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Abstract—In some photovoltaic applications it is possible to
remove the transformer of the system in order to reduce losses,
cost and size. In transformerless systems the photovoltaic module
parasitic capacitance can introduce leakage currents in which the
amplitude depends on the converter topology, on the pulse-width-
modulation and on the resonant circuit composed by the system
components. In this paper a modulation technique for three-
phase neutral point clamped multilevel inverters is proposed to
eliminate the leakage current in photovoltaic systems without
requiring any modification on the multilevel inverter. The neutral
point clamped inverter is studied for systems with function of
active filter using the p-q theory. The proposed system presents
control of the maximum power point and compensation of
current harmonics and reactive power.

I. INTRODUCTION

Most of the topologies for photovoltaic (PV) systems have
a transformer that adjust the dc voltage input for the in-
verter and isolates the PV panels from the grid [1][2]. The
transformer can be used in line or high frequency, but the
line frequency transformer has large size and weight. The
high frequency transformer is used in PV systems with some
stages, decreasing the efficiency and making the system more
complex [3]-[5]. The main disadvantage of the topologies
without transformer is the connection of the PV array to the
grid without galvanic isolation, that rises the leakage current
through the parasitic capacitance of the PV array. Due to this
capacitance and depending on the inverter topology and the
switching strategy, fluctuations of the potential between the
PV array and ground can appear. These fluctuations inject
a capacitive leakage current and this current can cause grid
current distortion, losses in the s ystem and safety problems
[5]. In standard topologies, high currents appear because of the
conventional pulse-width-modulation (PWM) and three-phase
inverters are not suitable for transformerless PV applications.

Some works show alternatives of PWM to reduce the
common-mode voltage (CMV) [6]-[8] for electrical machines
and it is not necessary to keep the CMV constant. The
reduction in the CMV presented in [7] eliminates a vector that
would be applied in the switching period. In [8], the vectors
that are applied in a switching period are chosen in such a
way to keep the CMV constat in this interval. The same result
is obtained in [6], where the proposed PWM, called 1DM,
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generates a voltage reference applying the nearest vectors to
make the calculation of the switching times.

In PV systems where series PV arrays are connected to
a conventional two-level inverter, the occurrence of partial
shades and the mismatching of the arrays leads to a reduction
of the generated power [9][10]. To overcome these problems,
the connection of the arrays can be made using a multilevel
converter [11]-[13]. The multilevel converter maximizes the
power obtained from the arrays, reduces the device voltage
stress and generates a lower output voltage harmonic distortion
[11]. Studying the three basic topologies of the multilevel
inverters (neutral point clamped (NPC), cascaded and flying
capacitor), the NPC topology was chosen mainly due to its
characteristics of easing control, specially when compared
to the flying capacitor topology that has a difficult voltage
control of the clamping capacitors. In this paper, a modulation
technique for three-phase NPC multilevel inverters is proposed
to eliminate the leakage current in transformerless photovoltaic
systems without requiring any modification on the multilevel
inverter and any additional hardware.

On the other hand, it was proposed in 1983 a new theory
for the control of active filters in three-phase power systems
called p-q theory [14][15]. The theory was initially developed
for three-phase three-wire systems, with a brief mention to
systems with neutral wire. Later, the theory was extended to
three-phase four-wire systems [16][17]. Since the p-q theory
is based on the time domain, it is valid both for steady-state
and transient operation, as well as for generic voltage and
current waveforms, allowing the control of the active filters in
real-time. In this paper a transformerless photovoltaic topology
using neutral point clamped inverters is studied for systems
with function of active filter using the p-q theory.

II. PHOTOVOLTAIC SYSTEM CONTROL

The PV system control uses the p-q theory. This theory
makes the transformation of the stationary reference in abc
coordinates for the reference in a-3-0 coordinates.

A. p-q Theory

The transformations applied to the line voltages and load
currents are given by:
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These transformations have the advantage of allowing to
separate the zero sequence components (vg and 7p) present
in the voltages and currents. With the voltages and currents
determined in «-$-0 coordinates, the real power (p), the
imaginary power (¢) and zero sequence power (pg) can be
calculated using the p-q theory:

p Vo vg O la
qg | =] —vg va 0 |- | ig 3)
Do 0 0 v 10
where:
= Uq-lq+vg"ig “)
q = —Vg-iq+Va-ig ®))
Po = Voo (6)

It is possible to separate the power components in average
and alternating values [18]:

e D - Average value of the real power.

e D - Alternating value of the real power.

e q - Average value of the imaginary power.

e § - Alternating value of the imaginary power.

e Pp - Average value of the zero sequence power.

e Py - Alternating value of the zero sequence power.

