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Abstract: This paper presents a new topology for a multilevel investdrich consists of a single dc voltage source with a series of
capacitors, power switches and a mid-point transformeretnahstrate the operation of a five level inverter. A SPARTARN(f2Id
programmable gate array based controller is used for therggon of the switching scheme. The comparative study eftioposed
inverter with the classical one is also presented. The adimuand switching losses of the proposed topology areadkmlated for

the validation of the proposed topology. The performancineforoposed inverter is obtained using MATLAB simulatioithvR and
R-L loads. The simulation results are validated by the empartal prototype results.

Keywords: Multilevel Inverter (MLI), Push-Pull, Field ProgrammalBate Array (FPGA), Pulse width modulation (PWM)

1 Introduction multilevel inverter (FCMLI), and the diode clamped
multilevel inverter (DCMLI). Each MLI uses a different
Inverters are power electronic circuits which convert dc totechnique to generate the ac output voltage. The major
ac power. They can be classified as voltage sourcelisadvantages of the DCMLI are, it requires excessive
inverters (VSI), and current source inverters (CSl). Theclamping diodes when the number of level increases and
inverters can generate only two levels in the outputthey cannot control the real power flow. The demerits of
voltage. Hence, the output voltage contains morethe FCMLI are, more number of bulky power capacitors
harmonics. The Pulse width modulated (PWM) strategy isare required to generate high level on the output side.
used to reduce the low frequency harmonic component€ompared with the DCMLI and FCMLI, CHBMLI
for the two level output voltage. Though PWM inverters requires the least number of components to generate the
reduce the harmonics for the output voltage, they havesame level of output voltage. But, CHBMLI uses many
many disadvantages; hence power electronic researchessurces to generate the multilevel output voltage [
are moving towards multilevel inverters (MLIL]. They  From this discussion, it is concluded that MLI required
have many advantages such as low total harmonienore number of power electronic devices and gate
distortion (THD), minimized switching and conduction drivers. This creates circuit intricacy and control
losses, reducedv/dt, low electromagnetic interference difficulty. Nowadays, to defeat the above problems, lots
(EMI) problems and reduced voltage stress across thef topology has been presentei-17].
switches. Multilevel inverters (MLI) have gained
popularity in the field of static reactive power This paper proposes a novel transformer based
compensation, flexible AC transmission systemsmultilevel inverter, with reduced number of power
(FACTS), and isolated and grid connected renewableslectronic switches and gate driver circuits. The proposed
energy system<]. topology has inherent merits like isolation between load
The classical MLI structures are the cascadedand supply, and the conduction and switching loss are
H-bridge multilevel inverter (CHBMLI), flying capacitor minimized.
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Table 1: Proposed multilevel inverter switching state.

1l o Switching State (Vo)
S S S & °
0 1 1 0 +E
i 1 0 1 0 +E/2
5 E i, 0 0 0 1 0
+ V- B ° 1 0 0 L —E/2
c,—E k= 0 ! 0 ! £
21 2
E+ S
T + Vq- Mid-point - i
. " - Transformer 2.1 Mode 1: Maxl mum POSItlve
Cl—_|:7 Vs \53 Wy Output \oltage (+E)

) S In this mode of operation, switchés andSs are in the
Fig. 1. Circuit diagram of the proposed push-pull ON condition. Hence, both capacitd®s andC, deliver
multilevel inverter topology. energy to the load. The circuit current flows though switch
S1, one portion of the primary of the mid-point transformer
andS; as shown in Fig3(a). The load is connected on the
secondary side of the mid-point transformer. The circuit

Yo current flows in the a to b direction on the load side and
E | the output voltage across the load+i€. If a load is an
% inductive one and the direction of the load current is the
= % opposite, the current flows through body diod&g and
° Dgs, and charges the capacitor network.
s T 05 8 8, 0g 2T
5[ e o 0 o, p
-£ 2.2 Mode 2: Half Positive
- Output \Voltage (+E/2)

Here, the bidirectional switcts; and level modified
Fig. 2: Five level inverter stepped output voltage. switch S are in the ON condition. The conduction path of
the current flow is shown in Fig3(b). The capacito;
delivers the energy to the load. The circuit current flows
through the bidirectional switcls;, one portion of the
primary of the mid-point transformer and swit&. In
the case of an inductive load, the current flows through
the body diode ofDg and the bidirectional switcls;
charges the capacitor.

