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ABSTRACT

In this paper Zeta converter fed Multi string multi level Inverter is designed. The use of a high step-up converter is
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essential for the grid-connected inverter because the input voltage is about 15 Vto 40 V for a single PV panel. The pro-
posed converter employs a Zeta converter with a coupled inductor, without the extreme duty ratios and high turns ratios generally needed for
the coupled inductor to achieve high step-up voltage conversion; the leakage-inductor energy of the coupled inductor is efficiently recycled to
the load. These features improve the energy-conversion efficiency. Here an asymmetrical configuration of Zeta Converter based Eleven-level
Multi String Multi Level inverter topology fed Three Phase Induction Motor Drive performance is analyzed. The above results are compared

with Multi String Multi Level(MSML) inverter without Zeta converter.

1. INTRODUCTION

Since past decade, multilevel inverters have drawn increas-
ing attention because of their promising applications in
power systems and industrial drives. They can be efficiently
used in the distributed energy systems in which, output ac
voltage is obtained by connecting dc sources such as batter-
ies, fuel cells, solar cells, rectified wind turbines etc at input
side of the inverters mentioned in [1]. The ac output voltage
obtained from the inverters can be fed to a load directly or
interconnect to the ac grid without voltage balancing prob-
lems. A single-phase multi string five-level inverter integrat-
ed with an auxiliary circuit was recently proposed for dc/ac
power conversion described in [2]. This topology used in the
power stage offers an important improvement in terms of
lower component count and reduced output harmonics. Un-
fortunately, high switching losses in the additional auxiliary
circuit caused the efficiency of the multi string five-level in-
verter to be approximately 4% less than that of the conven-
tional multi string three-level inverter in [3].

A typical Zeta converter provides either a step-up or a step-
down function to the output, in a manner similar to that of
the buck-boost or SEPIC converter topologies. The conven-
tional Zeta converter is configured of two inductors, a series
capacitor and a diode.. A coupled inductor can be employed
to reduce power supply dimensions [4]. Some Zeta and fly-
back combination converters extend the output range by us-
ing this coupled-inductor technique [5]-[7]. Employing softs
witching technique, zero-voltage switching and zero-current
switching, on the Zeta converter [5], [8], [9]; changing the
input inductor of the ZETA converter to a coupled induc-
tor obtains a higher step-up conversion ratio [10]. Many
research works on high step-up converter topology have in-
cluded analyses of the switched-inductor and switched-ca-
pacitor types, transformerless switched-capacitor type, the
boost type integrated with the coupled inductor , Although
this configuration is useful in terms of system monitoring
and repair, the partial shading, module mismatch, and dc
connection cable losses are inevitable problems and lead
to significantly reduced system energy yields. A zeta con-
verter is a fourth order dc-dc converter capable of amplify-
ing and reducing the input voltage levels without inverting
the polarities [10]. The reason being is that it includes two
capacitors and two inductors as dynamic storage elements.

2. ZETA CONVERTER

A zeta converter is a fourth order non linear system being
that, with regard to energy input, it can seen as buck-boost-
buck converter and with regard to the output, it can be seen
as boost-buck-boost converter. The ideal switch based reali-
zation of zeta converter is depicted.
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Fig.1 Basic Zeta converter circuit

Although several operating modes are possible for this con-
verter depending on inductance value, load resistance and
operating frequency, here only continuous inductor current
LL1* analyzed using the well known state-space averaging
method[3] . The analysis uses the following assumptions.

1. Semiconductors switching devices are considered to be ide-
al.

2. Converter operating in continuous inductor current mode.

3. Line frequency ripple in the dc voltage is neglected.

Basic Five Level Multi string Multi level (MSML) Inverter
The basic five level multi string multi level inverter[10] is
shown in Fig.2. and corresponding output voltage waveforms
are shown in Fig.3. In this approach, all the six switches are
operated with a switching frequency of 50 Hz and the input
voltage of Vdc=100V. The symmetrical multilevel approach
of the multi string multi level inverter is operated with equal
voltage values at the input side of the inverter. These symmet-
rical multilevel inverters are operated with PWM procedure
to generate the gating signals. In a symmetrical multi string
multi level inverter, the Seven, Nine, Eleven and Thirteen lev-
els are generated by using 6,8,8,10 switches respectively with
repeating sequence as gating signal.
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Fig.3.0utput voltages of five level MSML Inverter

3. OPERATING PRINCIPLES OF THE PROPOSED ZETA CON-
VERTER

The simplified circuit model of the proposed converter is shown
in Fig.1. The coupled inductor T1 includes a magnetizing induc-
tor Lm, primary and secondary leakage inductorsLkl and Lk2,
and an ideal transformer primary winding N1 and secondary
winding N2. To simplify the circuit analysis of the proposed con-
verter, the following assumptions are made.

