvoltage will be generated,
which certainly will damage not only the converter but also
the other connected devices to it. For avoiding this situation,
a current path must be provided to the current source, which
prevents any damage to the system.

When grid disconnection occurs, the current of the
inverter will charge the output capacitor, and then diode D,
or D, (depending on the AC mains semicycle) is able to
conduce by charging the capacitor C,. Figure 6 illustrates
the subcircuit for the positive semicycle, by the time when
diode D, start to conduce, then the capacitor voltage C,
will be increased; once the capacitor voltage increment is
detected, the auxiliary switch (S;,,) is turned off, and this will
turn off the system; however the inductor is still transferring
remaining energy to the capacitor C, (Figure 6(b)). It should
be noticed that, under normal condition S;, must be turned
on.

Once, system starts to operate normally (after reconnec-
tion and detection of AC mains), the DC/DC buck-boost
converter will recover the stored energy in capacitor C, at the
input of the multilevel inverter by delivering energy to the
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capacitor C,,, then S, will be commuted until the capacitor
reach its steady-state voltage.

2.3. Controlling the System. The proposed power converter
controller is shown in Figure 7. It is composed by a voltage
detector, a PLL, a MPP tracker, and a current controller with
its multilevel modulation technique.

Voltage detector is used in order to realize; if a detected
grid disconnection occurs, during voltage increment, the
switch S, is turned off, which will assure a proper system
operation. It is important to notice that grid voltage variation
may occurs, because of this not any voltage increment should
be considered as a grid disconnection; according to standard
IEEE 929, a failure must be considered if the AC mains are
10% above its nominal value, which is evaluated as criteria
for establishing that the system have failed.

PLL circuit is used to synchronize the injected current
with the AC mains, this is necessary for delivering only real
power to the AC mains; this means that current must be in
phase with the AC mains.

For guaranty multilevel inverter operation not only PWM
and current controller are used, but also the inductor cur-
rent is balanced. For accomplishing this, switching state
redundancy of the multilevel converter has to be taken into
account; the technique is implemented by alternating both
combinations in steady state and a simple controller, which
is employed in order to regulate the inductor currents due
to current unbalance, caused due to parasitic elements or
disturbances in the system [27].

Waveforms of the PWM method employed at the inverter
are shown in Figure 8; both two triangular carriers and a
rectified reference signal are employed. Control signals for
switches are obtained not only by comparing the carriers
with the reference [27] but also by considering the AC
mains semicycle and the information shown in Table I; it
is important to include the overlapping of switches control
signal in order to assure the inductors current continuity.

2.4. Converter Gain. For carrying the analysis out, it is con-
sidered not only an averaged method but also that switching
frequency is higher than the output voltage frequency. Then,
the multilevel CSI is obtained as follows:

I,, = (n— 1) MIy, )

where I, is the amplitude of the average output current; I, is
the inductor current; M is the modulation index; and # is the
inverter output level.

By neglecting losses, we are able to make equal the input
power and output power as follows:

2)

Vool
(n= DLV, = =5,
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FIGURE 5: Subcircuits of the proposed multilevel CSI. (a) Subcircuit for zero current. (b) Subcircuit for positive current. (c) Subcircuit for

double positive current.
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FIGURE 6: Subcircuit when the protection circuit is operating for positive semicycle.

where P, is the output power, P,,, is the input power, V;, is the
input voltage, V,, is the peak of the output voltage.
Expressions (1) and (2) lead us to

Vo
) i (3)
Vi M

1

Voltage graph and current gain are shown in Figure 9,
with n = 3; for a three-level inverter, it should be noticed
that with M = 1 the current and voltage gain is equal to two

in both; this means that the inductors current contribution is
optimal, but the boosting function is lower. This graph also
shows the CSI boosting capability, which is not found in the
VSI; actually it is a bucking system, essential feature in PV
applications.

2.5. Passive Elements Design. For having good converter
operation the DC link inductor (L) must be large, this
guaranties a low harmonic distortion at the output. Let us
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consider that the inductor keeps energy stored, and the
required time to be discharged L (just in case of an input
voltage failure occurs) may be obtained according to

_2(R/2)A,

L
I

, (4)

where A, is the discharging time.

Considering next values: P, = 100 W, I; = 500 mA and
A, = 1ms is obtained L = 400 mH, which allows a small
current ripple at the input current in each inductor.

The output current filter may easily be designed by
choosing both a desired filter corner frequency and a small
inductor value (one freedom degree). Once this established,
the output capacitor may be estimated by

1
o T T 2
Lo(znfc)

where L, is the output inductor, which is chosen to be small;
f, is the corner frequency of the filter.

Considering f, = 5KHz, L, = 500 4H is obtained C, =
2 uF.

For preventing grid disconnection, the capacitor C, must
be designed and take a special value, which is chosen in order
to guaranty the maximum energy stored by the inductors.
However, it is important to set a limit to the capacitor voltage,
which will avoid any damage not only to semiconductor but
also to devices connected with the inverter. Capacitor may be
calculated by:

(5)

2P,A
C = ©)
c [N
where V, is maximum capacitor voltage, V. is the initial
capacitor voltage.

Considering next values: V, =115V, V, = 85V, P, =
100 W, and A, = 1 ms, the obtained capacitor is C, = 33 uF.

When grid disconnection occurs, C, value establishes
the detection delay, which has to have a minimum time of
1 ms, according to design procedure with (6). While capacitor
voltage is used for detecting this failure; notice that not only
the detection delay changes but also the energy delivered by
the CSI is variable due to the MPP of the PV.

