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Abstract—This paper presents an improved cascaded
multilevel inverter (CMLI) based on a highly efficient and
reliable configuration for the minimization of the leakage
current. Apart from a reduced switch count, the proposed
scheme has additional features of low switching and con-
duction losses. The proposed topology with the given
pulse width modulation (PWM) technique reduces the high-
frequency voltage transitions in the terminal and common-
mode voltages. Avoiding high-frequency voltage transitions
achieves the minimization of the leakage current and reduc-
tion in the size of electromagnetic interference filters. Fur-
thermore, the extension of the proposed CMLI along with the
PWM technique for 2m + 1 levels is also presented, where m
represents the number of photovoltaic (PV) sources. The
proposed PWM technique requires only a single carrier
wave for all 2m + 1 levels of operation. The total harmonic
distortion of the grid current for the proposed CMLI meets
the requirements of IEEE 1547 standard. A comparison of
the proposed CMLI with the existing PV multilevel inverter
topologies is also presented in the paper. Complete details
of the analysis of PV terminal and common-mode voltages
of the proposed CMLI using switching function concept,
simulations, and experimental results are presented in the

paper.
Index Terms—Cascaded multilevel inverter (CMLI),

common-mode voltage (CMV), leakage current, terminal
voltage.

|. INTRODUCTION

RANSFORMERLESS multilevel inverter (MLI) topolo-

gies are gaining importance due to their advantages such
as high efficiency, low switch count, low weight, and reduced
size. However, removal of the transformer eliminates the gal-
vanic isolation between the photovoltaic (PV) array and the
output load. Removal of galvanic isolation increases the leak-
age current compromising the safety in PV systems. It has led to
the development of various safety standards for the PV systems,
which restrict the value or magnitude of leakage current flow in
the PV system [1]-[5]. Apart from leakage current minimiza-
tion, there is a continuously increasing demand for high-quality
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power output to be fed into the grid from the PV system. This
requirement has led to the use of MLI in the transformerless
PV systems. In the literature, many topologies or configurations
of MLIs [6], [7] are proposed for the minimization of leakage
current for their application in the transformerless PV systems.
These configurations employ two methods for minimization of
the leakage current [8]. One method is based on maintaining the
common-mode voltage (CMV) constant, while the other method
is based on the minimization of the high-frequency transitions
in the terminal and CMVs.

One elegant solution based on maintaining a constant CMV
is proposed by Zhang et al. [9]. The given MLI configuration [9]
consists of eight switches for the generation of three levels in the
output voltage. This topology reduces the switching losses but
has the drawback of high conduction losses during both turn-
ON and zero voltage states. The given MLI configuration has an
asymmetric operation during each half-cycle of the fundamental
component of the grid voltage. The inherent asymmetry in each
half-cycle causes a dc offset in the MLI output voltage. Further-
more, the requirement of an additional number of switches for
more than three-level operation limits its application. Islam and
Mekhilef [10] have proposed another interesting transformerless
PV MLI topology to reduce the leakage current by maintaining
CMV constant. This MLI topology uses six switches for the
generation of three levels in the inverter output voltage. This
circuit configuration results in high switching and conduction
losses. Furthermore, this MLI topology cannot be extended to
more than three levels in the output voltage. Xiao et al. [11]
have proposed another efficient three-level MLI for the mini-
mization of leakage current by maintaining CMV constant. The
given topology [11] has low conduction and switching losses.
However, this configuration suffers from the disadvantage of a
high number of device count. Another interesting topology with
low switching losses based on constant CMV is proposed by
Ji et al. [12]. This MLI topology consists of six switches and
two diodes. Apart from resulting in high conduction losses, this
topology is less amenable for an extension to a higher number
of levels in the output voltage.

Another important method to minimize the leakage current
is by the elimination of high-frequency voltage transitions in
the CMV. One such interesting solution is proposed by Buticchi
et al. [13]. The authors have proposed a nine-level grid-tied PV
MLI topology. This MLI topology consists of eleven switches
and four diodes. In this MLI, four switches in the low-voltage
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bridge are operated with high switching frequency, while the
remaining switches in the high-voltage bridge are operated with
the low switching frequency. For a proper operation of this
configuration [13], the balance of flying capacitor voltage V. is
necessary. Furthermore, the PV terminals in this MLI topology
cannot be grounded. Based on a similar concept, another good
proposal is given by Hong er al. [14]. In this solution, the authors
have proposed a single inductor dual buck full-bridge inverter
for the generation of variable CMV at low frequency. The MLI
topology requires six switches and two diodes. The switches in
the H-bridge are operated at alow switching frequency, while the
bidirectional switch is operated at a high switching frequency.
However, details of extending the topology for a higher number
of levels are not explained in the paper [14].

From the above-mentioned discussion, it is evident that there
is a need for a generalized transformerless PV MLI, with fewer
semiconductor devices to achieve the objectives of high effi-
ciency and economy. It should also be ensured that the PV MLI
should have its switching and conduction losses optimized with
a lower number of conducting switches during the zero volt-
age state. Furthermore, the extension to the higher number of
levels should be possible. This paper proposes one such solu-
tion for the minimization of leakage current in transformerless
MLIs connected to PV systems. The pulse width modulation
(PWM) technique for the proposed MLI is also discussed in the
paper. The analysis of PV terminal and CMVs using switch-
ing function is presented. This analysis leads to the develop-
ment of the proposed PWM technique, which prevents high-
frequency voltage transitions in the terminal voltage and CMV.
Salient features of the proposed cascaded MLI (CMLI) are
as follows.

