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ABSTRACT

This article proposes a simple and efficient carrier-based Pulse Width Modulation (PWM) technique for
three-level transformer-less grid-connected Photovoltaic (PV) inverters. The three-level inverter is prone
to an inherent issue of unbalanced DC-link voltages, which, when used in conjunction with transformer-
less grid-connected PV systems, gives rise to leakage currents. A simplified carrier-based PWM is
proposed to carry out the DC-link voltage balancing and suppress the leakage current, i.e. Common Mode
(CM) current, in transformer-less grid-connected inverters. The implementation of the proposed strategy
is straightforward and does not require complex calculations, in contrast to space vector-based PWM
techniques or multi-carrier modulation techniques. The operation of the PWM strategy is demonstrated
through simulations and validated through experimental results.
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L INTRODUCTION Neyc;rtheless, transformer-less three-phase three-level invert.e.rs

facilitate the flow of leakage current through the parasitic

In PV applications, the primary considerations are the scale,  capacitances [4] of the PV array to the ground. Moreover,
cost, and efficiency of the PV generation. Accordingly, three-level inverters are susceptible to DC-link voltage
transformer-less three'-level inverters are employeq for the  ynbalance. These issues may result in the generation of
purpose of connecting PV arrays to the grid [1-3]. harmonics, increased losses, electromagnetic interference, and
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potential electrical safety concerns in grid-connected inverters
[5, 6]. Therefore, it is imperative to identify solutions to
address these challenges. There is a notable absence of
literature addressing these issues in a simultaneous manner.
Nevertheless, a substantial body of research has been carried
out to deal with these issues on an individual basis. A number
of modulation strategies have been proposed in the literature as
a means of eliminating leakage currents. Authors in [7] and [8]
employed space vector PWM methods to address the issue of
leakage current through the use of appropriate space vector
combinations. Authors in [9] put forth a three-phase, three-
level inverter configuration that incorporates supplementary
components and a DC-DC step-up converter stage preceding
the three-phase inverter stage. The switching of the DC-DC
step-up converter is coordinated with that of the inverter, which
serves to eliminate the CM current. The incorporation of
additional components and the boost of converters prior to the
inverter stage results in a more complex configuration and,
despite this, remains cost-effective. Additionally, authors in
[10] proposed a method for capacitor voltage balancing in T-
type neutral point clamped inverters that incorporates
additional circuitry with the inverter. In a further contribution
to the field, authors in [11] proposed a combination of two
different space vector PWM techniques to address both leakage
current and DC-link voltage balancing issues. Nevertheless,
given the intricate calculations and profound comprehension
involved, a carrier-based PWM is invariably preferable to a
space vector PWM. Authors in [9] and [10] presented a carrier-
based PWM for a three-level inverter. In the first case, the
phase-disposed carrier results in the employment of only a two
medium-voltage (CM voltage) and a zero-voltage vector during
one switching period. In the second case, the phase-opposition
disposed carrier results in the use of solely three medium-
voltage vectors to suppress leakage current. However, the
authors did not address the issue of DC-link voltage
unbalancing. This article proposes a simple carrier-based PWM
for a three-level grid-connected inverter that employs a single
carrier for the operation of a three-level inverter. The proposed
method is demonstrated to suppress the CM current and
balance the capacitor voltages.

The proposed strategy is based on the operation of a single
carrier with a three-level inverter. The three-level inverter is
typically operated in conjunction with multiple carriers and
their combinations. The use of a single carrier to control the
operation of a three-level inverter facilitates the
implementation of a more straightforward control system.
Moreover, the proposed strategy employs two medium vectors
and a zero vector during a switching period of the three-level
inverter, simultaneously mitigating leakage current and
Neutral-Point (NP) voltage imbalance. The employment of
medium vectors for the operation of the inverter maintains a
constant common mode voltage throughout the inverter's
operational lifespan, thereby mitigating the leakage current.
Given the nature of the triangular carrier, the medium vectors
are employed in a manner that ensures that the application of
the two medium vectors during a switching period is sufficient
to facilitate the balancing of the NP voltage. It would appear
that, as far as is known, neither the leakage current nor the NP
voltage balancing problem have been addressed in the literature

simultaneously. The proposed carrier-based PWM strategy was
subjected to simulations and experiments. The results
substantiate the theoretical analyses and demonstrate the
practical viability of the proposed PWM strategy.

