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Abstract—The main contribution of this paper is the proposal
of new modulation techniques for three-phase transformerless
neutral point clamped inverters to eliminate leakage currents in
photovoltaic systems without requiring any modification on the
multilevel inverter or any additional hardware. The modulation
techniques are capable of reducing the leakage currents in pho-
tovoltaic systems by applying three medium vectors or using only
two medium vectors and one specific zero vector to compose the
reference vector. In addition, to increase the system utilization,
the three-phase neutral point clamped inverter can be designed to
also provide functions of active filter using the p—q theory. The
proposed system provides maximum power point tracking and
compensation of current harmonics and reactive power. To vali-
date the simulation models, an experimental three-phase inverter
is used to evaluate leakage currents and the dc link voltage control.

Index Terms—Energy conversion, photovoltaic power systems,
pulse width modulated power converters.

I. INTRODUCTION

N RECENT YEARS, the increasing demand for energy has

stimulated the development of alternative power sources
such as photovoltaic (PV) modules, fuel cells, and wind tur-
bines. The PV modules are particularly attractive as renewable
sources due to their relative small size, noiseless operation,
simple installation, and to the possibility of installing them
closer to the user.

In PV modules, the output voltage has a low dc amplitude
value. In order to be connected to the grid, the PV modules
output voltage should be boosted and converted into an ac
voltage. This task can be performed using one or more con-
version stages (multi-stage). Many topologies for PV systems
are multi-stage, having a dc-dc converter with a high-frequency
transformer that adjusts the inverter dc voltage and isolates
the PV modules from the grid [1]-[3]. However, the conver-
sion stages decrease the efficiency and make the system more
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complex [4]. The transformerless centralized configuration
with one-stage technology uses only one inverter and a large
number of series-connected PV modules, called strings, are
used in order to generate sufficient voltage to connect to the
grid [5]. In PV systems where series modules are connected
to a conventional two-level inverter, the occurrence of partial
shades and the mismatching of the modules lead to a reduction
of the generated power [6], [7]. To overcome these problems,
the connection of the modules can be made using a multilevel
converter [8]—[11]. The multilevel converter maximizes the
power obtained from the arrays, reduces the device voltage
stress, and generates output voltages with lower total harmonic
distortion (THD) [8].

Avoiding transformers is a benefit of multilevel inverters
and normally neutral point clamped (NPC) inverters are not
used with transformers. However, in PV applications, the trans-
formerless systems have problems related to leakage currents,
thus it is necessary to pay special attention to this issue.

The main disadvantage of the topologies without transformer
is the connection of the PV array to the grid without galvanic
isolation. Thus, the fluctuations in the potential between the
PV array and ground give rise to capacitive leakage current
and these currents can cause grid current distortion and losses
in the system. Three-phase two-level inverters are not suitable
for transformerless PV applications because of the high leak-
age currents that appear due to the conventional pulse-width-
modulation (PWM) [9].

On the other hand, power electronic converters can also be
connected to the grid for improving the system power quality.
Working as active filter (AF) [12], they can perform harmonic
and reactive power compensation. For this reason, it is conve-
nient to integrate both functionalities of power generation and
power quality improvement using the same hardware structure
presented in the distributed generation system. A theory for the
control of AF in three-phase power systems, called p—q theory,
was proposed in [13]. 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 [14], [15].

In this paper, PWM techniques for three-phase NPC inverters
are proposed to eliminate the leakage current in transformerless
PV systems without requiring any modification on the NPC
inverter or any additional hardware. Furthermore, the NPC
inverter is studied for PV systems with function of AF using
the p—q theory to increase the system utilization. The paper
is organized as follows: in Section II, common-mode volt-
ages (CMV) and leakage currents in three-level inverters are

0278-0046/$26.00 © 2011 IEEE



436 IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 59, NO. 1, JANUARY 2012

>m o

o SZ_aﬂ:} SZb_‘g} Sa¢
o A B C
eS| [

’ skt s | s

Fig. 1. Three-phase NPC inverter to evaluate leakage currents.