CSI energy is delivered to the capacitor C,, at the grid
disconnection. If PV (energy source) is not disconnected
then its delivered energy to this capacitor, would increase
its voltage until its destruction, because of this reason, it is
important to turn off the switch S;,, at the grid disconnection.
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FIGURE 10: Steady-state operation of multilevel output current and
inductors current. Top to bottom: multilevel output current (I,
2 A/div), inductor current (I, 1 A/div).
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FIGURE 11: Operation of the system under a grid disconnection
without the protection circuit. Top to bottom: output current (I,
2A/div), filtered current (I, 2 A/div), and Inverter output voltage
(Ve,» 1000 V/div).

3. Simulation and Experimental Results

The functionality of the system was not only mathematically
simulated but also an experimental prototype was built, so
that the proposed idea was validated.

Numerical simulations, shown through Figures 10 to
12, were made at 600 Hz with an inductor of 40 mH due
to the simulator time response. Figure 10 shows not only
the inductors currents but also the output current with a
modulation index of 0.82, it should be noticed that they are
well balanced.

System performance under grid disconnection without
the circuit protection is illustrated in Figure 11, where output
current, filtered current and the capacitor C, voltage are
shown. It is easily seen that, when the AC mains is discon-
nected, the capacitor voltage increases higher than 1000V,
this would certainly causes damage to any circuit; therefore
it is necessary the circuit protection.

Output current (I,)

Filtered current (I,)

Inverter output voltage (V)

200

~200 YN
0.01 0.015

0.02 0.025 0.03
Time (s)

FIGURE 12: Operation of the system under a grid disconnection
with the protection circuit. Top to bottom: output current (I,,
2 A/div), Filtered current (I, 2 A/div), and inverter output voltage
(Vg,» 100 V/div).

Without protection for the grid disconnection, CSI
energy is delivered to the output capacitor C,, and then the
capacitor increases its voltage until its destruction, as shown
in Figure 10. Capacitor voltage reaches more than 1000V in
less time that a half semicycle of the AC mains.

It is also noticed that after failure, current is distorted and
voltage is out of phase with respect to current; while current
has zero value at certain times, the output capacitor voltage
remains flat at this condition; however, this evolution in a
the experimental prototype will not happen, because inverter
damage occurs first.

A test for the system was carried out under grid dis-
connection, where the protection circuit was included, as it
is shown in Figure 12. The output voltage for capacitor C,
increases when the grid is disconnected, until then diode
D, starts to conduce, after the system shutdown is made.
The Figure shows output voltage, output current, and filtered
current and capacitor C, voltage. It is clearly seen that the
proposed scheme effectively avoids the system failure under
a grid disconnection.

Figures 13-16 show experimental results: some of them
are in steady-state, but some other were made to illustrated
the operation of system under transitory. Input inductors
are of 400 mH and switching devices are IRG4PC40. Steady
state operations for the inverter control signals are shown in
Figure 13; the sinusoidal reference with a higher frequency
clearly illustrates the PWM operation and the control signals
of S,, Sy, and S, of the multilevel inverter.

Some other waveforms for the converter at steady state
are shown in Figure 14, which are related to the output.
Two control signals, the output current and the sinusoidal
reference, generate a multilevel output current. The current
THD obtained in this test is lower than 5%, actually in order
to be precise is 2.7%.

Experimental results under changing conditions are illus-
trated in Figures 15 and 16. PV panel power variations are
illustrated in Figure 15, where the two evaluated conditions
are shown in Table 2. This test was made under the same
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FIGURE 13: Control signals of the switches and sinusoidal reference. Top to bottom: control signal S;, S5, and S,, respectively, (5 V/div each)
and sinusoidal reference (2 V/div each). Time: 400 ps/div; zoom time 100 ps/div.
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FIGURE 14: Operation of the system under a steady state. Top to bottom: control signals S, and S;, respectively, (5 V/div each), output current

(2 A/div), sinusoidal reference (2 V/div). Time 4 ms/div.

irradiance condition; five or four PV panels are connected in
series for each case; indeed one panel of the five is in short
circuit to have four panels in operation. AC mains voltage,
output current, sinusoidal reference and PV panel voltage
are also shown. It is easily seen that delivered power to the
AC mains changes according to power variation of the PV
panel.

System operation under grid disconnection is illustrated
in Figure 16; the capacitor C, voltage, the filtered output
current, the capacitor C, voltage and the control signal which
detects the grid disconnection (overvoltage for this capacitor)
are included. It should be noticed that during AC mains
disconnection not only the voltage of C, increases, but also

TABLE 2: Conditions of the PV panel.

First condition Second condition

Vi = 60V Vi = 80V
V, =75V V,. =100V
Ly, =05A Ly, =05A
I.=07A I,=07A

the output voltage suddenly reaches the AC mains voltage
peak due to the conduction of diode D, and connection with
the capacitor C,. When voltage for the capacitor C, reaches
the established value to determine grid disconnection, the
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FIGURE 15: Operation of the system under PV perturbation. Top to bottom: Ac mains voltage (100 V/div), Output current (1 A/div), Sinusoidal
reference (2 V/div), PV panel voltage (50 V/div). Time 100 ms/div.
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FIGURE 16: Operation of the system under grid disconnection. Top to down: Capacitor C, voltage (100 V/div), Output current (1 A/div), grid
disconnection detector by using overvoltage detector (5 V/div), and Capacitor voltage C, (100 V/div). Time 20 ms/div.

detector defines when the switch S, is turned off; however, Operation, analysis, and implementation were exposed,
the capacitor C, will increase its voltage until the input  and finally simulation and experimental results were dis-
inductors L, and L, are completely discharged. Protection  cussed.

circuit operates the system safely.
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