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Abstract: In this paper, a zeta-zeta coupled non-isolated multiport converter is proposed and implemented. This new dc-dc multiport
converter facilitates the access of two renewable energy sources in the input side with a single output. Zeta converter topology
facilitates high voltage gain with a reduced output voltage ripple. Multiport converters have become very prominent in the recent
past due to the prevalent establishments of distributed energy resources. But in the research arena, there is no literature evidence

for Zeta —Zeta converters used in multiport converters. This research work proposes a Zeta-Zeta multiport converter with reduced
number of switches for renewable energy systems. The proposed converter is simulated in MATLAB/ Simulink environment and is also
realized as a hardware prototype. The voltage gain and efficiency of the proposed circuit is compared with its counterpart multiport
topologies. The simulation and hardware results show that the proposed topology is having a clear edge on its counter parts in

voltage gain and efficiency.
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Vec¢ vhodni zeta-zeta pretvornik z visokim
napetostnim ojacenjem za sisteme obnovljivih

VIrov

Izvleéek: Clanek opisuje neizoliran ve¢ vhodni zeta-zeta pretvornik. Nov dc-dc pretvornik omogoca priklop dveh obnovljivih virov
na vhodu in skupen izhod. Topologija zeta pretvornika omogoca visoko napetostno ojacenje in znizan izhoden ripple. Ve¢ vhodni
pretvorniki so postali pomembni v zadnjih letih s pojavom distribuiranih virov energije. Kljub temu v literaturi ni opaziti navedb zeta-
zeta pretvornikov. Predlagan ve¢ vhodni pretvornih z znizanim stevilom stikal je simuliran v MATLAB/Simulink okolju in realiziran kot
prototip. Napetostno ojacenje in izkoristek sta primerljiva s konkurencnimi topologijami.

Kljuéne besede: obnovljivi viri; dc-dc pretvornik; ve¢ vhodni pretvornik; zeta pretvornik; fotovoltaika; baterije.
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1 Introduction

In the present scenario, the increase in power demand
with depleting conventional energy resources urges
to have power generation through renewable energy
sources. Renewable energies like solar, wind and fuel
cells of different capacities are being deployed to
meet the additional demand. Thus, high penetration
of sustainable energy into the grid paves way for the
development of integrated power converters which
facilitates appropriate synchronization. These are capa-
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ble of interfacing and controlling the energy from the
various input terminals. Multiport converters are capa-
ble of optimizing the power from various renewable
sources with optimum switches. Owing to the strik-
ing merits such as low cost and small structure, many
multiport configurations have been offered for numer-
ous applications such as for satellites, hybrid electric
vehicle etc,[1]. The multiport converter topologies are
competent enough to interface and regulate many
power sources as shown in Figurel. But due to this
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there is a chance of increase in number of switches in
the circuit and the efficiency may reduce[2].Hence, the
research on proposing new topologies with multi input
structures thereby optimizing the number of switches
has become very vital. H.Matsuo proposed a buck-
boost converter that accommodates two inputs with
a magnetic coupling reactor [3]. A solid-state trans-
former (SST) based quad active converter bridge is im-
plemented in [4], wherein SST provides isolation from
the load. Here, the number of active devices involved
in the circuit is more which is a major drawback. Hence,
isolated multiple dc-dc converter for effective power
management with multiple renewable sources is pro-
posed [5, 6]. The output of these multiple converters
were fed to acommon dc bus and then delivered to the
load. These converters require more control strategies.
In order to avoid multiple converters for multiple en-
ergy sources, new multiport converters (MPC) were de-
signed. MPCs are classified based on i) port placement
structures such as a)Multi Input Single Output (MISO),
b) Single Input Multi Output (SIMO) and ¢) Multi Input
Multi Output (MIMQ)), ii)based on coupling (isolated
and non-isolated) [7] iii)based on connections (series
and parallel) and iv) based on conversion process (uni-
directional and bidirectional).
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Figure 1: Conventional multi-input, multiple convert-
ers.

A systematic way of synthesizing multiport converter
from a full bridge, bidirectional dc-dc converter is re-
ported in [8, 9]. Interesting topologies of multiport con-
verters are derived by a combination of full bridge, half
bridge/series resonant topologies via magnetic cou-
pling using utility multi winding transformer [10-12].
Most of the literature focuses on the development of
multiport converter (MPC) using traditional buck boost
topology [13]. A three port converter with three ac-
tive full bridges with three winding transformer is pro-
posed in [14, 15] wherein two series resonance tanks
added for reliable high frequency operation. The con-
verter seemed to be bulky and hence three port bridge
converters came into existence. In [16], cross coupling
control strategy is investigated for a photovoltaic (PV)

based three port dc-dc TAB (triple active bridge) con-
verter. In [17], the author discussed different parallel
circuit topologies. For multiple energy resources the
multiport converter was then modified to multi-input
single output (MISO) structure, that combines different
sources at the input side and supplies a single output
[18,19]. In single input multi output (SIMO), the outputs
can be fed to different applications. In series topology,
current in the weakest link blocks the current of the
whole string [20], introduces high electrostatic poten-
tial and causes voltage sag problem [21]. So, parallel
connected topologies are mostly preferred over series
connected topologies.