1) The topology uses eight switches for the generation of
five levels in the output voltage.

2) During the zero voltage state only one switch and one
diode conduct.

3) In the proposed topology, four switches are operated at
a low switching frequency, which reduces the switching
losses.

4) The dead band in the PWM technique does not affect the
CMV.

5) The proposed inverter can be easily cascaded to achieve
more than five levels in the output.

Rest of the paper is organized into eight sections. Section II
describes the working principle and the operation for the pro-
posed five-level grid-connected CMLI along with the general-
ized structure. The details of the PWM technique employed with
its generalization for 2m + 1 levels are explained in Section III.
Section IV gives the details of the maximum power point track-
ing (MPPT) algorithm which can be applied to the proposed
five-level CMLI. This is followed by the analysis of terminal
and CMVs for the proposed CMLI in Section V. Section VI
discusses the simulation results of the proposed five-level grid-
connected CMLI. Section VII shows the experimental results
of the proposed five-level and nine-level CMLI. Comparison of
the proposed CMLI with the other existing PV MLI topologies
in the literature is presented in Section VIII. The conclusions
from the paper are discussed in Section IX.

Sx7

Sx8

Fig. 1. Proposed five-level grid-connected CMLI with PV and parasitic
elements.

Il. OPERATION OF THE PROPOSED CASCADED
FIvE-LEVEL MLI

The schematic circuit diagram of the proposed five-level
CMLI for the PV system is shown in Fig. 1. The given
configuration consists of two converters (Conv-1 and Conv-2).
Conv-1 is a half-bridge inverter comprising two switches S,
and S;o. The Conv-2 comprises of a highly efficient and reliable
inverter configuration [15] with six switches (S,3—5,s). Among
the six switches, four switches (S,3—S,¢) in Conv-2 constitute
an H-bridge circuit. The remaining two switches Sy7 and S, g
in Conv-2 are bidirectional switches. The switches in the Conv-
1 are used to generate the voltage levels of Vpy and Vpy /2.
When switch S, is turned ON, the voltage Vpv is applied at the
terminal n with respect to the terminal z. Similarly, the terminal
n attains the voltage Vpy /2 when switch S, is turned ON. The
switches 5,1 and S,» are complementary in nature. The gener-
ated voltage levels at the terminal n of Conv-1 are given as an
input to the Conv-2. The Conv-2 generates the positive, negative,
and zero levels of corresponding input voltage (voltage between
the terminals n and z) across the load. The bidirectional switches
S,7 and S, g provide the free-wheeling path during zero voltage
state. The output of the five-level CMLI is connected to the grid
through an LCL filter as shown in Fig. | [16]-[18]. It consists
of inverter side inductance L;, capacitance C'y, and grid side in-
ductance L,.. The resistance R, in the shunt branch of the filter
is used as a damping resistor. The resistance I?,. refers to the
grid side resistance, and the resistance Iz, indicates resistance
in the ground path. The variable v, refers to instantaneous grid
voltage. The variables R, and C), refer to the parasitic resis-
tance and capacitance in the PV system, respectively, shown
with dotted lines in Fig. 1. The parasitic capacitance in the PV
system forms a resonant circuit with the filter inductances [16].
The variables ¢,, i., and ¢,. denote the output current of the
five-level CMLI, current flowing through shunt branch of the
filter, and the current flowing into the grid, respectively. The
current 7)., indicates the leakage current flowing from the PV
array into the ground through parasitic capacitance (see Fig. 1).

The proposed MLI topology contains four pairs of comple-
mentary switches (S;1, Sz2), (Sy3, Sz4)s (S5, Sz6), and (Sy7,
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Fig. 2. Single-phase five-level cascaded MLI for output voltage levels
@ +Vev, (b) + Vpv /2, (c) 0, (d) =Vpv /2, and (e) —~Vpv.

TABLE |
SWITCHING STATES WITH THEIR RESPECTIVE OUTPUT VOLTAGE

Se1 Sz2 Ses Sia Ses Sie Ser Sis Vuy

1 0 1 0 0 1 1 0 + Vpv
0 1 1 0 0 1 1 0 + Vpy /2
0 1 0 0 0 0 1 0 0

1 0 0 0 0 0 1 0 0

0 1 0 1 1 0 0 1 ~Vpy /2
1 0 0 1 1 0 0 1 —Vpvy

Syg) in the proposed configuration. However, to minimize the
leakage current, the complementary switching is employed only
for the two pairs of switches (S;1, S;2) and (S,7, Sys). Avoid-
ing complementary action for the other pairs of switches helps
in isolating the PV and the grid source during the zero voltage
state.