The proposed push-pull configuration of the single-phase

five-level inverter consists of 3 unidirectional power

switches, one bidirectional switch, and two equal value2.3 Mode 3: Zero Output (0)

capacitors called as a voltage divider network, as shown

in Fig. 1. The voltage divider network is used to divide In this mode of operation, the power electronic swigh
the supply voltage. Each equal value capacitor has as in the ON condition and all other switches are in the
voltage of E/2. Hence, the proposed topology can OFF condition. Hence, short circuit happens in the primary
produce five levels of output voltage suchBsE/2, 0,  winding of the mid-point and the voltage across the load is
—E/2, —E. The load is connected to the inverter through zero.

a mid-point transformer.

To understand the mode of operation of the proposed
five level inverter, a typical five level inverter output 2.4 Mode 4: Half Negative
voltage is shown in Fig2. Here, the switching state of the  Qutput Voltage (—E/2)
proposed multilevel inverter is tabulated.

In switching Tablel, 1 indicates ON and 0, OFF. The The bidirectional switchs; and unidirectional switcls,
operation of the proposed inverter is explained using fiveare kept in the ON condition to generatde/2 voltage
switching states as given in Table Here, a red line is on the output side. The capacit®y delivers energy to the
used for the current flow. The modes of the operation ardoad. The circuit current flows through the bidirectional
explained below. switch S, another portion of the primary of the mid-point

2 Proposed Inverter Topology
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Fig. 3: Modes of operation with current path.

transformer, as shown in Fig(d). If the inductive load is 3 Power Loss Calculations

connected on the load side, the current flows through the

body diodeDs; and the bidirectional switcB, chargesthe  The total power loss is calculated by a summation of the

capacitor. switching loss and conduction loss. The power loss
calculations in detail are as follows.

2.5 Mode 5: Maximum Negative output (—E) 3.1 Switching Loss

In this mode of operation, IGBE, and$,; are in the ON  The switching losses are calculated for a typical switch,
condition. The capacitor network (both capacitGisand  and then these results are extended to the proposed
C,) supplies the energy to the load. The circuit currentmultilevel inverter. The switching waveforms are
flows through switcl$,, another portion of the primary of represented by a linear approximation to the actual
the mid-point transformer and the level modifying switch waveforms in order to simplify the discussion, as shown
. If the inductive load is considered, the current flows in Fig. 4 During the turn on and turn off interval, large
through the body diodBg, andDs, charges the capacitor values of switch voltage and current are present
network. simultaneously18].
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whered = 1o(ton +tof 1) is constant.
i[A] ¢ i[A] From Eq. @), it is understood that the proposed
topology has incurred less switching power loss

L ! - compared to other topologies.
o | e toff — 3.2 Conduction Loss
v[V] 4 i , The instantaneous conduction loss of a typical insulated
| i gate bipolar transistor (IGBT) is:
Vaw,j : :
; peT (t) = [Vr +Rri?(1)]i(t) )
' The instantaneous conduction loss of a typical diode is
Ton t toff . .
= s peD(t) = Vo + Roi (1)1 (10)
(a) During turning on. (b) During turning off.
_ _ whereVr, andVp are the on state voltage drop of the
Fig. 4: Current and voltage waveforms of a switch. IGBT and the diodeRr, and Ry are equivalent to an

on-state resistance of the IGBT and the diode, anid
the gain constant of IGBT. The average conduction loss

The Energy dissipated in the device during the turn ON.an be expressed as,

period can be expressed as follows:
T

tOn
Won, j :/0 v(t)i(t)dt. 1) pC<an) = 7—]:[/ [{NT(I)VT +Np(t)Vp}io(t)
0
ton t |0 =+ {NT(t)RTIngl(t)}
Won,j _/0 HVWG} {_G(t_t"“)}] “« @ +{ND(t)RDi§(t)}d(wt)] (11)
Won | = Vg ot 3)
oL g TemToTon whereNp(t) and Ny (t) are the numbers of conducting