analyzed. The conventional PWM for three-phase NPC invert-
ers is discussed in Section III. In Section IV, modulation tech-
niques for three-phase NPC inverters are proposed in order to
eliminate the leakage current in transformerless PV systems. In
Section V, NPC inverters with different modulation techniques
for three-phase systems are compared based on the leakage
currents. Experimental results are presented to prove the effect
of the common-mode voltage on the leakage currents. The dc
link voltage control using the proposed PWM is presented in
Section VI. In order to validate the control system for the
NPC inverter, the NPC is tested and experimental results are
presented. In Section VII, the three-phase NPC inverter with
additional function of AF using the p—q theory is discussed. The
AF function of the NPC inverter is verified through simulations.
Conclusions are presented in Section VIII.

II. COMMON-MODE VOLTAGES IN
PHOTOVOLTAIC INVERTERS

In transformerless grid connected PV systems, there is a
connection between the grid and the dc source and thus, a
leakage current appears through a circuit that is created if the
PV array is grounded [4]. The leakage current can reach high
values therefore becoming an important issue in transformerless
PV systems.

It is possible to express the voltages between the positive (P)
or negative (V) dc bus and the neutral (n) (Vp, or Vi) in
terms of the inverter output voltages

Vn =Vin — Vin (1)
VeuVen = Vi — Vier = Vi — (Vien — V) (2)

where k = A, B, C' (Fig. 1).
Under balanced operation, the following condition for the
inverter voltages can be written:

VAn + VBn + VCn = 0. (3)

Fig. 2. Space vectors in the output of a three-level inverter.

Using (1)—(3)

V. Vi %
Vin = — AN T §N+ CN @

Van +Ven + Veon
3 .

(&)

Ve, =Vpn —

The CMV for the three-phase inverter can be calculated as

Van +Ven +Ven

3 (6)

Vem =
The voltage Vi, is the negative of the CMV and the voltage
Vpn 18 Vpy + V. Therefore, the leakage currents can be
attenuated by the control of the CMV.

III. SPACE VECTOR MODULATION

The space vector PWM (SVPWM) is generally used to
control the three-level inverter output voltages (Fig. 1) and there
are 19 possible space vectors as shown in Fig. 2: one zero vector
(Vo) with three switching possibilities, six long vectors (V1, Va,
Vs, Vy, Vs, and V), six medium vectors (Vz7, Vg, Vi, Vig, Vi1,
and V75) and six small vectors (Vi3, Via, Vis, Vie, Vi7, and
V1) with two switching possibilities each, which total to 27
possible switching combinations. Table I presents the switches
states for obtaining the space vectors located in the region from
—30° to 150° of the a—f plane. The complete table is not
presented due to space restrictions. The corresponding CMV
are also presented.

The maximum amplitude of the phase-to-neutral voltages is
Vpn/V3(m = 1) in the linear region, where the modulation
index is defined as

_ ‘\/EVI;:U
m — Y2 Vkn
Ven

(N

and V7 is the reference amplitude of the phase-to-neutral
voltages.

Depending on the choice of which space vectors are used
to produce the phase reference voltages, the CMV may vary
during the switching period. For example, for a reference
voltage vector in the first 30°, with m > 0.5, one could use the
vectors Vi, Vz, and Vj3. It can be seen in Table I that using
SVPWM, the CMV changes every time a different space vector
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TABLE 1
CORRESPONDING SPACE VECTOR FOR THE POSSIBLE COMBINATIONS OF
THE INVERTER SWITCHES FROM —30° TO 150°

Sla Sga | Slb Sgb | Slc SQC | Vector | chu
0 0 0 0 0 0 Vo 0
1 1 1 1 1 1 Vo Ve
0 1 0 1 0 1 Vo Ven/2
1 1 0 0 0 0 Vi Vpn/3
1 1 1 1 0 0 Vo 2Vpn/3
0 0 1 1 0 0 V3 Vpn/3
1 1 0 1 0 0 V7 Ve /2
0 1 1 1 0 0 Vg Ven/2
0 0 1 1 0 1 Vo Vpn/2
1 1 0 0 0 1 Vio Vpn/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 0 1 Via 5Vpn /6
0 0 0 1 0 0 Vis Vpn /6
0 1 1 1 0 1 Vis 2Vpn/3
A
Ste S
Sz : r_l : ¢
PRSI FRST PE e PR PR B
VeV Vg Ve
D O e L L] L o SELETTTLELTIL LTS >
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2Von  Vou
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Ve
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Fig. 3. Switching pattern and CMV (V) for the SVPWM.

is used. Therefore, the CMV assumes three values: Vpy /3,
Vpn /2, and 2Vpyy /3 as shown in Fig. 3.