Fig. 2 shows the operation of the inverter in all its switching
states. The inverter output voltage v, at different voltage levels
with the corresponding switching states of all the switches is
shown in Table I. The inverter output voltage v, attains the
voltage levels +Vpy or —Vpy when switch S, is turned ON
along with other inverter switches (S;3, Sy6) or (Sz4, Sy5), re-
spectively, as shown in Fig. 2(a) and (e). Similarly, the voltage
levels +Vpvy /2 or —Vpy /2 are obtained at v,,, when switch S«
is turned ON with the same switching combinations as shown
in Fig. 2(b) and (d). The most important feature to be noticed
during zero voltage state or free-wheeling stage is the isolation
or disconnection between PV source and the grid. The isola-
tion between the PV source and the grid can be achieved by
turning OFF all the switches of the H-bridge inverter as shown
in Fig. 2(c).

The turn-OFF state of four switches in H-bridge during the
zero voltage state results in the isolation of PV source from the
grid. The bidirectional switches S,7 and S,g provide a free-
wheeling path for the inductor current during the turn-OFF pe-
riod of a switching cycle. This action helps in minimizing the
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Fig. 3. Gate pulses for the switches corresponding to inverter output
voltage.

leakage current flowing through the parasitic capacitance. As
there is no direct connection between the two sources, the PV
terminal points (nodes x, y, and z) float and have undefined volt-
ages. The float or undefined value restricts the terminal voltages
from becoming zero. Thus, high-frequency voltage transitions
at the PV terminals are avoided. In other words, the possibil-
ity of the flow of leakage current can be minimized. Also, in
the other intermediate states such as switching between Vpvy /2
to Vpy or vice-versa, again the same principle can be used.
The above action further helps in the minimization of the leak-
age current in the PV system. The PWM technique for the
proposed five-level CMLI is broadly discussed in Section III.
The expressions for the pole voltages v, and vy, is given,
respectively, as

Vyz =
(91 S5 4+ 0.55,55 — ! + ! > Vpv
(S3+S4)  (S3+54)(S1+ S2)
(1
Vyp =
(915’5 +0.55,8;5 — ! + L ) Vbv
(S5 +Ss) (S5 4 S6) (S1 + 52)
(2)

where S, (a =1, 2, 3,...) is the switching state of switch S,
whose value can be either 1 (stands for turn-ON) or O (stands for
turn-OFF).

Fig. 3 shows the switching pattern of all the switches for the
corresponding inverter output voltage v, . The switches 5,1 and
S in the half-bridge are operated at low switching frequency.
In order to eliminate the high switching frequency operation,
the switch .S, 5 is kept turned ON in the zero state during voltage
transition between the levels 0 to Vpy /2. Similarly, the switch
S,1 is kept turned ON, during voltage transition between levels
0 to Vpy. The inverter switch pair (5,3, S.¢) is operated with
a high switching frequency during positive half-cycle, and it
remains at the turn-OFF state during the negative half-cycle of
the inverter output voltage v, . A similar operation is applicable
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LN A
o CMLI are minimized using the proposed PWM technique. The
suggested action can be achieved by switching from Vpy to 0
state or vice-versa instead of the switching from Vpy to Vpy /2
state or vice-versa. Additionally, during the zero voltage state
Fig. 4. Generalized 2m + 1 level MLI topology derived from the pro-  or free-wheeling period of the switching cycle, the PV array is

posed five-level CMLI.

to the other inverter switch pair (S,4, S;5), which is operated
with higher switching frequency during the negative half-cycle.

The switches S,7 and S, s are turned ON during positive and
negative half-cycles of the output voltage v, , respectively. The
removal of complementary action from the pair of switches
(Sy3, Syq) and (S;5, Sye) facilitates complete turn-OFF of the
switches during each half-cycle of the output voltage v,,,.. Thus,
the proposed system has the advantage of reduced switch-
ing losses, realizing to a highly efficient and reliable inverter
configuration which may result in higher efficiency.

The generalized topology for 2m + 1 levels can also be ob-
tained for the proposed five-level CMLI. The number of PV
sources in the CMLI is denoted by the term m. The value of
m is always an integral multiple of 2 (i.e., m = 2, 4, ...).
The extended version of the proposed CMLI for 2m + 1 lev-
els is presented in Fig. 4. The generalized topology is obtained
by cascading the basic units consisting of half-bridge and H-
bridge. The bidirectional switches are connected in between
the output terminals for the free-wheeling period. The proposed
generalized 2m + 1 level MLI is also compared with the half-
bridge and full-bridge modular multilevel converter. The half-
bridge modular multilevel converter requires less number of
switches when compared to the proposed generalized 2m + 1
level MLI. However, it is difficult to reduce or minimize the
flow of leakage current in the half-bridge modular multilevel
converter. Also, the number of electrolytic capacitors used at
the input side of the half-bridge modular multilevel converter is
high compared to the proposed generalized 2m + 1 level MLI.
The proposed MLI has a lesser device count when compared
to the full-bridge modular multilevel converter [19]. However,
both can minimize the leakage current flowing through the PV
system.