ﬁdiodes and transistor devices, respectively. In the
proposed topology, only two switches bear 2E and the
voltage across the remaining switches is (J) The

Worr @ — loff conduction loss for the proposed multilevel inverter can
off,j = / be calculated from the following equation:

tof f t lo
S T Y
oftlI = o Mttt toff (t=torr) Pojavg) = > <l>E|o+|§RT+2(2E)|O+ Y Volo+13Ro
=1

The energy dissipated in the switch during the turn o
period can be written as

) S1\2
1 | (12)
Wotf,j = EVS"” lotof (6) In the proposed inverter, the level modulated switches have
a PIV of less than or equal 1, and the remaining two
The total switching loss) can be calculated as, polarity changed power switches have a PIV of 2E. The
N2 total loss in the power switch is,
Ps= jzl [EVSNJ lo (ton +toff) fj:| (7) Prosses = Pe(avg) + Ps (13)
where f; is the switching frequency, and thjéh switch Fig. 5(a) shows that the switching power loss of the

makesf; number of transitions. In classical topologies all Proposed topology is lower than that of the conventional
the switches are operated at a high switching frequencyopologies. Figh(b) shows that the proposed topology has
(fs), but in the proposed topolog\N(ssr — 2) switches lower conduction loss than the other topologies.

are operated at high switching frequency, and the

remaining two switches are operated in the fundamental

frequency €,). Hence, the switching power loss equation 4 I nvestigation of the Simulation and

for the proposed topology can be expressed as Experimental Results
Ne i . . . . .
ps =0 Z (l) Efs+2(2E) fo (8) A MATLAB simulation is carried out to validate the
=1 2 performance of the MLI. The proposed push-pull five

(@© 2017 NSP
Natural Sciences Publishing Cor.



Appl. Math. Inf. Sci.11, No. 3, 827-835 (2017)www.naturalspublishing.com/Journals.asp %N’/S =) 831

a0 —4—DCMLI, FCMLI, CHBMLI
0035 | 4 pPCMLL FCMLI, CHBMLI

—&—Proposed Topology

~&—Proposed Topology

c
2 2 o
E B8 g
5 BB

Switching Loss
=
=l
2
&

=
2
=
Conduction Loss
[
=

o

0.005

a

=

5 10 15 20 25 5 10 15 20 25
Dimber /of Oty Voltage Level (m), Number of Output Voltage Level (m)

(a) Switching Loss. (b) Conduction Loss.

Fig. 5: Comparison of the losses of the proposed topology
and other classical topologies.
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Fig. 6: Simulink model of the proposed push-pull five level
inverter with the novel PWM control signal generation ¥ ]
u n |t . Pulse for $3
level inverter simulink model is shown in Fig. This }‘ ]
model provides IGBTSs, capacitors, mid-point transformer
and an R-L load. The comparison between the single Fig. 8: Experimental Pulse pattern.
triangular signal and two unidirectional offset sinusdida
signals provides the generation of the switching signal. In —lnvergt Oulput Yotage { R=Load)

this study, the proposed inverter uses an input voltage of «f , 1
40 V dc source. Each capacitor has a value of &0
with an equal voltage of 40/2 V. Here, the R load with the £* || “ I LI

value of 85Q and the parameters of 4D and 60 mH for &

a0

the R-L load are assumed for the simulation and
experimental investigation. The experimental prototype ™ o o s s _aw ow oo
model photographis in Fig.

The Hardware model uses IGBT (H15R1203) along °*
with the internal anti parallel diode. FPGA (Xilinx °
Spartan-3E XC3S100E) helps in the implementation of £
the PWM controller scheme. The generated gating signal & W o -
is given to the gate driver circuit (IC-TLP250) and then °| r o e i !
fed to the IGBTSs. . , , ;

001 0.02 0.03 0.04 0.05 0.08 007 0.08 0.0 0.1

The experimental gating signal for the proposed
multilevel inverter is shown in Fig.8. The polarity . .
changed switcheS; andS, are operated at a fundamental C\'/g' 2 Slmullated Output Voltage and Output Current
frequency. aveform (R load).
The output voltage and current waveform are
simulated for the R and R-L loads and the results are
shown in Figs9 and11 The experimental output voltage
and current waveform for the R and R—L loads are shown
in Figs.10 and12. The Simulation results are match with
the hardware load voltage and current waveforms. Hence,