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

In this section, modulation techniques for three-phase NPC
inverters are proposed to eliminate the leakage current in trans-
formerless PV systems.

A. PWM With Three Medium Vectors

Studying the vector space for the NPC three-level inverter, it
is possible to define some vector combinations that are capable
of reducing the leakage currents in PV systems. The first
alternative is applying the three medium vectors (3MV) nearest
to the reference. Therefore, if the reference voltage vector is
in the region between vectors V7 and V5 (0° to 60°), vectors

. ! 7
D TR e >
T T
Venh Vou
Ven
2

Fig. 4. Switching pattern and CMV (V) for the 3MV.

TABLE 1I
SWITCHING PATTERNS FOR PWM TECHNIQUES

Techniques | 0° to 30° | 30° to 60° [ 60° to 90°
SVPWM 1-7-13-7-1 7-14-2-14-7 [ 2-14-8-14-2
3MV 12-7-8-7-12 | 12-7-8-7-12 | 7-8-9-8-7
3MVI120 | 12-8-10-8-12 | 12-8-10-8-12 | 7-9-11-9-7
2MVIZ 12-7-0-7-12 7-8-0-8-7 7-8-0-8-7

Vi, V7, and Vg are used. The switching pattern for the 3MV is
shown in Fig. 4.

The differences between the SVPWM and 3MV are illus-
trated in Table II, for reference voltage vectors located from 0°
to 90° (Fig. 2). It can be seen in Table I that using SVPWM,
the CMV will change with high frequency. The vectors of the
SVPWM were chosen considering m > 0.5.

In Fig. 5, it is possible to note that in the linear region, the
maximum amplitude of the 3MV [continuous circle in Fig. 5(a)]
is lower than the maximum amplitude of the SVPWM [dotted
circle in Fig. 5(a)].

The minimum voltage amplitude for this alternative is lim-
ited. Therefore, if the amplitude of the phase-to-neutral voltages
is lower than Vpy /3, a variation of the technique is used,
with 3MV displaced 120° (3MV120), as shown in Fig. 5(b)
for the possible configurations. The 3MV 120 presents half of
the maximum amplitude that could be obtained using 3MV. In
this case, V7o, Vg, and Viq are used in sectors I, ITI, and V and
Vi, Vo, and V7, are used in sectors II, IV, and VI (Fig. 5(b),
Table II). The 3MV 120 presents two switchings in each vector
change, having higher switching losses than the 3MV, being an
alternative that could be avoided if the inverter control operates
with m > 0.5.

B. PWM With Two Medium and One Zero Vectors

The second alternative consists of using only the medium
vectors and the zero vector with Vopy = Vey /2 2MV1Z)
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Fig. 5. Vectorial space using (a) 3MV, (b) 3MV120, and (¢) 2MV1Z.

to compose the reference vector [Fig. 5(c)]. Considering the
region between vectors Vj2 and V7 (—30° to 30°), the vectors
Vi, Vo, and Vj (with Vs = Vp/2) are used. In any option,
it can be seen that the CMV always assumes the value Vpy /2.
The switching pattern for the 2MV1Z is shown in Fig. 6.

For the NPC three-level inverters, the 3MV and 2MV1Z 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 (Vpx /+/3).

C. PWM With Long and Small Vectors

Another alternative is to use combinations of long and small
vectors that present the same CMV. In Fig. 2 and Table I,
it is possible to verify that the maximum amplitude voltage
is Vpn /3. Then, this option is not the best alternative to be
implemented.

A Anl

Fig. 6. Switching patterns and CMV (V) for the 2MV1Z.