I1l. PROPOSED PWM STRATEGY ALONG WITH
GENERALIZED STRATEGY FOR MINIMIZATION OF THE
LEAKAGE CURRENT

The operation of the proposed PWM technique is explained
by considering the given five-level CMLI. The high-frequency
transitions in the terminal voltages vy, and vy, of the five-level

isolated from the grid. The isolation of the PV array and the grid
during zero voltage state is similar to the inverter configuration
reported in [15]. The magnitude of reference wave v, 4 is low-
ered to 50% of its original value whenever the switching is tog-
gled amongst the levels Vpy and 0. The above action is mainly
done to accommodate the value of PV voltage Vpy . The modi-
fication in the value of v,,,4 is done whenever the instantaneous
magnitude of modulating wave vy, .4 exceeds the value of m,, /2,
where m,, refers to the modulation index. By incorporating the
desired modification, the output voltage includes the zero volt-
age state (i.e., free-wheeling state) in all its switching periods.
The expression for modified reference waveform vyef_modified 1S
given as

Uref_modified =

{U mod for
Vimod
sl for

Vpy

0<|vmoa | <% from

S to 0
(3)
e < |Umod | <my from Vpy to 0

where vy,0q = mgsinwt gives the magnitude of vy, q.

The output voltage of the proposed PWM technique for the
five-level CMLI is shown in Fig. 5. In Fig. 5, the modified refer-
ence wave is compared with the triangular carrier wave. During
the positive half-cycle of voltage v,., whenever the phase an-
gle wt lies in range 0—30° and the instantaneous magnitude of
Uref.modified €Xceeds the carrier wave, then v, attains the volt-
age level of Vpvy /2 otherwise, it is switched to the zero voltage
state. Similarly, when wt lies in the range 30-150°, the inverter
output voltage vy, attains the voltage level of Vpy whenever the
instantaneous magnitude vye_modified €Xceeds the carrier wave
or attains zero value otherwise. In the same positive half-cycle,
for the remaining range of wt (i.e., between 150° and 180°), vy
attains the voltage levels Vpy /2 if the instantaneous magnitude
of Vet modified 1S greater than the carrier wave. A similar se-
quence is adopted during the negative half-cycle of voltage v,..
Thus, in the complete cycle if the magnitude of vt modified
is less than the carrier wave, then v, attains zero voltage
level.

For the implementation of the proposed PWM to a 2m + 1
level inverter, the waveform of generalized modified reference
WaVe Uref modified_gen 15 Shown in Fig. 6. The term m refers to
the number of PV sources used. Whenever the instantaneous
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Uxg = S1Uz14 + S22 (©6)

> ot UVyg = Slvy1g + Sgllyzg. (7)

Fig. 6. Waveform of reference  wave

Uref_modified gen -

generalized modified

absolute magnitude of v,,q exceeds the value j(m,/m), the
magnitude of vyef modified_gen becomes k(|vmoa|/m) where j =
1,2, ....,m-1l,mand k =1, 2, ..., m—1. The expression for
Uref modified_gen is giVen as

Uref modified_gen —

U mod for 0 S |U mod | < % from V;;zv to 0
Vimod ma 2mg 2Vey,
5 for o < "Umod | < m from m to 0
“1)m,
Umei  for (m m)m < |vmoa | <my from Vpyto 0
“

IV. INTEGRATION OF MPPT FOR THE PROPOSED
Five-LEVEL CMLI

The well-known perturb and observe algorithm [20] is em-
ployed for the two PV sources (considering five-level operation)
individually to track maximum power point (MPP). Thus, each
MPPT algorithm tracks the MPP for respective PV sources. To
track the MPP, the required information of 1) the average val-
ues of the two PV source voltages (Vpy and Vpy, for the PV
sources PV and PV, respectively) and 2) the currents (Ipy
and Ipys for the PV sources PV, and PV, respectively) are
sensed and then given to their respective MPPT algorithms. The
MPPT algorithms then use the sensed values of the PV voltages
and currents for the calculation of the individual values of the
modulation indices m,; and m,» for the two PV sources PV,
and PV, respectively. The outputs of two MPPT algorithms
are then utilized for the calculation of overall modulation index
my. The expression for m,, is given as

m Veve
2.
Vevi + Vpve

The calculated modulation index m,, is then used by the PWM
strategy as described in the above-mentioned section to generate
the PWM pulses for the proposed five-level CMLI.

Vevi
Mg = Mol 57 57— +

5
Vevi + Veve ©)

V. ANALYTICAL EXPRESSIONS OF PV TERMINAL VOLTAGE
AND COMMON-MODE VOLTAGE FOR THE PROPOSED
CASCADED FIVE-LEVEL INVERTER

The analysis of the leakage current can be carried out from the
expression of terminal voltages vy, , Vyg, and v, . The expression
for the PV terminal voltages can be derived from the switching
function analysis [21]. From Fig. 1, using the superposition
theorem, the PV terminal voltages vy, and vy, are expressed as

The terms v,,1, and v, 4 are the voltages at terminals x and y,
respectively, when switch .S, is turned ON. Similarly, v,2, and
vy24 are the voltages at terminals x and y, respectively, when
switch S5 is turned ON.