1) All components are ideal, except for the leakage inductance of
coupled inductor T1. The ON-state resistance RDS (ON) and all
parasitic capacitances of the main switch S1 are neglected, as are
the forward voltage drops of the diodes D1 ~ D3.

2) The capacitors C1 ~ C3 are sufficiently large that the voltages
across them are considered to be constant.

3) The ESR of capacitors C1 ~ C3 and the parasitic resistance of
coupled-inductor T1 are neglected.

4) The turns ratio n of the coupled inductor T1 winding is equal
to N2/N1.

The five operating modes are described as follows.

Mode I [t, t ]: In this transition interval, the secondary leakage
inductor Lk2 is continuously releasing its energy to capacitor C2.
The current flow path is shown in Fig. 4(a); as shown, switch S1
and diodes D2 are conducting. The current iLm is descending
because source voltage Vin is applied on magnetizing inductor
Lm and primary leakage inductor Lkl; meanwhile, Lm is also
releasing its energy to the secondary winding, as well as charg-
ing capacitor C2 along with the decrease in energy, the charging
current iD2 and iC2 are also decreasing. The secondary leakage
inductor current iLK2 is declining according to iLm/n. Once the
increasing iLk1 equals the decreasing iLm at t = t1, this mode
ends
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Fig.4 (a) Current flow path during one switching period
Mode.1

itn(t) =iDs(t) = L1 (t) (1)

_ Vin —ULm (3)
dt Ly

| im(t) = 114 (t)
i go(t) = 2m—LRL - LR 4)

Mode II [t t,]: During this interval, source energy Vin is se-
ries connected with C1, C2, secondary winding N2, and Lk2 to
charge output capacitor C3 and load R; meanwhile, magnetizing
inductor Lm is also receiving energy from Vin. The current flow
path is shown in Fig. 4(b); as illustrated, switch S1 remains on,
and only diode D3 is conducting. The iLm, iLkl, and iD3 are in-
creasing because the Vin is crossing Lkl, Lm and primary wind-
ing N1; Lm and Lk1 are storing energy from Vin; meanwhile, Vin
is also in series with N2 of coupled inductor T1, and capacitors
C1 and C2 are discharging their energy to capacitor C3 and load
R, which leads to increases in iLm, iLk1,

1
|
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Fig.4 (b) Current flow path during one switching period
Mode 2
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dt dt Lo .

Mode III [t,, t,]: During this transition interval, secondary leakage
inductor Lk2 keeps charging C3 when switch S1 is off. The cur-
rent flow path is shown in Fig. 4(c), and only diodes D1 and D3
are conducting. The energy stored in leakage inductor Lkl flows
through diode D1 to charge capacitor C1 instantly when S1 turns
off. Meanwhile, the LA2 keeps the same current direction as in the
prior mode and is in series with C2 to charge output capacitor C3
and load R. The voltage across Sl is the summation of Vin, VLm,
and VLZk1. Currents iLkl and iLk2 are rapidly declining, ut iLm is in-
creasing because Lm is receivingenergy from Lk2. Once current iLk2
drops to zero, this mode ends at ¢ = £3
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Fig.4 (c) Current flow path during one switching period
Mode 3

illi(e) =0 (9)
it L) =il (1) — nifih(®) (10)
difhh (1) _ —Ver —vim an

dt L
difhh(t)  dipi(t)  nvLm + Ve — Vo (12)
dt - dt o Lo ; -

Mode IV [z, ¢ ]: During this transition interval, the energy stored
in magnetizing inductor Lm releases simultaneously to C1 and
C2. The current flow path is shown in Fig. 4(d). Only diodes D1
and D2 are conducting. Currents iLkl and iD1 are persistently
decreased because leakage energy still flows through diode D1
and continues charging capacitor C1. The Lm is delivering its en-
ergy through 71 and D2 to charge capacitor C2. The energy
stored in capacitors C3 is constantly discharged to the load R.
The voltage across S1 is the same as previous mode. Currents
iLkl and iLm are decreasing, but iD2 is increasing. This mode
ends when current iLk1 is zero at ¢ = t4

