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Abstract: In this paper, a multi-port non-isolated SEPIC converter is analysed for integrating with the renewable energy
source and also losses and efficiency are calculated. The proposed converter utilizes a single stage power conversion,
thereby providing higher energy efficiency. The proposed structure comprises of a combination of Pulsating Voltage Cells
(PVC) and Pulsating Voltage Source Cell (PVSC) on the input side and a Pulsating Voltage Load Cell (PVLC) on the
output side. The two topologies involved are Multi Input Single Output (MISO) and Multi Input Multiple Output (MIMO)
which are bidirectional. The efficiency of the proposed multi-port converter has been calculated by determining the
switching stress of the power electronic switches used. The proposed multi-port SEPIC converter considers the entire
system to be a single-stage converter, and promises higher energy efficiency.

INTRODUCTION

The recent trend sees an ever-expanding market for renewable energy based power generation to serve
as a viable replacement for conventional fossil fuel based power generation. Such power systems need to be interfaced
in a proper manner to efficiently handle various energy sources. With multiple inputs of power supply we could
combine their advantages, increase the reliability of the system and effectively utilize the energy sources.
Conventional multi-input power converter (MIPC) consists of multiple sources fed through separate converters that
make the structure Complex and control technique difficult.Because of this reason the implementation effort of MIPC
is high. [1-5].The Fig.1 shows conventional Multi-input converter diagram.

- DC Bus
Fuel cell

Batery

FIGURE 1. - Conventional Multi-input converter
To overcome these difficulties in MIPC, Multi Port Converter (MPC) is of potential interest in generation

systems utilizing multiple renewable energy sources. In MPCs, multiple sources are fed to the load by a single stage
modified DC/DC converter. This leads to reduce the complexity the structure as well as the control technique. [6]

MPCs are basically classified into four categories as follows:

1. Based on topology (series and parallel)

2. Based on port placement (SISO, MISO and MIMO)

3. Based on coupling (isolated and non-isolated)
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4. Based on conversion process (unidirectional and bidirectional). [7-8]

SELECTION OF CONVERTER MODEL

By connection of sources in series there is certain problems like-

» The current of the entire string is limited by the weakest current.

» Voltage-sagging results in excessive demand on converter designs.
To overcome these problems, parallel-connected topologies are employed.

As renewable energy sources are intermittent in nature, usage of storage devices is necessary to improve
reliability of the system. Bidirectional MPC consists of bidirectional ports that can be utilized for connecting storage
devices. Isolated MPCs are derived with the help of magnetic coupling (through multi winding transformers).These
MPC:s are sensible in case of applications involving isolation and bidirectional conversion. The major disadvantage is
presence of transformer and large number of active switches that result in a bulky structure.So we opt for a Non-
Isolated structure that does not use transformer and gives us a simple and economic structure.[9-12].The Fig.2 shows
proposed Multi port structure diagram.

PV Channel 1

PV Channel 2

Bidirectional
Multiport

Fuel cell
DC Load

Battery “

FIGURE 2. - Proposed Multi port structure
DC-DC converters are usually used to vary the input voltage or change its polarity. A DC/DC converter operates
by rapidly switching on and switching off a switch. There are different types of DC/DC converters that can be used
for the implementation of multiport structure.[13-15]
Some of them are Buck converter, Boost converter, Buck-Boost converter, Cuk converter, SEPIC etc. In this
project the proposed structure is a parallel connected non-isolated SEPIC/SEPIC bidirectional MPC.[16-17]

Advantages of Proposed Converter model:

e In SEPIC converter the input current is continuous unlike in buck-boost converter thus SEPIC converter has
better power factor than buck-boost converter

e  SEPIC converter has a non-inverting output which is not available in Cuk converter and Buck-boost converter.

e In SEPIC converter a capacitor is connected in series for coupling the energy between input and output. So
when the switch is turned off, its output comes down to OV.

e The proposed converter can be used in applications that require separate voltage levels with bidirectional
current path.

o The possibility of using different energy sources with different voltage-current characteristics, lower cost,
continuous input current, and transformer-less output are the major advantages of the converter.

SEPIC CONVERTER

The SEPIC converter is one of the first generation developed DC/DC converter that allows the output voltage
to be more, less or equal to its source voltage. Fig.3 shows the Schematic of SEPIC converter.
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Working of Sepic Converter

FIGURE 3. - Schematic of SEPIC

The structure of SEPIC converter is illustrated in Figure 3.1t is a fourth order converter that consists two inductors
(L1 and L»), two capacitors (C; and C,), an active switch S and a diode D.

The features of SEPIC topology over other topologies are listed:

e  Steps up/down its input voltage.

e  Produces non-inverted voltage output.

e Low input current ripple due to the input inductor.

e Enhanced efficiency and higher voltage transfer ratio.