The expression for the voltage v,, when switch .S, is turned
ON is given as

Uzg = VUzlg — Vpv. (8)

Similarly, the expression for terminal voltage v,, when switch
Sy is turned ON is given as
Vpy

Uzg = Uy2g — 5 ©)

With the use of the switching function analysis, the voltages
Vyg and vy, (from Figs. 1 and 2) expressed in terms of v, 1, and
v,, are shown, respectively, as
SISSleg + S4'Uzg (10)
(11)

Similarly, the voltages v, and vy, (from Figs. | and 2) ex-
pressed in terms of vy9, and v,, using switching functions are
shown, respectively, as

Vug =

Uyg = 5155?}1;19 + ngzg.

SQS?,'Ung + S4’UZg (12)

13)

’ng ==

/Uvg =

SQS5Uy2g + Sﬁvzg.

Now expressing the voltages vy, and vy, in terms of the grid
voltage v,., the voltage drop in filter inductors (L; and L,.) and
resistances (R, and R,) [21] can be given by

Li dlo Lac diac Rac . .
wg = o -— ac ac T R ea 14
Vs = g Ty g ety e T Hyflear(19)
L; di,t  Lac dige! R . .
Uvg = = ! ac Tlac + izaLc/ - Rgllealv (15)

2 dt 2 dt 2

Now, with the addition of (14) and (15), and by ignoring the
voltage drop in resistances R, and R,./2 with assumptions of
iae = —1i,. and i, = —i’, [21] gives

(16)

Vug + VUyg = Vac-

Substituting the values of v, and vy, from (10) and (11) into
(16) and simplifying those using (8) gives the expression for the
terminal voltage v,1, as

Vac + Vpv (S4 + S6)
(5153 + 5155 + Ss + Se)

Now, the other terminal voltage v,1, (when switch S, is ON)
can be calculated by subtracting v,1, and Vpy /2.

Similarly, substituting (12) and (13) into (16) and simplifying
for terminal voltage vy2, using (9) results in

Vac + Vlév (Sy + Sg)
(5285 + S255 + 54 + Sg)

7)

Uzlg =

(18)

Uy2g =
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TABLE Il
VALUES OF COMMON-MODE VOLTAGE AND POLE VOLTAGES FOR
CORRESPONDING OUTPUT VOLTAGE

Vuy Vuz Vyz Vem
+Vpyv Vpv 0 Vpy /2
+Vp\r/2 va/z 0 va/4
0 Undefined  Undefined  Undefined
—Vpy /2 0 Vpy/2  Vpy/4
~Vpy 0 Vev Vpy /2

The other terminal voltage v,2, can be calculated by adding
vy24 and Vpy /2. Now by using (6) and (7), the complete ex-
pression for terminal voltages vy, and vy, is given, respectively,
as
VacSw1 + Vv Swa + vacSws

Vpy Vey

—5 —5
+ 5 PWd + 5 2
= VacSw1 + VpvSwa + vacSws

Vev Vev
g S - 55

Uyg =

19)

(20)

The terms Sy 1, Swa, Sws, and Sy4 in (19) and (20) are
given by

Swi = &l
WL (5,895 + 8195 + Sy + S6)
G S1(Ss + S6)
w2 —
(SISB+SIS5+S4+SG)
Swi = 5
W3 (9,85 + 9255 + Si + Sg)
S5(Sy + S
Swa = 254 o)

(5253 + S9S5 + Sy + Sﬁ).

Substituting the values S5 = 0,5, = 0,55 = 0,and S5 =
0 in the voltage state results in undefined value (0/0) in the
terminal voltages vy, Vyq, and v,,. The undefined value (0/0)
during a zero voltage state is mainly because of isolating the PV
source and grid. The isolation of PV source and grid can also
be observed in Fig. 2(c). The CMV v, is obtained by taking
the average of pole voltage v,, and vy, given in (1) and (2),
respectively. The expression for vy, is

Vem = ((51 +0.58) (S5 +55) + ((53 :_SQ + (S5 41-56)>

(s )

Table II gives the values of pole voltages (v,,, vy,) and CMV
vem at different levels in the output voltage v, . During the turn-
OFF period in a switching cycle, all the switches in the H-bridge
are in a cut-off state so that the switching states S5, Sy, S5, and
S are equal to zero value. Substituting the corresponding values
of S3, Sy, S5, and Sg in (21) results in an undefined value (i.e.,
vem = 0/0) during the zero voltage state. The CMV attains
the value Vpy /2 for both positive and negative levels of output

21

600 400
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Fig. 7. Analytical results of the proposed five-level CMLI showing the
waveforms of (a) terminal voltage vy, ; (b) terminal voltage vy, ; (c) ter-
minal voltage v,,; and (d) common-mode voltage vc, .

TABLE Il
PARAMETERS CONSIDERED FOR THE SIMULATION OF PROPOSED
Five-LEVEL CMLI

Parameter P Ve fow Vac fac
Value 2.5kW 400 V 25 kHz 220V 50 Hz
Parameter Lac R,c R, L; Cy
Value 4 mH 0.01Q 0.1Q 4mH  0.1puF
Parameter Ry Cy R,

Value 50 mQ 200 nF 1Q

voltage Vpy and attains the value Vpy /4 for both positive and
negative levels of output voltage Vpv /2.