Vo

Fig.4 (d) Current flow path during one switching period
Mode 4

IV IV iV
irm(t) =irg1(t) — nigpa(t) (13)
dify, () _ —Ver — vim (14)
dt L
dil¥, (¢ ‘o2 4+ nv
k2 () _ Yc2 + PULm (15)

dt Lo

Mode V [, ¢ ]: During this interval, magnetizing inductor Lm is con-
stantly transferring energy to C2. The current flow path is shown in
Fig. 4(e), and only diode D2 is conducting. The iLm is decreasing due
to the magnetizing inductor energy flowing continuously through
the coupled inductor 71 to secondary winding N2 and D2 to charge
capacitor C2. The energy stored in capacitors C3 is constantly dis-
charged to the load R. The voltage across Sl is the summation of Vin
and VLm. This mode ends when switch Sl is turned on at the begin-
ning of the next switching period

Fig.4 (e) Current flow path during one switching period
Mode 5
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3.2 Basic Five Level Zeta Converter fed Multi string Multi level
Inverter (MSMLI)

The basic five level Zeta Converter fed multi string multi level in-
verter is shown in Fig.5. and corresponding output voltage waveforms
are shown. In this approach, all the six switches are operated with a
switching frequency of 50 Hz and the input voltage of Vdc=100V. The
symmetrical multilevel approach of the multi string multi level in-
verter is operated with equal voltage values at the input side of the
inverter. These symmetrical multilevel inverters are operated with
PWM procedure to generate the gating signals. In a symmetrical mul-
ti string multi level inverter, the Seven, Nine, Eleven and Thirteen lev-
els are generated by using 6,8,8,10 switches respectively with repeat-
ing sequence as gating signal.
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Fig 5: Zeta Converter fed Multi String Multi Level Inverter
and Output voltage Wave forms.

3.2 Eleven level (ELI) Zeta Converter fed Multi String Multi
level inverter:

The proposed Eleven Level Zeta Converter fed Multi String Multi level
inverter[10] circuit is shown in Fig6 in an asymmetrical approach
with an input voltages of 80V, 160V, 160V and corresponding output
voltage waveforms are shown in Fig8. It requires 8 switches to get
eleven level of output voltage. The Table4 shows the operation of
switches at different levels of voltages.

a0 N S NN N A NN NS N
0.02 0.04 0.06 008 01 012 014 0.16 018 02
Time
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Fig.6 Eleven level Zeta Converter fed Multi String Multi
level inverter and Output Voltage waveforms.

Output Voltage. Swiches in eleven level MSMLI
Vac Sl S2 3 S4 S5 S6 S7 S8
+5Vs 0 1 0 1 1 0 1 0
+4Vs 1 1 0 1 0 0 1 0
+3Vs 0 1 0 0 1 0 1 1
+2Vs 1 1 0 0 0 0 1 1
+Vs 0 1 1 1 1 0 0 0
0 1 1 1 1 0 0 0 0
-Vs 1 0 0 0 0 1 1 1
-2Vs 0 0 1 1 1 1 0 0
-3Vs 1 0 1 1 0 1 0 0
-4Vs 0 0 1 0 1 1 0 1
-5Vs 1 0 1 0 0 1 0 1

Table.1 consists of list of switching combinations that gen-
erate the required eleven level output voltage signals.