Bidirectional power flow topologies were investigat-
ed for efficient power control. To allow bidirectional
power flow and to integrate different sources, DC link
and magnetic coupling inductors were incorporated in
deriving multiport converters [22, 23]. A high step up
bidirectional converter with high voltage is discussed
in [24, 25]. Also, large number of electric vehicles con-
nected to the grid affects the supply voltage quality.

Therefore, to meet the high current demand, bidirec-
tional high-power three-phase three-port converter
is designed for fast charging stations [27, 28]. With in-
crease in high voltage, high voltage ripples were also
increased. So, in order to minimize the voltage ripple
[26] an active clamping circuit is incorporated that
increased the efficiency too. These multiport convert-
ers are designed both for off grid and on grid utility.
Conventional grid systems are designed for specific
power demand. In [29], a high frequency transformer is
incorporated in an isolated multiport converter system
for effective power flow management between high
voltage dc transmissions (HVDC), networks in Electric
aircraft (MEA) etc.

After extensive use of buck, boost, buck boost topolo-
gies, special converters such as Cuk, Zeta and Sepic
converters came into existence. Comparative analyses
of Cuk, Zeta, Sepic, Buck and Boost converters were
performed [38]. Cuk converter gives a negative output
voltage, while Sepic converter gives a positive output
voltage but requires a continuous input current. Zeta
converter gives a high voltage gain with lesser out-
put voltage ripples. Owing to these disadvantages of
Cuk and Sepic, Zeta converters are preferred for use
in multiport converters for renewable energy applica-
tions because of compatibility. Zeta converter is a buck
boost derived converter, where power factor correc-
tion is done. It is applied for LED lightings and welding
purposes, but with low output power in [30,31]. [32] Ex-
plains that zeta converter takes maximum power from
photovoltaic cells. A comparative analysis of boost and
zeta converters have been dealt in [33, 34]. Though iso-
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lated converters provide electrical galvanic isolation,
they house more number of components resulting
in large size. In [35], a deduction method is proposed
which is based on a series of voltage balancers. Zeta
converter was designed to feed a four phase switched
reluctance motor whose input is from a PV source. Zeta
converter and Landsman converter were integrated to
form a multiport converter with different control cir-
cuitsin [36]. This zeta converter also called as dual sepic
converter is derived from a buck boost dc-dc converter
to obtain a high voltage gain [37].The converter proved
to show greater efficiency, but the disadvantages are
that it uses more number of passive elements and is
isolated. In order to rectify the issues cited in few of the
above converters, a single stage non isolated power
converter utilizing zeta converter has been designed in
this paper.

2 Multiport converter

From the research on multiport converters, it has been
observed that non isolated zeta converters have not
been used so far. The zeta converter contributes in
either increasing or decreasing the input voltage and
also gives a low ripple output voltage that can be ap-
plied for applications that needs constant output volt-
age. This non isolated structure is compact with a sin-
gle switch control. Depending on the advantages and
feasibility of zeta, the multiport converter is designed
as a zeta-zeta combination suitable for renewable in-
put sources.
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THREE PORT [ ™| LOAD
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CONVERTER
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Figure 2: Proposed Zeta-Zeta Multiport converter

The primary focus of this paper is therefore to design
a novel non isolated DC-DC converter based on zeta
topology using DC link capacitors. This multiport con-
verter (MPC) circuits accommodate one or more re-
newable input sources and a battery source. Based on
the applications, the developed MPC can work as uni-
directional or bi-directional circuit as shown in Figure2.

The zeta converter gives a high voltage gain with lesser
output voltage ripples. Discontinuous input current
can also be fed to the zeta converter.

The different operating modes of the three-port zeta
converter have been analyzed. The circuit has been de-
signed using small ripple approximation method. The
simulation and hardware results have been shown in
this paper.

3 Proposed multiport zeta-zeta converter

The Zeta converter shown in Figure 3 is a fourth order
converter that has two capacitors (CI, C2), two induc-
tors (L, L)) which can step up and also step down the
input voltage. It is used in power factor correction and
regulation of voltages. It gives a non-

inverting output with a continuous input current [30].
The second order harmonic output voltage ripples are
smaller.

PVSC Ci '—2P e
[l Y YY)
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V= L % D A
D

Figure 3: Basic Zeta converter circuit

Owing to the advantages of zeta, the proposed three
port Dual Input Single Output (DISO) Zeta converter
has been constructed by paralleling the basic structure.

In this paper, the basic Zeta structure is decomposed
into two parts namely Pulsating Voltage Source Cell
(PVSC) and Pulsating Voltage Load Cell (PVLC) to form
a multiport converter, as shown in Figure 4. Two PVSCs
have been developed from two basic zeta converters
and coupled with PVLC in the proposed circuit.

Two topologies of multiport converters (unidirectional
and bidirectional) are presented. Three ports are de-
signed here, which can further be increased to‘'n’num-
ber of ports.