A last alternative is a combination of two techniques
(B3MV-3MV120-2MV 1Z and long-small vectors), with changes
between them each at 15°. The gain of this alternative in terms
of maximum output voltage in comparison with the techniques
that use medium vectors is 3.5%. However, this alternative
is implemented with a higher computational effort than the
techniques using medium vectors. Therefore, in this paper,
3MV and 2MV1Z are chosen for further investigation.

V. COMPARATIVE ANALYSIS

In this section, the proposed modulation techniques (3MV
and 2MV1Z) for three-phase transformerless NPC invert-
ers are used to validate the proposal of eliminating the
leakage current in photovoltaic systems. Transformerless PV
three-phase inverters (Fig. 1) using different PWM tech-
niques are compared based on the output voltages amplitude
(maximum m), CMV, and leakage currents. The simulation
parameters are switching period T = 200 s, dead time t4 =
3.5 ps, fundamental frequency f = 60 Hz, load inductance
L = 11.4 mH, load resistance IR = 16 €2, dc link capacitance
C = 2.35 mF, dc link voltage Vpy = 240 V, modulation index
m = 0.6, parasitic capacitance Cpy = 220 nF, and ground
resistance Rg = 7.5 Q. The 3MV and 2MV1Z are compared
to the single-phase multilevel modulator, called 1 DM [16].
The 1 DM technique is presented as a general solution to
modulate any converter. The modulation problem is reduced to
simple calculations while determining the switching sequence
and the corresponding switching times. The 1 DM technique
can be applied independently to the three phases and can
provide null CMV in average. However, for transformerless PV
applications, it is necessary to keep the CMV constant to reduce
the leakage currents.



CAVALCANTI et al.: ELIMINATING LEAKAGE CURRENTS IN NEUTRAL POINT CLAMPED INVERTERS FOR PHOTOVOLTAIC SYSTEMS 439

—
)

)

SR iLoabvw

ALY
L wmwmmnwmuwmmmmm Rl

—
=)

Leakage current, i (A)

L@

: @

wlbl‘o—-ww SGhAocamvw dhisocoabdw

0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
Time (s)

Fig. 7. Simulated leakage current (i) of the three-level PV inverter:
(a) SVPWM, (b) 1DM, (c) 3MV, and (d) 2MV1Z.

TABLE III
COMPARISON OF TRANSFORMERLESS THREE-PHASE INVERTERS
PWM [SVPWM | IDM | 3MV [ 2MVIZ
Maximum m 1 1 0.866 0.866
CMV variable variable constant constant
Leakage current | >300mA | >300mA | <300mA | <300mA
Current THD 2.67 1.77 1.75 1.39

Simulation results for the leakage currents (¢z in Fig. 1) are
presented in Fig. 7 for different PWM techniques. The results
in Fig. 7 show that using the proposed PWM, the three-level
inverters present low leakage currents in transformerless PV
systems. Fig. 8 shows the results for the inverter output voltage
and load current in phase a (v4o and 74 in Fig. 1).

The comparison is shown in Table III. Using SVPWM or
1 DM, the CMV jumps between different levels with a high
frequency resulting in high leakage currents. In Table III,
300 mA is used as the reference rms value due to German
Standard. The THD is defined as

| 2=
THD = Fg i 100%

where Fj, is the rms value of each frequency component of
the inverter output current. It can be seen that the THD of the
inverter output currents are similar for all PWM techniques.
For the experimental measurements the three-phase setup
shown in Fig. 1 was implemented. The prototype parameters are
equal to those used in simulation. The complete control system
was executed in discrete-time using a digital signal processor
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Fig. 8. Simulated output voltage (v40) and load current (¢ 4 ) in phase a for
(a) SVPWM, (b) 1DM, (c) 3MYV, and (d) 2MV1Z.
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Fig.9. Experimental voltage v p,, and leakage current (i) of the three-level
PV inverter: (a) 3MV and (b) 2MV1Z.