The corresponding mode of operations of the Zeta Converter fed
Multi string multilevel inverter stages are described as follows

a) Maximum positive output voltage (+5Vs): Active switches
$2,54,S5 and S7 are kept ON and inverter output voltage is
5Vs.

b) positive output voltage (+4Vs): Active switches S1,52,54 and
S7 are kept ON and inverter output voltage is 4Vs.

c) positive output voltage (+3Vs): Active switches $2,85,S7 and
S8 are kept ON and inverter output voltage is 3Vs.

d) positive output voltage (+2Vs): Active switches S1,52,S7 and
S8 are kept ON and inverter output voltage is 2Vs.

e) positive output voltage (+Vs): Active switches $2,83,54 and
S5 are kept ON and inverter output voltage is Vs.

f) Zero Output, (0): Active switches S1,52,S3 and S4 are kept
ON and inverter output voltage is 0.

g) negative output voltage (-Vs): Active switches S1,56,S7 and S8
are kept ON and inverter output voltage is -Vs.

h) negative output voltage (-2Vs): Active switches $3,54,S5 and S6
are kept ON and inverter output voltage is -2Vs

i) negative output voltage (-3Vs): Active switches S1,53,54 and S6
are kept ON and inverter output voltage is -3Vs.

j) negative output voltage (-4Vs): Active switches $3,55,56 and S8
are kept ON and inverter output voltage is -4Vs.

k) Maximum negative output voltage (-5Vs): Active switches
$1,83,56 and S8 are kept ON and inverter output voltage is -5Vs.

4 Eleven Level Asymmetrical ZETA Converter based Multi
String Multi Level Inverter fed Three Phase Induction Motor
Drive

The proposed Asymmetrical configuration with Eleven Level
Asymmetrical ZETA Converter based Multi String Multi Level
Inverter fed Three Phase Induction Motor Drive (IMD) is shown
in Fig.8. In this approach, Asymmetrical voltages are applied to
the inverter and corresponding three phase generated output
voltages are given to the induction motor drive. The perfor-
mance factors are analyzed at both transient and steady state
operating conditions with usage of minimum number of switch-
es so that switching losses can be reduced effectively with Zeta
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Converter fed multi string multi level approach when compared
to the multi string multi level inverter.
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Fig.7. Eleven Level Asymmetrical ZETA Converter based
Multi String Multi Level Inverter fed Three Phase Induction
Motor Drive

5. Simulation results and Discussions

To validate the proposed topologies, numerical simulation studies have
been carried out by using Matlab-Simulink. For the simulation studies the
dc link voltage is taken as 400V.The parameters of the induction motor
used in this paper are Rs =1.570hm, Rr=1.21ohm, Lm=0.165H, Ls=0.17H,
Lr=0.17H and J=0.089Kg-m2. The simulation results of proposed topolo-
gies are shown from Fig.8 - Figl2.
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Fig.8(b)

Fig. 8(a) & Fig8(b): Three phase Eleven level Output Voltage
waveforms Multi string multi level and Zeta Converter based
Multi string multi level inverters respectively.
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Fig.9(a) & 9(b): Starting Transients of Eleven level Multi string
multi level a ZETA Converter based Multi String Multi Level In-
verter fed Three Phase Induction Motor Drive respectively.
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Fig.10(a)&10(b): Steady state Performance of Eleven level Multi
string multi level a ZETA Converter based Multi String Multi
Level Inverter fed Three Phase Induction Motor Drive respec-
tively.
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Fig. 11: Performance during sudden change in load torque of
Eleven level Multi string multi level and Eleven level (ELI) a
ZETA Converter based Multi String Multi Level Inverter fed
Three Phase Induction Motor Drive respectively.
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Fig.12(a) & Fig.12(b): Total Harmonic Distortion of Output Volt-
age waveforms with Eleven level Multi string multi level and
Zeta converter based Multi string multi level inverters respec-
tively.

6. Conclusion

In this paper, a Zeta Converter based Multi string multi level
inverter topology is proposed to offer strong advantages like
an improved output waveforms, smaller filter size, and lower
electromagnetic interference. The proposed converter employs
the turns ratio of the coupled inductor to achieve high step-up
voltage gain; based on the floating switch structure of the Zeta
converter. Here an asymmetrical configuration with Eleven-
level(ELI) Zeta Converter based Multi String Multi Level inverter
fed Three Phase Induction Motor Drive performance is analyzed
and compared with conventional Multi string multi level in-
verter. Fast dynamic response is obtained The analysis of per-
formance factors at both transient and steady state operating
conditions are satisfactory. Hence the switching losses can be re-
duced effectively with multi string multi level approach by using
of minimum number of switches.
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