II. NOVEL CARRIER BASED PWM

The configuration of the transformer-less grid-connected
three-level Neutral Point Clamped (NPC) inverter is shown in
Figure 1. The capacitance C,,, which is connected to each PV
array, is defined as the parasitic capacitance. This capacitance
varies with numerous environmental parameters, where Rg is
the ground resistance, E;, i = (a, b, c), is the grid phase voltage,
and R and L are the interfaced reactor's resistance and
inductance, respectively. Each inverter phase leg is composed
of four switches and can be connected to either P (V,./2), O (0),
or N (-V,/2) by appropriately activating or deactivating the
switches (Sy;, x = (a, b, ¢), i = (1-4)), as indicated in Table L.
Consequently, a total of 33 switching states for a three-level
inverter are possible, as portrayed in Figure 2.
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Fig. 1. Transformer-less grid connected three-level NPC inverter with PV
as the input.
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Fig. 2. Space vector (switching states) and corresponding CM voltage of

three-level inverter [12].
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TABLE L. SWITCH STATUS AND OUTPUT VOLTAGE OF 1, i f x' > th.
ANY LEG OF THREE- LEVEL INVERTER S = { . 4)
0, otherwise
Switchi Switching Device Stat: cq- .
Stat:;lSvcvitlzlfing SWI £ mi evw; 4 uss Output The .sw1tch1ng function S, whellre x=(a, b, c), .represe.nts the
function (S, <! 2 3 4 switching state of the corresponding phase, and is obtained in
P/ 1 1 0 0 Va2 terms of S;, S5, and S5 as S, = §1—S3, S, = 5,—S;3 and S, =
0l 0 1 1 0 0 S3—S,. The switching function S, may take the values of 1, 0
NI-1 0 0 1 1 -V, /2

The corresponding CM voltages as defined by (1), [13]:

_ (VantVpNt+VeN
Vey = (Fotrontven) (1)
where V,y, V,y and V,y are the output voltages of phase a,
phase b and, phase ¢, respectively with regard to the neutral
point N. The CM current in transformer-less grid connected PV
systems is strongly dependent on C,, and V¢, as given by (2):

da
Cow =g @)

lleakage =

If Vey is kept constant, the leakage current would be
theoretically zero. It is evident from Figure 2 that the switching
states [PON], [OPN], [NPO], [NOP], [ONP], [PNO], and
[0OO0] produce the same magnitude of V¢, which is V;/2. As
an example, for [PON] switching state V y= V., since for this
switching state phase a is connected to P, similarly V,y= V,./2

Vdc

and V. = 0, and thus V¢y, = (VdC+3—2+0)
employing all these vectors in a PWM technique, the CM
voltage can remain unchanged, and consequently CM current
can vanish in transformer-less grid connected PV systems. In
order to achieve the previously described objective of
maintaining a constant CM voltage, Figure 3 presents the block
diagram of a novel carrier-based PWM strategy. In this
strategy, the three-phase reference carriers, a, b, and c, are
used. The zero-sequence signal (V) is given by (3):

ifV, =20
otherwise

= %. Therefore, by

1 —max(a,b,c),

Vzss = {_1 —min(a, b, c),

where V, = max (a, b, ¢) + min (a, b, ¢).

3

a Fog a J Y
&) (HT b
b gy i 1,5
'Q.'j '\:/ |>—I_ i
( ™ 1,5
& Sl
i 1 4 $
Zero Sequence "
Signal Calculator — Veri AVA

Fig. 3. Block diagram of new carrier-based PWM.

The V, is included in the reference carrier and the
modified reference signals obtained are a’, b’, and ¢’, which
are then measured against a single triangular carrier V,; to
obtain intermediate signals S;, where (i =1, 2, 3) is given by (4):

or -1, depending upon the values of S;, S, and Sj3, accordingly.
The gating signals for the switches of three-level inverter can
be obtained as given by Table 1. Figure 4 presents the
relationship between the proposed carrier-based strategy and
the space vectors of the three level NPC inverter. The
intermediate signals, switching function, and the space vectors
used during a particular switching period, are shown. Only
vectors [PON], [OPN], and [OOOQ] -the shaded area of Figure
4 (b)- are deployed during this switching interval to produce
constant CM voltage of V,./2. Therefore, this must result in the
mitigation of the leakage current according to (2).
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Fig. 4. Relationship between space vectors -shaded area of (b)- with new
carrier-based PWM.