3.1 Operation and Control Approach
The three-port zeta converter presented in Figure 4 has

two input ports and one output port. The three-port zeta
converter is provided with a photovoltaic source along
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Figure 4: Non isolated three port zeta converter

with a battery backup or with a rectified input source
from wind or with a fuel cell. Depending upon the avail-
able inputs, the converter works in unidirectional mode
as shown in Figure 4 and in bidirectional mode as shown
in Figure 8. Both topologies have been explained as to-
pology 1 (unidirectional) and topology 2(bidirectional).

3.1.1 Topology 1: Three Port zeta as unidirectional con-
verter

To understand the operation, assume the converter is
interfaced with a PV source and a rectified input from a
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Figure 5: Key waveforms for Topology 1, when the con-
verter is operating in unidirectional mode

wind energy system. Let the input voltage from source
1 be V, and source 2 be V, with duty cycles D, and D,
respectively. With the same voltage and duty cycles,
the converter acts like an individual zeta converter and
supply power simultaneously.

The key waveforms of the three-port zeta-zeta con-
verter operating in continuous conduction mode are
depicted in Figure 5. The waveforms of the current
through the inductors, voltage across the switches S,
and S, current through the diode, voltage across the
inductors are shown when the converter is operating
in unidirectional mode.

IfV, =V,=V, the output voltage expression will be,

D
Vo= _V (1)
1-D
A
S,
>
DUTl
S
-
D, D, D, DUTY

Figure 6: Operating modes of the proposed converter

Assuming V. >V, and D,> D, (D, and D, - duty cycles)
as given in Figure 6, there are three modes of opera-
tions that are explained below:

Mode-1 (S, on, S, off): The equivalent circuit of mode
1is shown in Figure 7a.In mode 1, as V. is greater than
V., S, is switched ON and switch S, is switched OFF, the
output voltage across R load is contributed by V. only.
When S is closed, inductor L, gets charged by V.. The
capacitor C is assumed to be pre-charged. It later dis-
charges along the inductor L and load.

Applying the concept of voltage-second balance on in-
ductors and charge balance on capacitors, the follow-

C J:ch

L
+ &
W\_
+ I =
C L
%SD ve [ 2
D

Figure 7a: When PVSC 1 feeds the load
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ing expressions have been developed. Let “T,"-be the
total conducting time of the switch.

Vi=V,
Vi+ Vo=V, =V,

V.

— __'o
C_IL

I

(4)

Mode-2 (S, off, S, on): After a duty cycle of D,, switch S,
is switched off and instantly switch S, is closed (mode-
2).SoV, starts supplying the load (Figure 7.b)
V, =V, (5)

V, 4+ Ve, = Ve =V,

(6)

Cs +Vc1 hx
T \c2
S1 ‘ 82

+ +
T 17

B @/ Vi % Vi GD/ VL2§ 2
{ L, A

Figure 7b: When PVSC 2 feeds the load

Mode-3 (S, and S, off): When both switches are open,
the charge stored in the inductors will support the con-
duction. Now the diode is forward biased and acts as a
closed switch allowing current to move from its anode
towards cathode as shown in Figure 7.c.

Vi, =Vq (7)

Vv, =V, (®)

Assuming VCl = ch'

Equation (9) has been framed by applying the voltage-
second balance to inductors and charge balance on
capacitors.

T
J Vi ()de= (V,+V =V, )DT, +
+(V, + Ve, =V, )D,T, +V,[1-(D, +D,)]=0

v D +V,D, _Vib,+V,D,
'1-(D,+D,, ) ' | ? 1-(D,+D,)) *(10)
Vo=

D,+D,-(1-(D,+D,))

So the capacitor C, gets charged by the inductor L,
and C, gets charged by inductor L.. In topology 1, since
both sources are renewable energy resources, the con-
verter behaves as unidirectional converter and the flow
of energy is from source to load.

(o4
z Vcz

B

/c
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D C
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Figure 7c: When both S, and S, are OFF

3.1.2 Topology 2: Three Port zeta as bidirectional converter
To analyze the working, the proposed three port bidi-
rectional Zeta converter is reconstructed with an addi-
tional switch S, as shown in Figure 8.The first input port
is connected to a PV source and the second is connect-
ed to a battery whereas the output port is connected
to the load.

C1 Jl/m S3 Vca2 C, Jl/C?'
s L
1 ‘ L o
I 1 +Sz I
PV kA \El BATTERY|.  Vs2 c R
T Vi1 ==LEE Vi2 A Vc== ‘IS
L1 _ Lz VD g

Figure 8: Three Port bidirectional Zeta converter-To-
pology 2

The energy transfer in this converter can be explained
in four ways

1
2
3
4

From PV Source to load

From PV Source to battery and load
From battery to load

From load to battery.

= D= —

After harvesting maximum power from PV source, it is
interfaced to the load via a dc link capacitor. Any unbal-
ancing that occurs during integration will be controlled
by charging and discharging action of the battery. Here
the switches S, and S, complement each other. For
charging the battery, S, is to be turned ON and corre-
sponding S, is OFF. In case of back EMF, all the PVSCs
are turned off and only S, is turned on. The operation
of integrated power system has four possible operating
modes which are consolidated in Table 1. Here “E”is the
voltage across the battery.