with sampling and switching frequencies of 5 kHz. It can be
seen in Fig. 9 that the 3MV and 2MV1Z techniques make the
leakage current to have low values. The results indicate that
the proposed techniques have potential to use in grid connected
transformerless three-phase PV systems. Fig. 10 shows the
inverter output voltage and load current in phase a for 3MV
and 2MV 1Z techniques.
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VI. INDEPENDENT DC LINK CAPACITORS
VOLTAGE CONTROL

The control using medium vectors is the best choice to
achieve low leakage currents in the PV array using the NPC
inverter, but these vectors cause dc link capacitors imbalance.
Considering a sinusoidal load current, the dc link voltage can be
controlled by using 3MV combined with 3MV 120 and 2MV1Z.
The two combinations of three medium vectors are necessary
because of the limitation of voltage amplitude described in
Section IV-A. If the voltage amplitude is lower than Vpyx /3,
3MV120 is used, otherwise 3MYV is used. As it can be seen in
Fig. 11, where the fundamental frequency is f = 60 Hz, the
dc link top capacitor voltage (Vpo in Fig. 1) has a frequency
of three times the fundamental and the total dc link voltage
is kept in Vpy = 240 V. The parameters are equal to those
used for simulation in Section V. The simulation performed

! 3MV
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J 3MV120
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if in=0—L

Pulses

Duty Cycle
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Fig. 12. Block diagram for the dc link voltage control.
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Fig. 13. Simulation results of the dc link voltage control.

for obtaining the results of Fig. 11 does not consider having
the dc-link voltage control. The objective here is only to show
that 3MV and 2MV1Z can have opposite behaviors in terms of
charging the top capacitor, which is fundamental to the control
task. Therefore, the opposite behavior of 3MV and 2MV 1Z can
be used to keep the balancing of capacitor voltages using the
medium vectors. It can be seen that a RL load makes the dc link
voltage control easier than the control with a resistive load.

In Fig. 12, the dc link voltage control is shown using the
combination of 3MV and 2MV1Z. The idea is to generate
a pulse with 1 or O changing each 60° and to apply a not
exclusive-or (NXOR) with the result of the comparison between
the reference (V) and measured (Vpo) voltages. The output
is used to enable the 3MV or the 2MV 1Z.

To test the method, the system was simulated (Fig. 13) with
Vo =145 V, Vo =95 V for the first part and V5, =
122V, V5 = 118 V for the second part of the simulation. The
parameters are equal to those used for simulation in Section V.
It is noted that Vpp and Vo follow the references and these
voltages present ripple of 2 V, that is around 2% of the reference
voltages, confirming the method efficiency.

The dc link voltage control is also confirmed through exper-
imental measurements using the three-phase setup as shown in
Fig. 1. The total voltage is kept in 240 V with V5, = 145 V
for the first part and V5, = 122 V for the second part of the
experiment (Fig. 14).

To analyze the effect of the proposed dc link voltage control
on the maximum power point tracking performance, an array of
16 PV modules is considered for composing the dc link voltage,
having two independent controls for each eight PV modules
in series. In Fig. 15, it can be seen that the reference voltage
only changes 20 V when the irradiance goes from 200 W/m? to
1000 W/m?2. The proposed scheme response is fast enough for
implementing the maximum power point tracking since the dc
link voltages follow the reference from 95 to 118 V in 400 ms
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(Fig. 14). That would be equivalent to irradiance change from
100 W/m? to 650 W/m?, which would take a much longer time
to happen. Similar analysis can be done for temperature change.

VII. PHOTOVOLTAIC SYSTEM CONTROL WITH
ADDITIONAL FUNCTION OF ACTIVE FILTER

The PV system control uses the p—q theory and requires the
transformation of voltages and currents in abc coordinates to
a—(3—0 coordinates. With the voltages and currents determined
in a—(-0 coordinates, the real power (p), imaginary power (g),
and zero sequence power (pg) can be calculated by using the
p—q theory [13], [17]

p Vo vg O T
qg|=1|-vg v O ig | - 9)
Do 0 0 v 10

The three-phase instantaneous power (ps) corresponds to the
sum of the instantaneous real power and the zero sequence
power

(10)
an

D3 =Vq "o + Vg - ig + Vo - i

=P+ Do.