1. SYSTEM MODEL

The system depicted in Figure 1 can be displayed in a
similar manner to that shown in Figure 5. In this configuration,
the three-level inverter is replaced by the CM voltage of each
phase with respect to terminal N, which is, vy, Vpy, and vey.
The resistance R is assumed to be negligible and is therefore
omitted from the model. The impedance Z;, 4. is composed of
the parasitic capacitance C,, and R,. The model is a resonant
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circuit, and R, is a crucial parameter to consider as it influences
the damping of the resonant circuit. The transfer function can
be derived using the methodology introduced by authors in
[14]:

H(S) — ileakage(s) (5)

vem(s)
where ij,,q. can be obtained as:

vem(s) (6)

i =
teakage ™ R +Ls/3+2/Cpys

By rearranging the transfer function, H(s), it is possible to
obtain the following result:

3Cpps
LCpys2?+3RgCpys+6

H(s) = (M
MATLAB was employed to generate the bode plot of the
transfer function indicated in (7), and the resulting data are
presented in Figure 6. This describes the impact of varying
values of R, on the damping effect. In order to achieve a
minimal damping effect, the value of R, was selected to be 5 Q.

Three level inverter

Bode Diagram

—Rg-50
— Ry = 5002 | {
Ry = 5000

Magnitude (dB)

10 10 10 10
Frequency (rad/s)

Fig. 6. Effect of ground resistance (R,) on damping.

IV. SIMULATION RESULTS

In order to assess the efficacy of the recently developed
carrier-based PWM, a series of simulations have been

conducted using Physical Security Information Management
(PSIM) software. To streamline the simulations, the PV array is
represented as a constant DC source, and the capacitance C,, is
depicted as a constant capacitance connected to both terminals
of the PV array. The typical value of C,, as cited by authors in
[15], is 3 nF/kW, though this may fluctuate in response to
environmental influences. In consideration of the most
unfavorable scenario, the value of C,, is selected as 50 nF. The
remaining system parameters used in the simulations and
experiments are presented in Table II. The results of the
simulations are provided in Figures 7 and 8. The current in the
CM and the three-phase currents (i,, i,, and i.) with a new
carrier-based PWM strategy when the modulation index is set
to 0.9 are shown in Figure 7. The calculated RMS value of the
CM current is 119.05 mA. The German standard DIN VDE
0126-1-1 establishes limitations regarding the leakage current
in grid-connected PV systems, specifying a maximum
allowable limit of the leakage current to a mean level of 300
mA. The new carrier-based PWM strategy has been
demonstrated to reduce the leakage current to a level that is
well below the standardized threshold.

TABLE 11 SIMULATION AND EXPERIMENTAL
PARAMETERS
Parameters Values
Ve 300 V
L 400 mH
R 0.1 Q
Ew, Epe, Eca 110 V rms
Cpy 50 nF
R, 5Q
Cac 1,100 uF
S 7.5 kHz
Dead time 3 usec
Cf 40 ]J.F
P kW

Leakage Current /e

0.02 0.03 0.04 0.05
Time (s)

Fig. 7. Leakage current (top) and three phase currents with new carrier-
based PWM.

Figure 8 illustrates the pole voltage V,o (top) and line
voltage V,, (bottom). Given that the line voltage of a three-
level inverter is constituted by five levels, it is essential to note
that the line voltage invariably fluctuates between one of the
four other levels (all levels are displayed in Figure 2) of line-to-
line voltage and zero level. This phenomenon is attributed to
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the recurrent utilization of the zero state [OOO] throughout
each switching interval.

Pole Voltage V)

200
100
0
-100
-200

VAQ-VBO

0.02 0.03 0.04 0.05
Tme (s)

Fig. 8. Pole voltage (V,0) and line voltage of three-level inverter using
new carrier-based PWM.