The three-phase instantaneous power (p3) corresponds to
the sum of the instantaneous real power and the zero sequence
power, being given by

P3 = Va:iatUg-ig+vo-io (7
= p+po ®)

The zero sequence power only exist if the system presents
zero sequence voltage and current. Therefore, if voltage or
current does not have zero sequence component, ps is numer-
ically equal to p.

The instantaneous imaginary power can be understood as
a power that flows among the three phases of the electrical
system and does not produce work.

The power q differs of the conventional three-phase reactive
power, since all harmonics of voltage and current are also
considered. It can be verified that p and ¢ do not depend of
the zero sequence voltage and current. Therefore they can be

written as:
] Vg U lo
IR A B B
q v/g Vo Zﬂ

B. Control of the dc Link Voltage

The dc link control has to keep the capacitors voltages in
adequate levels, allowing the inverter to work correctly. In
addition to the components of instantaneous power defined by
p-q theory, there is also a component, p,.4, which is used to
adjust the voltage of dc bus capacitors. In the NPC inverter,
the dc link has two capacitors and the superior capacitor is
charged in the positive semi-cycle of the grid voltage, when
it can absorb energy from the supply. The inferior capacitor
is charged in the negative semi-cycle of the grid voltage.
Therefore two regulation powers p,., are defined: one to
charge the superior capacitor in the positive semi-cycle of the
grid voltage and the other to charge the inferior capacitor in
the negative semi-cycle of the grid voltage. The regulation
power (pr.g) can be obtained using a proportional controller
K,:

DPregy I(p . (vref - Vdcl) (10)
pregg I(p . (vref - VdC2) (11)
where:
e K, - proportional gain;
e Ures - reference voltage;
o Vi, - upper capacitor measured voltage;
e Vi, - lower capacitor measured voltage.
The total regulation power p;q4 is:
Preg = Preg: + DPrego (12)

where p,.,, only exist in the positive semi-cycle and p;.g4, in
the negative semi-cycle of the grid voltage. Therefore when
one exists, the other is null. p,., is included with negative
signal in the value of real power to be compensated (p,):

13)
(14)

Pe = ﬁ — Do — Dreg
qz = (q
C. Currents Control

The undesired power components p, and ¢, are used to
calculate the compensation currents in a-3-0 coordinates by

expression:
lea | _ L va —vg | | Pe
g | vi+wvy v va Tx

- , 1 . o
teg =10 = \/g (la+2b+llc)
Equation (15) is valid when there is not sequence zero
power, allowing to select the compensation value (pg, p, and
Do or even a parcel of these powers). The block diagram of
the control system is presented in Fig. 1.

s)

(16)

III. NEUTRAL POINT CLAMPED INVERTER

In order to validate the control system for the NPC topology,
the single-phase NPC leg connected to the grid is tested as an
inverter. In fact, the three-phase NPC topology can be obtained
using three independent single-phase inverters, like the one
shown in Fig. 2, connected through the common neutral.
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Fig. 1. Block diagram of the control system.

and dc link capacitance C' = 2.35mF. Two load conditions
were tested in simulation: a load composed of one resistance
(25 Q) and two inductances (50 mH each) with all elements
in parallel and a load composed of a rectifier. The simulation
results of the load (iy) and filter (measured - 7 and reference
- i¢,) currents for the two conditions are presented in Fig. 3.
Figure 3(a) shows the results for the linear load in such a way
that the control only needs to compensate the power factor
making the supply current in phase with the supply voltage.
In Figure 3(b), the control is used to compensate harmonics.

In order to verify the simulation results, an experimental
setup has been done, which is made up of a single-phase
NPC leg connected to the grid, tested as an inverter. The
experimental results are presented in Fig. 4. In the first
experiment, it is used a linear load in such a way that the
control only needs to compensate the power factor making the
supply current in phase with the supply voltage (Fig. 4(a)). The
second experiment uses the rectifier load and it is necessary
to compensate current harmonics (Fig. 4(b)).

In the simulation and experimental results the neutral point
balancing issue was considered using the subsection IIb. The
dc link voltages were controlled in 200 V for each capacitor,
having a total reference of 400 V.

20 T T T T T T T T T 150

]

Fig. 2. Single-phase NPC inverter.