Mode 1: When V > E, battery charges through switch
S, and the (source1) PV supplies power to the load. We
can say that the converter acts as a partial bidirectional
converter in Single Input Dual Output (SIDO) mode as
in Figure 9a.
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Figure 9a: WhenV >E, S and S, are ON, S, is OFF

Mode 2: WhenV < E, battery discharges through switch
S, asin Figure 9.b and the load receives power from the
battery and the converter operates in SISO mode.

| E ——
- Vec2 | -
L
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Figure9b:V <E,S and S, are OFF, S, is ON

Mode 3: When V = E, the load receives power from the
PV and battery. The converter operates in Dual Input
Single Output (DISO) mode as shown in Figure 9c.

C1_L

Vet
+ L -
I
BATTERY R
| ClL It
L 3w VT
D

Figure 9c:WhenV=E, S is ON, S, and S, are OFF

Mode 4: When V = 0 and E< state of charge (SOC), the
load supplies power by the charging action of the bat-
tery through switch S_. The converter in Figure 9d oper-
ates as a bidirectional converter in SISO mode.

With respect to the operating modes, the equivalent
circuit for each mode is developed as shown from Fig-
ure 9.a to Figure 9.d. When PV voltage is greater than or
equal to battery, PV will be supplying the load. Table 1
shows the different modes of operation of PV and bat-
tery.

The steady state equations of the converter are as fol-
lows.

220

Figure 9d: When V=0, S, and S, are ON, S, is OFF

Table 1: Different Modes of Operation of PV and Battery

Mode Switch Source1 Source 2
Status (PV) (Battery)
V>E S;and S; Supplies Charges
areONand | powerto
S, is OFF load
V<E S;is ON - Discharges
ands,, S,
are OFF
V=E S;and S; Supplies | Discharges
are OFF power to and
and S, is load Supplies
ON power to
load
V=0and S;and S, - Charges
E<SOC | areONand due to EMF
Ssis OFF presentin
the load
When battery is charging:
When both S, and S, are ON
Vi+V, -V, =V, a1
Vi+V, -V, =V, (12)
When battery is discharging:
When both S, and S, are OFF, S, is ON
Vi+Ve, =V, =V, (13)
When S, and S, are ON and S, is OFF
Va =V (14)
Ve, =V, (15)

Applying the voltage-second balance inductors and
charge balance on capacitors

VD
1-D,

VlDl -
(16)
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3.2 Determination ()f circuit parameters:

For the converter in CCM, the ripple voltage should be
kept at minimum value. Applying the concept of small
ripple approximation, the expressions of L,L,LC,C,
and C with reference to current and voltage ripples are
derived. In mode 1 and mode 2 the current of the in-
ductor increases from a lower level to higher level, say
l,,tol,, and in next mode, the current drops from s
tol,. So, the current ripple is observed to be

Alyy =1l =1y, , f—frequency
di
L—H=V+V. (17)
" 177
f=1/TwhereT is the total switching time period.
V.+V,)\D, + D
A[“:(1 ,)(D,+D;) .

L,

Assuming L, is charged linearly during the period t,

andt, froml . andl,, theinductor currentripple is

_(n+%)(Di+Dy) )

L2
/L,

The values of inductors and capacitors are obtained
from the following equations

L= i+ V})A(IDI +D,) (20)
L1

QZM+?£?+@) on
L2

c-In(-D) 22

fAVCI
C :M (23)
’ fAVCZ

4 Simulation and experimental results

4.1 Simulation:

The simulation model of the non-isolated zeta-zeta
converter is developed with the help of MATLAB Sim-
ulink. The simulation results of the converter operating
in CCM are shown in Figure 10.a and Figure 10.b. These
waveforms were observed when the converter was
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operated in unidirectional topology.ie only switches S,
and S, are turned on and switch S, remains off. The cur-
rent flows only from source to the load in unidirectional
mode of operation. The voltage across the switches S,
and S, varies with change in duty cycles. The inductor
currents | and | , prove that the converter is operated
in CCM mode and shows variations in time graph. The
converter was simulated with the parameters as fol-
lows: L, and szith 33mH, C1and Czwith 100 uF. The fil-
ter inductor L,= 1000puH and filter capacitor C,= 140 uF.
Theinductor currents|  and | , prove that the converter
is operated in CCM mode and shows variations in time
graph. Also, the variations of charging and discharging
voltages across capacitors C,and C, are shown in the
plot. The simulation results of the converter operating
in CCM are shown in Figure 10.a and Figure 10.b.

VOLTAGE ACROSS SWITCH S1
T T

I i

0.0354 0.0356

CURRENT THOUGH INDUCTOR L1
— T T

0.0354 0.0356
VOLTAGE ACROSS CAPACITOR C1
T T

0.035 0.0352 0.0354 0.0356 0.0358 0.036

Figure 10a: Waveforms when PVSC1 supplies
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Figure 10b: Waveforms when PVSC2 supplies

These waveforms were observed when the converter
was operated in unidirectional topology (only switches
S, and S,are turned on and switch S,remains turned off).
With duty cycles D, = 30% and D, =50%, the ~converter
boosts the input voltages, V.=V, =20V to V, = 60.73 V
and | =1.084 A at R= 42 Q. The output  voltage and
output current waveforms are depicted in Figure 11.