V. EXPERIMENTAL RESULTS

The experiments are conducted in a laboratory setting, and
the complete experimental setup is exhibited in Figure 9. The
experimental setup includes the following components: an NPC
inverter module with control cards, input and output modules,
an oscilloscope, filter capacitors, a power stack, and an
interfaced reactor. The control of the proposed technique is
conducted via a Digital Signal Processor (DSP), specifically
the TMS320F28335. Furthermore, dead time is implemented in
a Complex Programmable Logic Device (CPLD). The
Insulated Gate Bipolar Transistor (IGBT) control signals are
derived from the DSP card, which is operated by a computer.

e G N
=

1 NPC inverter with controllers 4 AC filter capacitor
3 NPC input & output 5 Power stack
Oscilloscope [ Interfaced reactor
Fig. 9. Experimental setup including power stage and control stage.

The experimental results were obtained under the same
conditions as specified in Table II and are in close alignment
with the simulation outcomes, as evidenced in Figure 10. The
simulation results with regard to the three-phase currents (i,, iy,
and i) and leakage current are verified. The RMS value of the
leakage current obtained from the experimental results is 69
mA, which is below the level of 300 mA as specified by the
German standard DIN VDE 0126-1-1, while the pole voltage
V.o and the line voltage V,, are confirmed. These results

demonstrate a high degree of correlation with the simulations,
thereby validating the concept of the proposed carrier-based
PWM. As previously outlined, the novel carrier-based PWM
methodology is also effective in achieving capacitor voltage
balancing.

Y YT e

(2)

Measwe Pims(CH P2ms(Cl PIms(Cl) Pims(CH PS5 P6--- PT==- Pa-
value 1549V 15.20v 15.26V 69 ma

(b)

£200 V/div

Measure PLms(C)  PZms(Cd  PIms(C)  Pms(CH) PSnes [ PTiee 200
valug 124V 124¥ 107V 58mA
status v v v v

Fig. 10.  Experimental results (a) three phases current and leakage current
(b) pole voltage and line voltage of three level inverter.

The simulation and experimental validation of the capacitor
voltage balancing are portrayed in Figure 11. To analyze the
NP voltage balancing, simulations were conducted using PSIM
software. The upper capacitor voltage, Vpo, was set to 200 V,
and the lower capacitor voltage, Vo, was initially adjusted to
100 V. During a switching period, two medium vectors and a
zero vector are employed. Given the carrier-based nature of the
proposed PWM, the application of the medium vectors is such
that the medium vector PON is used for a greater time than the
other medium vector OPN. The distribution of the application
of the medium vector over time enables this PWM strategy to
balance the NP voltage of the three-level inverter. Furthermore,
a balanced NP voltage is crucial for the reduction of harmonics
at the output. The simulation results for the two capacitor
voltages, Vpp and Vyy, are shown in Figure 11. The recently
developed carrier-based PWM is capable of capacitor voltage
balancing in approximately 200 milliseconds. Figure 11 (b)
presents the experimental results for the two voltages, Vpy and
Von- To set the two capacitor voltages at different levels, a 25
kQ resistor is connected across the upper capacitor and a 15 kQ
resistor is connected across the lower capacitor. The simulation
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and experimental results complement each other and carry out
DC link voltage balancing in 200 msec.

300

(a)
0
0 0.05 0.1 0.15 02 0.25 03
Teme (5)
b 19
el L
I."\U Vidiv
(b) 50 ms/div
M asane Flms[Cy P PlmmsiCd  PAmaCh P Pé: P Fi
wilug TV 1AV sy
shalys v L v
Fig. 11.  Simulation and experimental results for the two capacitor voltages,

Vpo and V()N.

VI. CONCLUSION

A simple, straightforward, and cost-effective carrier-based
Pulse Width Modulation (PWM) technique has been presented
for three-level grid-connected Photovoltaic (PV) systems. The
novel aspect of the proposed PWM technique is that it enables
the Common Mode (CM) voltage to be maintained at a
constant level by utilizing a single carrier, thereby facilitating
the mitigation of CM current and the balancing of DC-link
voltages. Additionally, the method's structural simplicity makes
it readily adaptable to any digital signal processor. The carrier-
based PWM has been subjected to comprehensive investigation
through simulations and experiments, and the results have
demonstrated its efficacy in maintaining leakage current within
acceptable limits.
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