Inverter Output Current (R - Load)
T
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Fig. 10: Experimental Output Voltage and Output Current Fig. 12: Experimental Output Voltage and Output Current

waveform (R load) (R—-L load).
e 2 T T T
Inverter Output Voltage (R-L Load) £
T g 150 4
E Fundamental {50Hz) = 1.827 , THD= 4.28%
3
» I E 1+ =
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Harmonic order

Tmomses UM Fig. 13: MATLAB Output Current harmonic spectrum
of the proposed push-pull five Inverter with R—L Load

Inverter Output Current (R-L Load)
T

. ; (without filter).
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Fig. 11: Simulated Output Voltage and Output Current (R— £ °f i
L load). : | | | |
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Fig. 14: Simulated voltage harmonic spectrum of the

the proposed topology is the best replacement for thé?roposed push-pull five Inverter with R-L Load (without

inverter circuit and recommended for renewable energy“"ter)-
applications. The Simulation results and the theoretical

analysis of the proposed multilevel inverter are validated T TR e e
by the experimental results. mare ] o = ““ [Z‘L;ﬂ
The simulated and the experimental current and % o '

voltage harmonic spectra of the proposed push-pull five . mrEx m

level inverter with the R-L load are shown in Figs, 14 % Cmscl Wi

and 15 respectively. The simulation and experimental e th A A m s

results give the total harmonic distortion (THD) in the =

inverter output voltage of 21.28% and 22.17% e o | el S fer

respectively, for the R—L load. But the presented topology i i

in [9] has a voltage THD value of 36.89%. The proposed e ) s s

topology output voltage has less total harmonic distortion

compared with the other topologies. Fig. 15: Power quality analyser harmonic content for R—L

load.
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Table 2: Assessment of the power components

requirement for 5 level inverter.
No. of Components DCMLI FCMLI CHBMLI -roPosed

Topology

Power Switches 8 8 8 5
Main Diodes 8 8 8 5
Clamping Diodes 6 0 0 0
Flying Capacitors 0 3 0 0
DC link capacitors 4 4 0 2
Input DC sources 1 1 2 1
Gate driver circuits 8 8 8 4
Transformers 0 0 0 1
Total components 35 32 26 18

80
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60 |—+—Proposed Topology
40
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(a) Power Switches with respect to number of levels.
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(b) Gate Drives with respect to number of levels.

5 Comparative Study

The main purpose of this work is the reduction of

25
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:E 20
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E; Topology
% 15
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£ s
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(c) Sources with respect to number of levels

50
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—#—Proposed Topology

MNumber of on-state Switch

N

10 15 20 25 30

Number of Output Voltage Level (m)

(d) On-state switches with respect to number of levels.

Fig. 16: Comparison charts.

inverter circuit size, cost, and control complexity.

Compared to all the existing multilevel inverters, the
proposed topology requires fewer numbers of
components. Tablg presents the number of components
required to implement the five level inverter, using the
proposed topology and three classical topologies.
Fig. 16(a) show that the recommended topology needs
fewer numbers of switches for generating an m-level
output voltage. In this work, the five level inverter is

implemented using only five switches. The proposed
topology could achieve a 37.5% reduction in the number
of power switches required, compared with the three
classical topologies. The gate driver consists of the
isolator and driver circuits. The isolation could be

provided using either the pulse transformer or the
opto-coupler. Fig16(b) presents the comparison of the

gate drivers required for the proposed topology with other

switches in a multilevel inverter, because increasing theexisting structures. The proposed topology utilized only
number of power switches leads to an increase in thés0% of the gate driver compared with the three classical

(@© 2017 NSP
Natural Sciences Publishing Cor.