During turn on process of switches S, and S, the bat-
tery charges from the initial state of charge as shown
in Figure 12. The initial state of charge (SOC) is taken
as 5%. From the waveforms of battery parameters, the
battery is charging in this case, as the SOC is increas-
ing in nature. Therefore, when supply voltage is greater
than the battery EMF, Source 1 (PV) supplies power to
the load.
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Figure 11: Output voltage and output current wave-
forms.

" I | |
x| SOC of Battery (15V) with 5%
initial state of charge
Vo (V)m
502 b=
5 J

| o
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Figure 12: State of charge (SOC) of battery while charging

Figure 13, shows the MATLAB simulink outputs ob-
tained for an input voltage of V, = 25V and the boosted
output voltage is V= 42V for a duty cycle of 70%., ob-
tained across an output load resistor of 10 Q.

T

*Vo=42V
V1=: 25V, D1=70%

TIo [ I=5.2A, R= 10ohm
(A),

; |
t (sec) 0.1

|
0 0.05

Figure 13: Output voltage and current when battery
is charging.

As soon as switch S, is closed, the current through in-
ductor and voltage across the capacitor increases due
to discharging action of the battery as shown in Fig-
urel4.

When E >V, the battery which has charged in the previ-
ous cycle discharges and gives power to load which is
shown in Figure 15.

VOLTAGE ACROSS CAPACITOR C2
T T

I 1 I 1 I 7]
0.0958 0.096 0.0962 0.0964 0.0966 0.0968 0.097
CURRENT THROUGH INDUCTOR L2

S F— T

2306~

23041 =

" " : : : +
0.0958 0.096 0.0962 0.0964 0.0966 0.0968 0.097

Figure 14: Inductor currents and capacitor voltages in
bidirectional converter when battery is discharging
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0 0.1 0.2 03 0.4

t (sec)

Figure 15: State of charge of battery while discharging.

The initial state of charge (SOC) is taken as 80%. From
the waveforms of battery parameters, it is clear that
the battery is discharging in this case, as the SOC is de-
creasing in nature.

The measured output voltage, Vo(actual) from the sim-
ulink model are cross-verified with the estimated out-
put voltage Vo(estimated) for different sets of voltage
inputs (V,, V,) along with duty cycles (D,, D,) and are
tabulated in Table 2 and Table 3.

Table 2: Actual Values and Estimated Values of Output
Voltage for different supply Voltages

V, D, D, Vo (V) Vo (V)

W) |V 96) | @) | (actual) | (estimated)
24 12 30 40 37 40

30 | 15 | 30 | 50 75 825

20 | 20 | 30 | 50 63 65

25 | 20 | 30 | 40 48.5 51

30 | 20 | 30 | 50 90 93

36 24 30 40 65 68

36 | 24 | 30 | 50 109 1125
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Table 3: Actual Values and Estimated Values of Output
Voltage when the Battery is charging

Vi | EV | DO | (&0 | (eotimated)
24 12 30 8 10.28
30 15 30 11 12.85
25 20 30 10.5 10.7

The results in the tables above further helps in plotting
voltage gain and regulation curves. The estimated and
actual values were compared.

4.2 Design of controller for the proposed zeta-zeta
converter:

The intention of controlling a converter is to maintain
a constant output voltage on the load side. Hence a
closed loop feedback controller has been provided in
the three-port zeta converter circuit. This is such that
it feeds the dc load with constant output voltage with
low ripple. Figure 16 shows the block diagram of the
closed loop controller used for controlling the switches
in the multiport converter.

PV PANEL
PROPOSED > DC
THREE PORT LOAD
ZETA
CONVERTER
- e
BATTERY ? V
CONTROLLER

Figure 16: Block diagram of the multiport converter
with controller

Small-Signal model of the controller:

When the converter is operating in continuous conduc-
tion mode, the circuit is realized in two modes. They are
when the MOSFET turns on, it is in charging mode and
when the MOSFET turns off, it is in discharging mode.
In order to design a suitable controller for this system,
a small signal model is developed using state-space av-
eraging (SSA) technique.
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The state space equations are given by

) _ s (1)+Bu) @24

dt

y(t) =Cx (t) +Eu (t)

Where A is the system matrix, B is the control matrix, C
is the output matrix and E is the identity matrix. On per-
turbation, the steady state solution for the proposed
converter can be determined from the above equa-
tions resulting in

X=-A"BU
=(-CA'B+E)U 27)

Where X is the state vector, U is the control vector and
Y is the output vector.

(25)

(26)

The transfer functions of the closed loop controller sys-
tem are derived by using SSA method.

i) The voltage gain of the zeta-zeta converter (when PV

is supplied):

Vo(s)/ Vin(s) =[(4x(10176 (s~ 2+[10]76))/
(s72+20.1s+1.208x [10]75) (28)
(s72+29.95+8.279x (10]76))

ii) The voltage gain of the zeta-zeta converter (when
battery is supplied):

Vo(s) _ 6.5x10°
Vin(s) (s2+50s+5x106)

(29)

The transient state of the converter can now be deter-
mined using these transfer function relations. Since
PV is used as input, the output voltage may vary with
respect to the input. Hence Pl Controller has been de-
signed for the multiport converter in order to maintain
a constant output voltage. This closed loop control sys-
tem has been performed in MATLAB environment. The
proportional gain constant K_and integral constant K|
were obtained by Zeigler- Nichols Pl tuning method
The K was taken as 100 and K as 0.1 in the Pl controller.