A. Single-phase Inverter

The p-q theory was defined exclusively for three-phase
systems, but it is possible to consider the single-phase system
as part of a balanced three-phase system. In [19], it was
shown that using a computational algorithm, the values of the
other two phases can be estimated. The method consists of
creating two virtual currents (i, and %.) and voltages (v, and
ve) displaced of 120° and 240°, respectively, with the same
amplitude of the measured current and voltage, having a virtual
three-phase system. The calculations for the virtual three-phase
system are the same of a real three-phase system, but only one
of the three compensation currents (i%,) is used as reference
for the control of the active filter. Therefore, the virtual three-
phase system is effective in a single-phase system.

The proposed control system with function of active filter
using the p-q theory discussed in section II is applied to the
single-phase NPC leg connected to the grid. The single-phase
control is a adaptation of the three-phase control. The simula-
tion conditions for the single-phase NPC topology are: switch-
ing period T; = 100us, source frequency f = 50Hz, filter
inductance Ly = 2.35mH, source voltage Vg = 115V (rms)
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Fig. 3. Simulation results: (a) linear load and (b) non-linear load.

B. Three-phase Inverter

The simulation conditions for the three-phase NPC topology
(Fig. 5) are the same of the single-phase NPC inverter. Two
load conditions were tested in simulation: a load composed of
one resistance (25 €2) and two inductances (50 mH each) with
all elements in parallel for each phase and a load composed of
a three-phase rectifier. The simulation results of the load (¢1,)
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Fig. 4. Experimental results: (a) linear load and (b) non-linear load.

and filter (measured - ¢ and reference - i) currents for
the two conditions are presented in Fig. 6. Figure 6(a) shows
the results for the linear load in such a way that the control
only needs to compensate the power factor making the supply
current in phase with the supply voltage. In Figure 6(b), the
control is used to compensate harmonics.

IV. MODULATION TECHNIQUES TO ELIMINATE LEAKAGE
CURRENTS IN THREE-LEVEL INVERTERS

For the transformerless grid connected PV systems, there is
a galvanic connection between the grid and the dc source and
thus a leakage current appears due to a resonant circuit that is
created if the PV array is grounded [3][4]. This resonant circuit
includes the PV array stray capacitance, the filter and grid
inductances, the inverter stray capacitances and the inductance
between the ground connection of the inverter and the grid.
The magnitude of the PV array leakage capacitance depends
on weather conditions, changing from nF up to uF [5].
Therefore, leakage current can reach high values becoming
an important issue in transformerless PV systems.
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Fig. 5. Three-phase NPC inverter.
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Fig. 6. Simulation results to phase a: (a) linear load and (b) non-linear load.

A. Leakage Currents in Three-level Inverters

It is possible to express the leakage voltage (voltage between
the positive (P) or negative (/N) dc bus and the neutral (n) -
Vpy, or V) in terms of the inverter output voltages:

Vien — Vien
Vin = Vip = Vien — (Vin — Vpn),
where k = A, B, C (Fig. 5).

Under balanced operating conditions, the following condi-
tion for the inverter voltages can be written:

a7
(18)

VNn =
VPn =

VAn + VBn + VCn =0 (19)

Using (17), (18) and (19),
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The CMV for the three-phase inverter can be calculated as:

(20)

Ven = Ven 2D

Van +Ven +Von
3 .
The leakage voltage Vi, is the negative of the CMV and the
leakage voltage Vp, is Vpny + Viny,. Therefore the leakage
currents can be attenuated by the control of the CMV.

Veu = (22)

B. Modulation to Eliminate Leakage Currents

The space vector PWM (SVPWM) is generally used to
control the three-level inverter output voltages and there are
nineteen possible space vectors as shown in Fig. 7: one zero
vector (V{)) with three switching possibilities, six long vectors
Va1, Vo, V3, Vi, Vs and V), six medium vectors (Vz, Vg,
Vo, V1o, V11 and Vi5) and six small vectors (Viz, Vig, Vis,
Vie, Vir and Vig) with two switching possibilities for each
one, totalizing twenty-seven possible combinations of voltage.
Table I presents the space vectors associated to the possibilities
of the inverter switches for the first 150° of the plane o-f and
the total CMV for the three-level inverter using (22).

V3 Vs V2
V, Vv
\Y 7
' Vie
V V,
v, v v

\ 16 13

V10 V17 V13 V12
Vs V., Ve

Fig. 7. Space vectors in the output of a three-level inverter.