It can be verified that p and ¢ do not depend on the zero
sequence voltage and current.

A. DC Link Voltage Control

The dc link voltage control aims to keep both capacitor volt-
ages in adequate levels, allowing the inverter to work correctly.
In addition to the components of instantaneous power defined
by p—q theory, there are two other components, p,.41 and p,.c g2,
which are used to adjust the voltages of dc bus capacitors.
In the NPC inverter, the dc link has two capacitors and the
top capacitor is charged during the positive semi-cycle of the
grid voltage, when it can absorb energy from the supply. The
bottom capacitor is charged during the negative semi-cycle of
the grid voltage. Therefore, two regulation powers p,., are
defined: one to charge the top capacitor in the positive semi-
cycle of the grid voltage and the other to charge the bottom
capacitor in the negative semi-cycle of the grid voltage. Each
regulation power (p,eq) can be obtained using a proportional
controller K,

Pregy =Kp : (Uref - Vdcl) (12)
Preg, = Kp : (vref - Vdcz) (13)
where:
K,  proportional gain;
vrer  reference voltage;
Vie,  top capacitor measured voltage;
Vae,  bottom capacitor measured voltage.
The total regulation power p,..4 is
DPreg = Pregy +preg2 (14)

where p,..q, only exists in the positive semi-cycle and p;.cg4, in
the negative semi-cycle of the grid voltage. Therefore, when
one exists, the other is null. p,..4 is included with negative signal
in the value of real power to be delivered by the converter to the
ac mains (p,)

Do =P — Po — Preg (15)

4r =4 (16)
where p is the alternating value of the real power and py is the
average value of the zero sequence power.

B. Current Control

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

fpa| 1 va —vg| |Pa
ipp] V2405 [vs va Uz

1 (i + 5+ 2)
— - (ig + % + ic)-
V3

Equation (17) is valid when there is no zero sequence power,
allowing to select the compensation value (pg, py, and py or
even a part of these powers). The block diagram of the control
system is presented in Fig. 16. The filter to obtain the oscillating

7)

ipo =1l = (18)
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Fig. 16. Block diagram of the control system.
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Fig. 17. Simulation results for the currents: (a) source, (b) load, and (c) filter.

part of p is a second order filter with cut frequency of 6 Hz [19]
and the dc part of py is considered zero.

C. Simulation Results

The proposed control system with function of active filter
using the p—q theory discussed is applied to the three-phase
NPC connected to the grid. The simulation conditions are
switching period T = 200 ps, dead time t; = 3.5 us, rms
source voltage Vs = 64 V source frequency f = 60 Hz, source
inductance Lg = 1.2 mH, filter inductance L; = 1.8 mH,
dc link capacitance C' = 2.35 mF, and dc link voltage Vpy =
240 V. The load is composed of two components: linear and
nonlinear. Each phase of the linear component is made of
one inductance (9.6 mH) in series with one resistance. The
resistances of each phase are different (16 2, 48 2, and 121 )
to prove the load capability balancing of the AF function.
The nonlinear load is composed of a three-phase rectifier with
C = 306 uF and R = 15 Q in parallel (dc side). The measured
source (ig), load (ir), and filter (i) currents are presented in
Fig. 17. The harmonic spectrum of the source current is shown
in Fig. 18(a) without harmonic compensation and the Fig. 18(b)
shows the same current with harmonic compensation, proving
the capability of the AF.
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Fig. 18. Harmonic spectrum of the source and load currents without showing
the fundamental frequency.

VIII. CONCLUSION

In this paper, modulation techniques designed for three-
phase transformerless photovoltaic systems are proposed. The
techniques guarantee constant common-mode voltage, improv-
ing the behavior of the neutral point clamped inverter in terms
of leakage currents without additional hardware. For achiev-
ing constant common-mode voltage, the inverter switches are
controlled by using only medium vectors and one specific zero
vector. Three possibilities of modulation are described. Sim-
ulation and experimental results of the neutral point clamped
inverter are presented to validate the theoretical models. To
increase the three-phase transformerless photovoltaic system
utilization, the control is designed for performing the additional
function of active filter using the p—q theory.
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