The expressions for terminal and CMVs can be verified with
MATLAB software using simulink block-set. The parameters
Vpy = 400V, switching frequency of the carrier wave fi, =
1kHz, voc = 220V (rms), and the grid frequency f, = 50Hz
are considered for the simulation. The carrier wave frequency
is restricted to 1 kHz. This is done to demonstrate the undefined
states clearly. Fig. 7 shows the waveforms of terminal voltages
Uxg, Vyg, Uz, aNd CMV vy, . The discontinuity in the waveforms
occurs when the PV source and grid are isolated. The isolation
of grid and PV array results in an undefined value in the terminal
and CMVs (discontinuity in the waveform). Since the value of
the terminal and CMVs is undefined during the zero voltage
state, they can be assumed to be restricted to the previous value.
Thus, transitions in the voltage waveform can be minimized. In
other words, it results in minimizing the high-frequency voltage
transitions in the terminal and CMVs. Minimization or reduction
of high-frequency voltage transitions in the terminal voltage
further helps in reducing the leakage current in the PV system.
The PV array parasitic capacitance [ 18] offers a high impedance
for the low-frequency transitions in the terminal voltage. Thus,
the magnitude of leakage current flowing through the parasitic
capacitance is less. In other words, the proposed PWM technique
minimizes the leakage current by reducing the high-frequency
transitions in the terminal and CMVs.

VI. SIMULATION RESULTS

To support the switching function analysis given in the previ-
ous section, the proposed five-level CMLI is simulated using
POWERSIM blocks in the MATLAB/SIMULINK software.
The PWM technique explained in Section III is used for the
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Fig. 8. Simulation results of the proposed five-level CMLI showing the ‘ )
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proposed five-level CMLI configuration. Table III gives the 1 o proposed five-level CMLI integrated with MPPT. The subplots

value of various parameters used for simulating the proposed
five-level CMLI. The proposed five-level CMLI needs to gener-
ate a voltage Vi,, having a phase d;,, [16] to feed the required
amount of active power P into the grid

2Hfa(: (Lac + L7) P
inv — t 22
] arctan ( VL T RoP ) (22)
Rac P 1
Vinw = <Uac + ) - (23)
Vac COS 5inv

For a power of P = 2.5 kW, the value of §;,,, = 0.117 rad
and Vipy = 323V is calculated by substituting the parameters
from Table III in (22) and (23), respectively. The simulation
waveforms of the proposed five-level CMLI using the proposed
PWM technique are shown in Fig. 8. Fig. 8(a) shows the output
voltage of the five-level CMLI. The presence of the zero voltage
state in all the voltage transitions of v, can be clearly noticed
from the plot. The grid current i,. is shown in Fig. 8(b). The
grid current is nearly sinusoidal. The total harmonic distortion
of grid current i, is around 1.76% and meets the requirement
of standard IEEE 1547.

The waveform of terminal voltages vy,, vyg, and v,, are
shown in subplots (c), (d), and (e) of Fig. 8, respectively. The
crucial observation made from these subplots is the absence
of high-frequency voltage transitions. Also, these waveforms
match with the result obtained using the switching function
analysis (see Fig. 7). This justifies the analysis given in the
previous section. Fig. 8(f) shows the waveform for leakage cur-
rent 41,1 flowing through the parasitic capacitor. The proposed
PWM technique reduces the value of leakage current as can be
observed in Fig. 8(f). This is because of the low-frequency volt-
age transitions in the terminal voltages vy, vyz, and v,,. The
spikes in the leakage current are observed when there is a sudden
voltage transition in the terminal voltage. The rms value of %),

give waveforms of (a) voltage Vpvy1; (b) voltage Vpyo; (c) current Ipy;
(d) current Ipys; (e) power Ppyy; (f) power Ppyo; (g) resultant mod-
ulation index m,; (h) output power Poyr; (i) modified reference wave
Uref_modified ; @nd (j) inverter output voltage vy, .

is less than 20 mA which is as per the standard VDE0126-
1-1 [13]. Fig. 8(g) shows the waveform of CMV wv.,,. The
high-frequency voltage transitions in the CMV are also avoided.
This further brings down the size, weight, and cost of the
electromagnetic interference (EMI) filter to be used in the
grid-connected system [22].

Another simulation is carried out with the proposed con-
figuration to demonstrate the MPPT operation. The proposed
five-level CMLI is operated using two MPPT algorithms to
extract the maximum power from the individual PV arrays.
As explained in Section IV, the two individual MPPT algo-
rithms are used for the two PV sources PV; and PV, which
are identical (having same array configuration). Simulation is
done considering a resistive load connected to the output of
the inverter via an LC filter. The PV modules with an open-
circuit voltage of 21.05 V and short-circuit current of 3.74 A
at STC are chosen for the array simulation. The electrolytic ca-
pacitors of 5000 pF are used as a buffer between the PV sources
and inverter as shown in Fig. 1. The inverter is connected to a
load of 20 €2 through an LC filter with the inductor and capac-
itor values of 4 mH and 2 puF, respectively. The two PV arrays
PV, and PV, have an open-circuit voltage of 126.90 V and a
short-circuit current of 3.8 A at an insolation of 1.0 sun and the
temperature of 50 °C.