The proposed technique consists in using only the medium
vectors and the zero vector with Vioyr = Vpn /2 to compose
the reference vector. Therefore, in the region between the
vectors Vo and Vg, the vectors V7, Vg and Vi (with Vo =
Vpn/2) are used. Other option is to use always three medium
vectors. Considering the same region, the vectors V7, Vg and
Vo could be used in this case. In any option, it can be seen
that the CMV always assumes the value Vpy /2. For the three-
level inverters, the proposed PWM can be applied with the
maximum amplitude of the phase-to-neutral voltages equal to
Vp /2, resulting in 86.6% of the voltages that can be obtained
with the SVPWM (Vpy/ v/3). There are other combinations
that guarantee a constant CMV using long and small vectors,
but in this case the amplitude of the output voltages will be

TABLE 1
CORRESPONDING SPACE VECTOR FOR THE POSSIBLE COMBINATIONS OF
THE INVERTER SWITCHES FOR THE FIRST 1500

Sia  S2a | Sip Sap | Sic Sac | Vector | Veu

0 0 0 0 0 0 Vo 0

1 1 1 1 1 1 Vo Vpn

0 1 0 1 0 1 Vo Vpn /2
1 1 0 0 0 0 Vi Vpn/3
1 1 1 1 0 0 Vo 2VpnN /3
0 0 1 1 0 0 V3 Vpn/3
1 1 0 1 0 0 Vi Vpn /2
0 1 1 1 0 0 Vg Vpn/2
0 0 1 1 0 1 Vo Ven /2
0 1 0 0 0 0 Vis Vpn /6
1 1 0 1 0 1 Vis 2Vpn /3
0 1 0 1 0 0 Via Vpn/3
1 1 1 1 0 1 Via 5Vpn /6
0 0 0 1 0 0 Vis Vpn/6
0 1 1 1 0 1 Vis 2Vpn/3

lower than the amplitude of the voltages using the technique
with medium vectors if sin usoidal voltages are desired.

V. COMPARATIVE ANALYSIS

In this section, transformerless PV three-phase inverters
(Fig. 5) using different PWM techniques are compared based
on the output voltages amplitude, CMV and leakage currents.
The simulation parameters are: switching period 75 = 100us,
source frequency f = 50H z, source inductance L = 4.5mH,
source voltage Vs = 110V (rms), dc link voltage Vpy =
650V, modulation index m = 0.8, parasitic capacitance
Cy = 470nF and ground resistance I?; = 25). Simulation
results for the leakage currents are presented in Fig. 8 for
different PWM techniques. In this figure, the proposed solution
is compared to the solution proposed to solve the problem for
electrical machines. For transformerless PV applications, it is
necessary to keep the CMV constant to reduce the leakage
currents. The results in Fig. 8 show that using the proposed
PWM, the three-level inverters present low leakage currents
in transformerle ss PV systems. Figure 9 shows the results for
the inverter output voltage and grid (source) current in phase a
for 1DM and proposed PWM. It can be seen that the current
waveform is not distorted when compared with other PWM
techniques.

A

(@)
T T T T T T

(b)

Leakage Current (A)
(=)

I I I I I I
0.01 0.02 0.03 © 0.04 0.05 0.06
C

Time (s)

Fig. 8. Simulated leakage current of the three-level PV inverter: (a) SVPWM,
(b) 1DM, (c) proposed PWM (medium vectors).
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The comparison is shown in Table II. Using SVPWM or
1DM, the PV array terminals are jumping between different
levels with the switching frequency resulting in high leakage
currents. Considering the leakage current, the three-level in-
verters are suitable in case of applying the proposed technique.
The total harmonic distortion (THD) is defined as:

(23)

where Fj, is the rms value of each frequency component of
the inverter output current.

TABLE 1T
COMPARISON OF TRANSFORMERLESS THREE-PHASE INVERTERS.
PWM | SVPWM | 1DM | Proposed
Voltage amplitude | Vpn/v3 | Ven/V3 | Ven/2
CM voltage variable variable constant
Leakage current high medium low
THD Current 1.77 1.66 1.54

VI. CONCLUSION

In this paper, a control system with function of active
filter using the p-q theory is discussed. The neutral point
clamped inverter is studied for single-phase and three-phase
systems, being presented simulation and experimental results.
A modulation technique designed for three-phase transformer-
less photovoltaic systems is proposed. The technique guarantee
constant common-mode voltage, improving the behavior of
the three-level inverters in terms of leakage currents without
additional hardware.
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