The duty ratio controls the semiconductor switch in the SEPIC converter and regulates the output voltage. A series
capacitor is an energy buffer which transfers source power to the load.

Turning ON the switch it makes the total input voltage to be appearing across the inductor L;. Hence, the inductor
current Ir; increases linearly. The buffer capacitor C; is assumed to be pre-charged. It discharges and magnetizes the
inductor L,. Therefore, the inductor current 1, increases linearly. Meanwhile, the load is maintained by the capacitor
Co.

During this state, both the voltage source and the inductor transfer their energies to the capacitor C; and load as
illustrated in Figure 3.The current flows in the path L;-C;-D-C>&R-V. Also, the inductor L, starts demagnetizing and
supplies power to load through diode D;.

PROPOSED BI-DIRECTIONAL THREE PORT TOPOLOGY

FIGURE 4. Proposed Bi-directional three port SEPIC Converter
Modes of Operation
Mode-1: S; ON, S; OFF (D)

The equivalent circuit configuration of the proposed Bi-directional three port SEPIC Converter during this mode
have been presented in FigureS. In this state, S; is turned ON for the duty cycle D, But, S, and S3 are not conducting.
The energy stored in the capacitor C; is released to charge capacitor C, through switch S; and antiparallel diode of S,.
Also, capacitor C; magnetizes the output inductor L. The energy stored in L, freewheels through the battery and
charges it. The source (V) magnetizes the inductor L;. The positive voltage appearing on inductors, linearly increases
their currents. Because of the reverse voltage on the anti-parallel diode of S, it is not conducting. Hence, the capacitor
C caters power to the load.
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FIGURE 5. - Mode-1: S; ON, S; OFF
Mode-2: S; OFF, S; OFF (1-D)

All the switches Si, S; and S3 are OFF. The equivalent circuit of this state is depicted in Figure 6. The source V at
port-1 together with stored energy inductor L; charge the capacitor C;. Since S, is OFF, the capacitor C, discharges
and charges the battery through the inductor L,. Due to this L, stores energy. The source V along with the output
inductor supplies power to load through the anti-parallel diode of Ss.

FIGURE 6. - Mode-2: S1 OFF, S2 OFF
STEADY STATE ANALYSIS OF THREE PORT TOPOLOGY

Both the modes of operations are considered to be in CCM. The steady state equations of each mode are given
below:

Mode-1: S;ON, S> OFF (D)

i =V )
L2 _
2o T E 2
1
Ld—tL =Ve1 (3)
v, av .
C;v dfl 52 d'fz +i S
C C
Co = "%
(%)
Mode-2: S, OFF, S, OFF (1-D)
divs _ _
Li—=V-Va—- V% (6)
L, %2 = Ve, —E— Vo ()
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diy,

L4= (Ve =BE) = Ve (8)
av, .

C1TC1 = 12 )
av ) . , v

Cd_tcz i, + (i, — le)_?c (10)

In steady state condition,% =0and Vci =V, Vo=V and Vc = Vo

So we have,

Vg = DV+(11—_DD)(V—E) (11
The above expression represents the output voltage of the topology during charging state.

Vo = DEtDent (12)

The above expression represents the output voltage of the topology during discharging state.

LOSSES AND EFFICIENCY CALCULATION FOR THREE PORT TOPOLOGY

All the values of the parameters considered below are taken from their respective data sheets.
For IGBT (FGA15N120FTD)

Conduction losses = Veg(sar) X Ic + Ron X I¢?

=1.58 x 15 + 0.001 x 152
=23.925W

Switching losses = (EontEorr) fow
= 0.88m] x 5 x 10°
=4.4W

For IGBT/Diode (H15R1203)

Conduction losses = Vg sqry X Ic + Roy X I¢?

=1.48 x 15+ 0.001 x 152
=22.425W

Switching losses = (Eont+Eorr) faw
= 0.7m] X 5 x 103
=3.5W

Total Losses = Switching losses+ Conduction losses
=23.925+4.4+22.425+3.5
=5425W

Output power =V, X I, =194.35 W

Efficiency = Output power 100

Output power+Losses

%mn="78.18.
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PROPOSED BI-DIRECTIONAL FOUR PORT TOPOLOGY

L < L
. N ==c3 ZR1 ==ca Rz
v1 —l—. E —l_'

FIGURE 7. - Proposed Bi-directional four port SEPIC Converter

Modes of Operation
Battery Discharging (V<E)

In this mode, both the switches S1 and S2 operate for duty cycles of D1 and D2. Assuming the Steady state average
conditions to be:
% =0, V1= Vi, V= E, Vas=Vor, Ve=Ve

Considering D1>D2 in discharging mode, the output equation can be given as:
DyE+DeggfV

V, =
0 1-D,

Battery Charging (V>E):
Mode-1: S1 ON, S2 OFF

In this mode switch S;is ON and remaining all switches are OFF. The battery charges through the energy
stored in the inductor L,when switch S; is close, the inductor L, charges from source V and C; discharges through
S1.The load current is supplied by individual capacitors C; and C,.Fig.7 shows the proposed bi-directional four port
SEPIC Converter. Fig.8 shows the mode 1 operation of the converter.