www.naturalspublishing.com/Journals.asp

834 NS 2 R. G. Raj et al.: FPGA based implementation of the Push-Pull

topologies. The gate drive reduction leads to reduce [6] S.P. Gautam, L.K. Sahu and S. Gupta, Reduction in number
complexity in the circuit and minimize the cost. of devices for symmetrical and asymmetrical multilevel
Fig. 16(c) shows the comparison between the inverters. IET Power Electronics, 9(4), 698—709 (2016).
proposed topology and the existing topologies, in terms of [7]R. Samanbakhsh and A. Taheri, Reduction of Power
the number of isolated input dc sources with respect to  Electronic Components in Multilevel Converters Using New
the number of output voltage levels. The proposed  Switched Capacitor-Diode Structure. IEEE Transactions on
topology requires only one isolated dc source, whereas _ Industrial Electronics, 63(11), 7204-7214 ( 2016). ,
CHBMLI requires more number of isolated dc sources. [81A-S. Alishah, D. Nazarpour, S.H. Hosseini and M. Sabahi,
Another major factor is the on-state switches that are Noll’aegljén;;glfc"aet'.c';\;ert% rgpzlrog;se‘;ogfrgfodéﬁgj agﬁah'g'g
: H : H VO | | wi wer valu Vi g
Ilg?gp.orltg(r(ljt) fg:];\?vi ?r?eerzzzgs(s);;hn? r;ul:;:gvilulr:\tl)eerrtser.of switches. IET Power E_Iectronics, 7(12)_, 306_2—3071 (2014).
on-state switches with the proposed topology, and the [9] K. K. Gupta and S. Jain, A novel multilevel inverter based

h | ical t loi In th dqt | iy on switched DC sources, |IEEE Trans. Ind. Electron., Vol.
ree classical topologies. In the proposed topology, two 61, No. 7, pp. 3269 3278, Jul. 2014

power switches are in the ON condition to prowde any 110]y. Ounejjar, K. Al-Haddad and L.A. Gregoire, Packed
level of output voltage and loss of conduction is reduced.” ~ ceyis Mmultilevel Converter Topology: Theoretical studydan
Itis understood that to increase high voltage output from  Experimental Validation. IEEE Transaction on Industrial
a low voltage source, additional components or step-up  Electronics, 58(4), 2011.
transformers are required in the classical multilevel[11]M.R. Banaei, A.R. Dehghanzadeh, E. Salary, H.
inverters. From this comparison, it is concluded that the  Khounjahan and R. Alizadeh, Z-source-based multilevel
proposed topology could achieve a 49%, 44% and 31%, inverter with reduction of switches. 5(3), 385-392 (2012).
reduction in the total number of components required to[12] R.S. Alishah, S.H. Hosseini, E. Babaei and M. Sabahi,
implement the inverter structure compared with DCMLI, A New General Multilevel Converter Topology Based on
FCMLI and CHBMLI respectively. Cascaded Connection of Submultilevel Units With Reduced
Switching Components, DC Sources, and Blocked Voltage
by Switches. IEEE Trans. Ind. Electron, 63(11), 7157-7164

6 Conclusion (2016). |
[13] M.R. Banaei and E. Salary, A New Family of Cascaded

In this paper, a new single phase push-pull multilevel Transformer Six Switches Sub-Multilevel Inverter with
inverter has been developed. A novel PWM switching _Sr:é’ﬁ;illoAdVZ’(‘é?gleg% éjof(;gg'(ggl'zz'fc”'cal Engineering &
schr(]ame for the prop:losedgopology has been ||mplemhenteﬂ4] [14] R SgXIishah S.H. Hosseini E Babaei, M. Sabahi
in the FPGA controller. The Comparison analysis shows gy T e Lo

. N . . and A. Zare, Extended high step-up structure for multilevel
that aminimum number_ of switching dev!ces, gate drive converter. IET Power Electronics, 9(9), 1894-1902 (2016).
Cerl.!It and.on state switches are used in the propose?w] M.K. Kangarlu, E. Babaei, Cross-switched multilevel
mu.lt”e.VE| inverter. Als.o' due to the _re_ductlon of inverter: an innovative topology. IET Power Electronics,
switching and conduction losses the efficiency of the 6(4), 642651 (2013).

proposed MLI is increased. The performance of the 16]M.Z. Banaei, M.R.J. Oskuee, H. Khounjahana,

proposed inverter is obtained using MATLAB simulation Reconfiguration of semi-cascaded multilevel inverter
Wlth R and R-L |0§d3- The simulation results are to improve systems performance parameters. IET Power
validated by the experimental prototype results. Electronics, 7(5), 1106-1112 (2014).
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