A constant output voltage of 61V was obtained for an
input voltage of 20V. When there is a change in load,
the voltage slightly changes from one state to another,
but still resumes the same constant output voltage of
61V. This change is known as transient as shown in Fig-
ure 17.
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O Vret= g1y | MVin=20v |
Vo =61V
= Transient at lead
VoM - change, R = 100hm
° l
l | |
8 ! I !
~ lo=6A
Jn N
To(A) Transient at load
. change, R= 10ohm
J
1 | J
02 24 04
t(sec)

Figure 17: Simulated Output voltage and output cur-
rent waveforms of closed loop converter.

A reference voltage of 61V was set in the controller.
The output voltage was observed as 61V for a 15Q load
resistor. When the load was varied to 10Q, there was
a small transient (at t = 0.25sec) in the output voltage
and output current. But the output voltage and current
were maintained at the same constant values due to
the action of the controller as depicted in Figure 17.The
peak overshoot during open loop is 23% and it is 1.6%
in closed loop. The steady state error has also been re-
duced to 0.01. In case of load changes, the multiport
converter delivers a constant output voltage. Thus the
use of controller results in constant output voltage.

The proposed zeta-zeta converter was simulated us-
ing MATLAB Simulink environment. The waveforms of
voltage across the switches S, S, inductor currents and
capacitor voltages are shown. When both sources are
supplied with 20V input, the converter boosts to 61V
output voltage and 6.29A output current, with 30%
and 50% duty cycles. When PV voltage is greater than
the battery voltage, then PV will supply the load. The
initial SOC for charging is 5% and for discharging it is
80%. From tables 3 and 4, the simulated values are clos-
er to the estimated values of output voltages.

4.3 Hardware results

To illustrate the performance, a prototype model of
bidirectional three port zeta converters, controlled by
dSPACE real time controller is built with the specified
parameters. The hardware set up is as presented in Fig-
ure 18.aand Figure 18.b.The power stage of this system
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consists of three port zeta topology with a load resist-
ance of 50 Ohms. Switching devices IRFP 450 MOSFETs
with switching frequency 38 kHz act as switches S, S,
andS..

The view of the proposed multiport zeta-zeta convert-
eris clearly shown in the hardware circuit of Figure 18a.
The output voltage is shown in a closer view. Figure
18b shows the complete hardware set up of the pro-
posed converter with dSPACE controller.

Figure 18a: Zeta-Zeta Hardware prototype

In this zeta-zeta converter prototype we have three
MOSFET switches (S, S, and S, three inductors L, L,
and L) and capacitors C,, C, with a coupling capacitor C.
Inthe input side a photovoltaic cell of 3 watt power and
a lead battery with voltage of 12 volts is applied. The
developed circuit behaves as a dual input single output

converter.

o & o

Figure18b: Zeta-Zeta Hardware Interfaced with

dSPACE Controller
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Here dSPACE controller DS1104 is employed as real 6 min Battery Voltage 12V
time controller to interface the hardware with the soft- 7 Max Load Resistance 500
ware based modeling framework in MATLAB SIMULINK.

It is a real time processor with comprehensive I/0, on 8 Inductances, Ly, L, 33mH
a single board. Using MATLAB in dSPACE control desk, 9 Capacitances, C;, G, 100 pF
the PWM pulses are generated. The digital signal is con- 10 Max Output Voltage 110V
verted to analog signal through D/A converter within 1 Output Current 6.4 A
the controller. Thgse PWM pulses help in driving the 12 Max Output Power 250 W
three MOSFET switches IRFP450. The response of the -

real time system was observed to verify the designed 13 Max Efficiency 96%
converter topology. By varying the duty ratios of both 14 Switching Frequency 38 kHz
switches, the amount of power drawn from each source 15 Filter inductor 1000 pH
could be varied. The switches are triggered by applying 16 Filter capacitor 140 uF

suitable gate pulses.
The PV cell structure has been designed in accordance

el X2 RD-2ue . s with the proposed dc-dc converter. The input and out-
put voltage values, for a particular duty cycle is shown
Vou 8oV in Table 4.
R s i e = e The waveforms of the inductor current across inductor
. L, is shown in Figure 20a and Figure 20 b. The induc-
e O3 PRERXIXIES 1Y tor current waveform provides continuous conduction
mode of operation.
G INETEX e w =200, Ous Frut ¥ s
-r.
@ Sus o EDCE JSC /
0 33.6543kHz I
Figure 19: Output Voltage of the hardware prototype. .
(y —axis: 1div =50V)
Input voltages of 20 V with 30% and 50% duty cycles
were fed to the converter. An output voltage, V= 60V
and output current of 6A were obtained with load re-
. P : o EDGE FD
sistance of 10 Q as shown in Figure 19. From the Figure, © 38,0432

it is evident that the proposed three port zeta convert-
er does not lose the advantages of conventional zeta Figure 20a: Waveform for Inductor current (1)
converter such as low output voltage ripple.
G ETER ve v -208, Bus Auto O ™
The reverse charging property of the input ports can -
also be shown if one of the input sources is a battery.
The input source which is a rectified dc supply can ! i e i 7
be replaced by a battery. This can be used in battery I2
charging applications.