IE L

+ +

+ - +pn—
L + +

N + =C3 R1 =—=C4 R2

T T '

—

FIGURE 8. Mode-1: S1 ON, S2 OFF

Mode-2: SI OFF, S2 OFF
In this mode of operation, all the switches are OFF because the battery has to charge. The capacitor C1 charges

from the source voltage V and C, discharges through the inductor L,and battery which charges the inductor L,and the
battery. The load is maintained by the output capacitors.Fig.9 shows the mode 2 operation of converter.
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FIGURE 9. - Mode-2: S1 OFF, S2 OFF
Steady State Analysis of Four Port Topology

Both the modes of operations are considered to be in CCM. The steady state equations of each mode are given

below:

Combining all the equations with their respective duty cycle the steady state equations of the four port topology

Mode-1: S;ON, S: OFF

L=y (13)
L, %2 = —E (14)
LG =V, (15)
G o2 = (T iy (16)
C o = — 12 (17)
Coopt = — (18)
Mode-2: S; OFF, S; OFF
LTt =V — Vg — Ve (19)
Ly S =V — Ve, — Ve (20)
L2%= Ve, — E — Ves @21
L, d;% = Ve, —E— Vg, (22)
L% = (Ve —E) — Vgs (23)
LSk = (Ve — E) — Ve (24)

can be written as follows:

dipg

Ll at = D1V + (1 - Dl)(V - VCl - Vc3 - Vc4 (25)
N
Ly—2= —DiE+ (1~ Dy)(Vez — E — Ves — Vea) (26)
.
LS = D;Ver + (1= D) ((Vez = E) = Ves — Vea) (27)
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dv, VcsD1
C3 ¢és _ _ vcs

at R, (28)
C, Tt = — e (29)
In steady state condition,% =0and Vci =V =V and Vez = Ves = Vo
So the output voltage expression will be
Vo = = (30)

Reverse Power Flow from Load to Source
Mode-1: S3 OFF, S4 ON
In this case the switch S4 is ON and remaining all switches are OFF. It is assuming that the back emf is greater

than battery voltage then the power will flow from load to source through the path E;, S4, D, ,L, and charges the
battery E .In this case some anti parallel diodes has taken in order to divert the path of energy flow which makes
capacitors as open circuit.

| f‘d l
T T

FIGURE 10.- Mode-1: S3 OFF, S4 ON

A

L=+

=C3 R1

L=+

Mode-2: S4 and S3 OFF

During this mode all switches are OFF. The stored energy in L, freewheels and follows a path L, E, anti-parallel
diode of S, and L, thus charging the battery.

T T

FIGURE 11. - Mode-2: S3 OFF, S4 OFF

L+
1=+

Small Ripple Approximation

Following the individual mode equations, the expressions of L, Lo, L, C;, Cs, C3 and C4 with respect to current
and voltage ripples is given below:
VD,
T fAIL,

(1)
__ ED,
T fAIL,

1

2

(32)
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— Ve3Ds
fAIL
I 1-D
C, = L1(1-D1)
fAVcq
_ Ip2(D1+Dy)
Cp =———
fAV G,
_ Vc3(D2+Dp)
Cy=———
fRAV 3
VcaD
C, = caD2
fRAVC,

Using the above formula we can calculate the values of inductor and capacitor.

Losses and Efficiency of Four Port Topology

All the values of the parameters considered below are taken from their respective data sheets.

For IGBT (FGA15N120FTD)

Conduction losses = Vg sary X Ic + Ron X I¢”
=158 x 15+ 0.001 x 152
=23.925W

Switching losses = (EontEorr)fsw
= 0.88mJ x 5 x 103
=4.4W
For IGBT/Diode (H15R1203)
Conduction losses =Vg sqr) X Ic + Roy X I¢?
=1.48 X 15+ 0.001 x 152

=22.425W

Switching losses = (Eont+Eorr) fow
=0.7m] x 5 x 103
=3.5W
Total Losses = Switching losses+ Conduction losses
=23.925+4.4+22.425+3.5
=5425W
Output power =V, X I, =255 W

Output power 00
Output power+Losses

Efficiency =

255
= X 100
309.25

%1 = 82.46

140002-9

(33)
(34)
(35)
(36)

(37)



RESULTS AND DISCUSSIONS

Simulink Model for Three Port Topology

]

i

YUY Y99Y 9%
il

FIGURE 12 -. Simulink Model for bi-directional three port topology

Analysis of Waveforms of three Port Topology

V=50V, E=60V, D1=70%, D2=60% V= 142.54V

V=50V, E=60V, D1=70%, D2=60%, 1o;= 7.92A

FIGURE 13.- Output voltage and current waveforms of topology (discharging)

In the proposed three port topology the values of sources V and E are given as 50 V and 60 V respectively
during discharging mode. During discharging mode we are considering D1>D2 so the switches 1 and 2 are operated
with a duty cycle of 70% and 60% respectively. The output voltage obtained is 142.54 V and output current is 7.92 A
as shown in figure 13.