Fig. 9 shows the simulation results of MPPT performance for
the proposed five-level CMLI. The subplots [see Fig. 9(a) and
(b)] show the waveforms of PV voltages Vpy, and Vpy, for
PV, and PV sources, respectively. The values of the operating
voltages Vpy and Vpyo of the two PV arrays are nearly equal.
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| —
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Fig. 10.  Photograph of the experimental setup containing five-level and
nine-level CMLI.

TABLE IV
PARAMETERS USED FOR EXPERIMENTAL SETUP

Parameter P Vie fow fac L
Value 54 W 220V 10 kHz 50 Hz 4 mH
Parameter C Rigad (0% R,

Value 125uF  370Q 200 nF 5Q

The PV currents Ipy; and Ipy o are shown in subplots Fig. 9(c)
and (d), respectively. The voltage—current (v-i) characteristics
of the PV array can be observed with the increasing value of
current by decreasing voltage or vice-versa. The power Ppvy
and Ppvys from the PV sources PV, and PV, are shown in
subplots Fig. 9(e) and (f), respectively. The operation of two PV
sources near MPP can be confirmed with the low value of ripple
in the PV power and small oscillations in the modulation index
m,, which can be observed in zoomed part of Fig. 9(g). The
waveform of output power across resistive load F,,q is shown
in subplot Fig. 9(h). It can be observed that the power across
output load is nearly equal to the sum of the individual PV
powers Ppy 1 and Ppyo. The waveforms of vyof 1 odified and vyy
are also shown in subplots Fig. 9(i) and (j). Integration of MPPT
for the proposed five-level CMLI makes the inverter suitable for
the PV systems.

VII. EXPERIMENTAL RESULTS

To validate the analysis and simulation of the PWM tech-
nique for the given five-level CMLI, an experimental setup is
established. Fig. 10 shows the photograph of the fabricated ex-
perimental setup. The details of the parameters used for the
experiment are given in Table I'V. The MOSFET’s with part num-
ber IRF840 are employed as switches in the power circuit. The
driving pulses for the switches are generated using HCPL 3120.
The programmable dc power supplies give the input dc voltage
Vie to the inverter [8], [23]-[25] as shown in Fig. 10. The out-
put of the inverter is connected to a resistive load Rj,,q through
an LC filter. The required PWM pulses are generated using a
DIGILENT ATLYS Spartran-6 FPGA board. The frequency of
carrier wave fs,, and the modified reference wave f, is selected
as 10 kHz and 50 Hz, respectively. The measurement of leak-
age current is done by connecting a capacitor C), in series with
resistance I, at point x of the given five-level inverter as shown
in Fig. 1.

_Isl /I_ (@)

(5V/d1v)

[ 0 Y . e 1 X
) 5.0 Y 10.00 & [ .00 ¥ pUH 4]
)
" {100Vdiv)

;I' K 1 H 'y
.10 & I’} v 28 B 2
VIg8d. :- e wushiasgud swsso fursoudi ol

(200Wd1V) : : : 2 (o)

ey
111 36c &

(100V/d1v) :
M

Fig. 11.  Experimental waveforms of (a) switching functions of switches
Se1y Se3, Sy Ses, See, Su7; (0) output VOItage Vuy; (C) VOItage Vload
across and current ij,,q flowing through resistive load; (d) terminal volt-
age waveforms of v, , vy, and v,,; and (e) leakage current 7., in the
parasitic capacitance for the proposed five-level CMLI.
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Fig.12.  Experimental waveforms of the nine-level CMLI: (a) output volt-
age vyy; and (b) voltage v),,q across and current i;,,4 flowing through
the resistive load.

Fig. 11 shows the experimental waveforms of the pro-
posed five-level CMLI. Fig. 11(a) shows the waveform of
switching states of switches S,1, S;3, Sz4, Sz5, Sz¢, and S,7.
The switches (S,1, Sy2) and (S,7, S,s) are operated at low
switching frequency. The remaining switches (5,3, S,¢) and
(Sz4, Sy5) operate only in positive and negative half-cycles of
the inverter output voltage v,, respectively. The inverter out-
put voltage v, is shown in Fig. 11(b). The zero voltage state
is present in all the switchings of the inverter output voltage.
This may increase the filter inductor value at the output of the
MLI. However, the minimization of high-frequency transitions
in the terminal voltage reduces EMI filter requirement for the
proposed system. The waveforms of the voltage across resistive
load v)0aq and the current flowing through the resistive load 444
are shown in Fig. 11(c). The waveforms of the terminal voltages
Uxg, Vyg, and v, are shownin Fig. 11(d). It may be noted that the
terminal voltage is free from high-frequency transitions, which
demonstrates the effectiveness of the proposed PWM technique.
Fig. 11(e) shows the leakage current 7)., flowing through the
C, — R, branch. The magnitude of leakage current is less than
100 mA and is as per standard VDE0126-1-1.