Table 4: Major specifications of the prototype

SLNO PARAMETERS VALUES
1 V mp 14V
2 I mp 6A
3 Voc 175V o EDGE JFD
4 I'sc 6.67 A SR
5 min Input Voltage 20V Figure 20b: Waveform for Inductor current (I ,)
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Figure 21.a and Figure 21.b depicts the voltage wave-
forms across the switches S, and S, respectively.

G~ 0T I ver =188 Ous L
| '
|
" |
o s 0 EDGE  SDr
0 38.00-‘in
Figure 21 a: Voltage across Switch S,
L vevy =222, 0us i * M
v -
» { sl t '
@ S0us 0 EDGE SO
0 38 .004kHz

Figure 21b: Voltage across Switch S..

Two separate sources with varying power sharing ca-
pability could be interfaced using the proposed con-
verter with a common load.

For obtaining proper control on battery charging, a bi-
directional switch could be implemented in one port.
The charging current of the battery could be adjusted
with a control algorithm. When pulses are simultane-
ously given to both switches, power is drawn equally
from both sources. This proves the validity of our cir-
cuit. This makes the topology applicable in hybrid
systems. In the case of a hybrid system, the maximum
power tracking from the sources could be controlled
individually independent of the other source.

The practical values of ripple currents and ripple volt-
ages have been calculated as follows:

The output voltage ripple, AV = 60.724 - 60.715 = 9mV
and the output ripple current, Al = 1.08415-1.08435
= 0.2mA. This low output voltage ripple makes it well
suitable for dc load applications such as biomedical
instruments, LED lightings etc. that require low ripple
input voltage.

4.4. Comparative Evaluation

The implemented hardware of zeta-zeta multiport con-
verter was operated with varying load resistances fed
with input source V, and battery voltage E. The efficien-
cy, voltage gain and regulation of the converter were
determined and compared with existing conventional
converters.

4.4.1 Efficiency

The main causes of power dissipation in any dc-dc con-
verter are due to the conduction losses in the induc-
tors and switching and conduction losses present in
the switches and diodes in the converter.

PSWITCH + PDIODE + PINDUCTOR + POUT = PIN (30)

Since the converter is operating in continuous conduc-
tion mode, the inductor current ripple is fairly small,
compared to the other dc losses in the converter.
Hence considering those losses alone, the operating

efficiency, 1 for varied output power is determined for
the multiport converter.

. Pour
n= 31
Pour * Prosses

The efficiency curve shown in Figure 22 depicts that
maximum efficiency of the proposed converter is ob-
tained around 335W with input voltages V, and E both
being supplied. The efficiency curve of the proposed
three port zeta-zeta converter was compared with the

OUTPUT POWER Vs EFFICIENCY
98

%
O
=

b o4 ./’"_._—H- v TV——e
44 —w—a— i a—y
fop |w—
=90 e —
A

0 150 300 450

OUTPUT POWER (W)
—+— ¥1=36V FOR THEPROPOSED CONVERTER

—#— E= 24V FOR THE PROPOSED CONVERTER

—— QUADRATIC BOCST-ZETA CONVERTER [33]

Figure 22: Output power Vs Efficiency curve
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quadratic boost-zeta converter [33] with an input volt-
age of 24V.The proposed converter has proved to show
an efficiency of 96.2% higher than the conventional
converter.

4.4.2. Voltage gain

The voltage gain of the converter (equation 10) with
voltages V. and V, of topology 1 has been determined
by varying the duty cycles. The voltage gain curve plot-
ted for the proposed zeta-zeta converter has been
shown below.

DUTY CYCLE Vs VOLTAGE GAIN

E 8 / || /*:
g 4 Py /4
0 e

DUTY CYCLE
——PROPOSED ZETA-ZETA CONVERTER
—#—QUADRATIC -BOOST ZETA CONVERTER [33]
~—4+—ISOLATED ZETA CONVERTER [34]
HIGH STEP UP CONVERTER [25]
—#—BUCK BOOST DC-DC CONVERTER [37]

Figure 23: Duty cycle Vs Voltage gain-Comparison of
different converters

The voltage gain curve of the proposed zeta-zeta
converter was compared with the existing quadratic
boost-zeta multiport converter [33], an isolated zeta
converter [34], high step up converter [25] and buck
boost dc-dc converter [37] as shown in Figure 23. From
the comparison plots, it is visible that high voltage gain
is obtained at 50% duty cycle, from the proposed zeta-
zeta multiport converter. Whereas the voltage gain for

LINE REGULATION

£150
-

-]
£100 -

—4— Vo (estimated)

OUTPUT VOL
w
(=]

—m— Vo (actual)

o
[y
o

25 35
INPUT VOLTAGE (V)

45

Figure 24: Line regulation curve-comparison of esti-
mated and actual values
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the other conventional converters are slightly lesser
than the proposed converter shown in this paper. This
shows that the three-port zeta-zeta converter has high
voltage gain at lower duty cycle.