The simulation is done for different values of V and E with duty cycles D1 and D2 to compare simulated values
and the calculated values as shown in Table 1.
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TABLE 1. Actual and calculated output voltage of three port topology for different set of supplies with D2 constant
(Discharging)
V E DI D2 Vo Vo
(sim) (cal)

10 15 8 60 665 76.6

15 20 80 60 71 75

30 35 75 60 1005 102

40 50 70 60 1145 1133

45 55 65 60 103.5 100.7

V=25V, E=15V, D=75%, Vo= 59.64V

V=25V, E=15V, D=75%, loi= 2.98A

FIGURE 14.- Output voltage and current waveforms of three port topology (Charging)

In the proposed three port topology the values of sources V and E are given as 25 V and 15 V
respectively during charging mode. During charging mode we are considering D1< D2 so the switch 1 is operated
with a duty cycle of 75%. Here in the charging mode only switch 1 operates so only D1 is varied. The output voltage
obtained is 59.64 V and output current is 2.98 A as shown in figure 14. The simulation is done for different values of
V and E with duty cycle D to compare simulated values and the calculated values as shown in Table 5.2. The current
and voltages through the inductors and capacitors on the source and the load side are shown in figure 15.
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Vci ]

FIGURE 15.- Waveforms of voltage and current components in PVSC1, PVSC2 and PVLC (Charging)
TABLE 2. Actual and estimated output voltage of three port topology for different set of supplies (Charging)

\% E D Vo Vo
(sim) (est)

15 10 85 103 90

20 15 80 93 85

35 30 75 110 110

50 40 70 132 126.67
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5.3

Simulink Model for Four Port Topology

]

R AP A G A A ¢
C 1Y

{0 L OO

b

FIGURE 16. - Simulink Model for bi-directional four port topology

5.4  Analysis of Waveforms of four Port Topology

V=20V, E=36V, V(= 62.88V

V=20V, E=36V, [;;=3.144 A

FIGURE 17.- Output voltage and current waveform of topology (Discharging)

In the proposed three port topology the values of sources V and E are given as 20 V and 36 V respectively during
discharging mode. During discharging mode we are considering D1>D2 so the switches 1 and 2 are operated with a
duty cycle of 65% and 50% respectively. The output voltage obtained is 62.88 V and output current is 3.14 A.

The simulation is done for different values of V and E with duty cycles D1 and D2 to compare simulated values

and the calculated values.

TABLE 3. Actual and estimated output voltage of four port topology for different set of supplies (Discharging)

\% E D1 D2  Vo(sim) Vo(est)
8 12 85 50 57.5 58.6
10 12 80 50 44.6 45
16 24 75 50 64.8 64
20 36 65 50 62.8 60
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/\ﬁﬂLE:MV Vo= 55V

/

g

/ V=36V, E=24V, I;=2.75A

FIGURE 18.- Output voltage and current waveforms of four port topology (Charging)

In the proposed three port topology the values of sources V and E are given as 36 V and 24 V
respectively during charging mode. During charging mode we are considering D1< D2 so the switch 1 is operated
with a duty cycle of 52%. Here in the charging mode only switch 1 operates so only D1 is varied. The output voltage
obtained is 55 V and output current is 2.75 A. The simulation is done for different values of V and E with duty cycle
D to compare simulated values and the calculated values. The current and voltages through the inductors and
capacitors on the source and the load side are shown in Fig.19.

I

VLML LT

FIGURE 19. - Waveforms of voltage and current of components in PVSC1, PVSC2 and PVLCI (Charging)
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TABLE 4: Actual and estimated output voltage of four port topology for different set of supplies (Charging)
A% E D Vo(sim) Vo (est)

24 12 15 16.2 16.23
42 36 30 23.86 24
36 24 52 55 51
45 30 60 82.14 82.5
CONCLUSION

The multiport topologies for SEPIC converter were studied and three port and four port bidirectional SEPIC
converters were proposed. The power management system comprises of a main source and a battery which use a single
stage modified DC/DC converter to interface multiple ports. The operation of both the proposed converters was
verified. The authenticity of the performance and operation of the converter was done with the help of simulations
and mathematical calculations. The operating modes of the topologies were verified using simulations. The switching
and conduction losses were calculated and the efficiency was determined for the three and four port bidirectional
SEPIC converter.
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