To demonstrate the upgradability of the proposed topology
to any generalized 2m + 1 level inverter, a hardware prototype
for the nine-level CMLI is fabricated. The nine-level configura-
tion of proposed CMLI is obtained by cascading two basic units
in generalized configuration with the bidirectional switches as
shown in Fig. 4. Fig. 12 shows the experimental waveforms ob-
tained from the developed hardware prototype of the nine-level
inverter connected to a resistive load. The parameters shown

TABLE V
COMPARISON OF PROPOSED CMLI WITH THE EXISTING TOPOLOGIES

S.No. Author name [Ref. A B C D E F
no.], number of
levels in output
voltage
S d p n p n p n
1 Zhang et al. [9], 3-L Yes 4 8 - 4 2 2 2 2 2
2 Islam and Mekhilef No 2 6 - 3 3 3 3 1 1
[10], 3-L
3 Xiao et al. [11], 3-L. No 2 6 4 2 2 4 4 0 0
4 Jietal [12],3-L No 2 6 2 3 32 2 1 1
5 Kerekes et al. [23], No 3 5 52 2 3 3 0 O
3-L
6 Islam and Mekhilef Yes 2 7 3 2 3 3 3 1 1
[26], 3-L
7 Wu et al. [27], 3-L Yes 4 9 6 6 6 4 4 0 0
(HBI MODE)
8 Wu et al. [27], 5-L No 4 8§ 2 6 6 8 8 0 0
(CHI MODE)
9 Proposed 5-L CMLI No 2 8 - 3 3 2 2 3 3

A—Asymmetry operation during positive and negative cycle of the MLI.
B—Number of devices conducting in zero voltage state including switches and diodes.
C—Number of devices used in the MLI.
s—Number of switches used in the MLI.
d—Number of diodes used in the MLI.
D—Number of devices including switches and diodes conducting.
p—During the positive half-cycle of the grid voltage.
n—During the negative half-cycle of the grid voltage.
E—Number of switches operating at high switching frequency.
F—Number of switches operating at low switching frequency.

in Table IV are again used, except the input dc voltage which
is reduced to 100 V. Fig. 12(a) shows the waveform of inverter
output voltage v, . The nine levels of the inverter output voltage
can be clearly observed in the voltage waveform. The presence
of the zero voltage state for a complete cycle of the output volt-
age is also observed from the plot. The waveforms of the voltage
across the resistive load vy,,4 and the current flowing through
resistive load 4,4 are shown in Fig. 12(b).

VIIl. COMPARISON OF PROPOSED CMLI WITH THE
EXISTING MLI TOPOLOGIES

The proposed five-level CMLI is compared with the existing
PV MLI topologies from the literature available. Table V gives
the comparison details of the proposed five-level CMLI with the
existing PV MLI topologies. It can be observed that the other
topologies (see Table V) require almost the same number of
devices for the generation of three levels in the output voltage.
The proposed CMLI also requires nearly the same number of
semiconductor devices for the generation of five levels in the
inverter output voltage. Hence, the proposed five-level CMLI is
economical. Furthermore, the proposed five-level CMLI have
reduced switching and conduction losses. The other existing
topologies shown in Table V have either high switching loss
or conduction loss. The problem of asymmetry in the output
voltage of the inverter is also avoided in the proposed CMLI
topology. Also, the number of devices conducting during zero
voltage state always remains two. Thus, the proposed CMLI is
expected to show high efficiency. To support the efficient op-
eration of the proposed CMLI, loss calculation (switching and
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in the paper. The given PWM technique required only one carrier
wave for the generation of 2m + 1 levels. The operation, anal-
ysis of terminal, and CMVs for the CMLI were also presented
in the paper. The simulation and experimental results validated
the analysis carried out in this paper. The MPPT algorithm was
also integrated with the proposed five-level CMLI to extract
the maximum power from the PV panels. The proposed CMLI
was also compared with the other existing MLI topologies in

30 4
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Fig. 13.  Value of conduction losses P, of switches used in various MLI
topologies given in the literature.
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Fig. 14.  Value of switching loss Py, of switches used in various MLI

topologies presented in the literature.

conduction losses) for the controlled switching devices is done
under identical conditions. The losses in other MLI topologies
are also calculated under the same conditions of output power P
= 2.5 kW, switching frequency fi, = 25kHz, V3. = 400V,
and m, = 0.8125. The expressions for switching and conduc-
tion losses used for the calculation are obtained from [12] and
[28]. Figs. 13 and 14 show the calculated value of conduc-
tion and switching losses in the form of bar charts for vari-
ous MLI topologies reported in the literature. Furthermore, in
Figs. 13 and 14, the terms P, and P, refer to the conduction and
switching losses, respectively, for each of the MLI topologies
reported in the literature. Conduction and switching losses of the
individual switches in each MLI topology are shown in different
color blocks in the bar chart of P. and Py, respectively. It can
be observed that the proposed five-level CMLI shows higher
efficiency compared to the other existing topologies. Hence, the
proposed five-level CMLI is efficient and economical.

IX. CONCLUSION

In this paper, an improved five-level CMLI with low switch
count for the minimization of leakage current in a transformer-
less PV system was proposed. The proposed CMLI minimized
the leakage current by eliminating the high-frequency transitions
in the terminal and CMVs. The proposed topology also reduced
conduction and switching losses which made it possible to op-
erate the CMLI at high switching frequency. Furthermore, the
solution for generalized 2m + 1 levels CMLI was also presented

Table V to show its advantages.
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