4.4.3 Line regulation and Load regulation

The power supply regulation is another vital factor to
consider in the design of a dc-dc converter. The pro-
posed multiport converter is supposed to maintain a

constant output voltage for variable load conditions.
The regulation curves were plotted and the actual and
estimated values are compared. For varying input volt-
ages, the output voltages (Table 2) were compared
with the hardware prototype and the line regulation
curves were plotted. Figure 24 shows the line regula-
tion curve that was plotted by maintaining the output
current constant and compared with the estimated
output voltage.

By maintaining a constant input voltage, the output
currents were varied by changing the load and the cor-
responding output voltages were measured. Figure 25
shows the load regulation curves that compare the cal-
culated and estimated values.

When the converter is applied to a load, where a con-
stant output voltage is required, there might be con-
ditions wherein some sudden variations in load occur.
But even then, the converter output must cast a con-
stant output voltage. The load regulation curve proves
to show constant output voltage.

LOAD REGULATION

e 70
W60 —g——l—————%
%50
g 40 —— Vo {estirated)
> —#— Vo (actual)
E 30
= 20
=
© 10
0 2 4 6

OUTPUT CURRENT (&)

Figure 25: Load regulation curve — comparison of esti-
mated and actual values

4.4.4 Voltage Stress

The voltage stresses across semiconductor devices oc-
cur during the transition period and when the device
is reverse biased. It depends on the applied worse case
voltage and the rating of the semiconductor device.
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The voltage stress across the switch V, for the pro-
posed three port converter is determined as,

= L (32)
(1+ D)

Sw

The peak switching current stress is approximately the
reversal ratio of the resistance of the load.

1
I, =10[1_Dj+

where | is the peak switching current of the switch.

RD

2Lf (1+ D) .

VOLTAGE STRESS ACROSS MOSFET

SWITCHES

100
9 €
28
b; o
M=
< »
1= wn
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—— MOSFET SWITCH 1
—m— MOSFET SWITCH 2

Figure 26: Variation of voltage stress across switches
Vs duty cycle.

Figure 26 shows the comparison graph of voltage
stress across MOSFET switches S, and S, with varia-
tions in duty cycle. During the turn on and turn off of
the switches of both topologies, there occurs voltage
stress across the switches. As the duty cycle given to
the switches increases, the voltage stress curve steeps
down wherein the steep is very lesser in a conventional
buck boost converter.

Thus the comparison graphs of varied parameters such
as efficiency, voltage gain, line regulation and load reg-
ulation curves have been illustrated above to prove the
versatility of the designed three port zeta converter.

5 Discussion

The utilization of renewable energy persuades the de-
velopment of new dc-dc converters. In particular, usage
of more than one renewable source at the same time
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has led to the invention of multiport converters. The
proposed zeta-zeta multiport converter is a multi input
single output converter operable in unidirectional and
bidirectional modes. The converter has been analyzed
and designed to meet the load criteria. Simulated and
hardware outputs have been shown. With input voltag-
es of 20V, the converter delivers output voltage of 60V
and output current of 6.29A. The converter provides a
very low output voltage ripple of 0.5 mV.

The efficiency curve has been plotted and compared
with an existing converter. It shows higher efficiency.
The converter proves to show high voltage gain for the
same values of duty cycle when compared with other
existing converters for which plots have been shown.
The voltage conversion ratio is 10.1 at 60% duty cycle,
whereas the other conventional converters that were
compared shows higher gain at higher percentage of
duty cycles only. The converter is proficient to deliver
a wide range of output power from 20W- 450W. The
estimated and actual values of output voltages and
currents have been depicted through regulation char-
acteristic curves. This multiport converter proves that
renewable energy can be imparted and maximum util-
ity of the converter can be obtained to obtain uninter-
rupted power supply. Focusing on the current electrical
power issue scenario, the proposed converter is highly
feasible for renewable energy applications.

6 Conclusion

A non-isolated three port zeta converter proposed in
this work facilitates the inclusion of additional sources
due to its inherent multiport topology. The proposed
three port zeta converter holds PV sources and battery
as its essential embodiments. The control approach
that has been discussed, has elaborated the versatility
of the work with different constraints. The circuit has
been simulated in MATLAB Simulink. A prototype of
the multiport zeta converter with the real time dSPACE
controller has been implemented and their experi-
mental results have been discussed. The steady state
analysis and the results reveal the effectiveness of the
proposed system for various cases. Even for a low volt-
age input, the converter is capable of giving a large
output voltage. Efficiency, voltage gain, current and
voltage ripples and switch voltage stress have been
determined. This converter with high voltage gain and
low output voltage ripple complements for biomedi-
cal instruments and LED lighting purposes that require
input voltages with less ripples. The proposed non iso-
lated multiport converter thus finds the optimum way
of utilizing renewable energy sources.
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