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Abstract- This paper proposes an integrated Cuk-SEPIC converter for standalone hybrid wind and photo voltaic (PV) system.
The proposed converter is developed by sharing the converter components between Cuk and SEPIC converters and it operates
in both individual and simultaneous modes, based on the availability of source and eliminates the need of input filter to
suppress the high frequency harmonics. Therefore, it has the advantage of simple structure and reduced converter components.
The proposed converter is designed and then analyzed for the hybrid wind and PV system. This study considers a 1.8 KW wind
system and a 2 KW PV system with maximum power point tracking (MPPT) algorithms of incremental conductance plus
integral control and perturbs & observes methods for wind and PV system respectively. The effectiveness of the proposed
converter is validated using the simulation results and usage of the converter is based on availability of the renewable energy

sources is presented.

Keywords Photo Voltaic, Wind energy, hybrid energy system, Cuk-SEPIC converter, MPPT.

1. Introduction

Electrical energy plays an essential role in human day to
day life and its utilization decides the standard of living. As a
result, the demand of power increases rapidly and the fossil
fuels are the major sources for its generation. The main
disadvantages of these sources are exhaustible in nature,
causes serious environmental pollution and its utilization also
crosses its limits, and expected to be exhausted in the next
few decades. So, renewable energy sources are considered as
an alternative energy sources to meet the load demand. At
present, research in electricity generation is geared up
towards the renewable energy sources (RES) due to
inexhaustible in nature, pollution free and abundant presence.

The main drawbacks of RES are uncontrollable and
unpredictable in nature. Thus it is difficult to generate require

quantity of power to meet the load demand and also the
generated power contain a lot of variations in frequency and
voltage [1]. The above problems are solvable by integrating
two or more renewable energy sources along with a storage
system. Mostly solar and wind energy sources are integrated
together because of its abundance in nature and both are
complement to each other to a certain extent [1]. Usually in
sunny days no wind occurs and strong winds are often
occurring on cloudy days or during night time. So that, when
one of the sources is unavailable or insufficient to meet the
load demand, then another source will compensate the
difference and meets the load demand. For such integration,
the system requires power electronic converters to enhance
the power transfer efficiency and to ensure reliability of the
system.
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In hybrid power generation system, different types of
power electronic converters (PEC) are used for integration of
diverse energy sources. The possible configurations of
hybrid systems are mainly AC shunt coupled, DC shunt
coupled and hybrid coupled systems [2]. For wind generation
system, back-to-back AC/DC/AC converter is used and for
PV system boost converter along with inverter is utilized. If
both PV and wind sources are integrated together, then the
system utilizes independent PEC by integrating some
component of converters to hence reduce around 25% of
power semiconductor switches [1].

Generally, two separated inverters are used for the grid
integration of hybrid energy sources by common AC shunted
method, this can be modified by single common inverter by
integrating hybrid energy sources by common DC shunted
method and this can be further modified by introducing multi
input converter for integration of hybrid energy sources and
an inverter for grid integration [2].

Many DC-DC converter topologies are proposed for
integration of different energy sources in recent years [3-5].
Hybrid renewable energy system injects high frequency
current harmonics into the system. This may increase the
heating issues and decreases the generator lifespan and
efficiency of the system. This cannot be eliminated by the
common DC-DC converter. So it requires separate input
passive filters to reduce this harmonic content, which
increases the cost and makes the bulky system.

In this paper, a new converter topology of integrated
Cuk-SEPIC is proposed for integration of wind and PV
system. The advantage of the proposed converter is to
eliminate the necessity of input filters to reduce the high
frequency harmonics and it will operate in both individual
and simultaneous modes of operation. The PV energy system
is regulated by the Cuk converter with perturb and observer
method to extract maximum power and wind energy system
is regulated by the SEPIC converter with incremental
conductance plus integral control to extract maximum power.

The major advantage of the proposed system is when
one of the sources is not available and then the other source
will supply the necessary power to meet the load demand.
Due to the alternative nature of sources, the average output
voltage of the hybrid system is the sum of PV and wind
output voltages.

This paper is organized as follows. In section 2, design
and analysis of proposed Cuk-SEPIC converter is discussed.
In section 3, power conversion analysis and operation of
closed loop system are discussed. Finally the implementation
results are discussed in section 4.

2. Design and Analysis of Proposed System
2.1. PV array

The solar cell is an electrical device, formed by the p-n
junction of semiconductor material. It converts available
solar irradiations directly into the electrical energy by the
photovoltaic effect. PV panel is formed by connecting
numbers of solar cells in series and parallel to meet the rated

voltage and current of application. The Fig. 1 shows the
equivalent circuit and symbol of the solar cell [6,7].

The mathematical modeling of the solar cell is done by
the V-I relationship of the PV system and current of a PV
panel is a function of the solar irradiation and temperature of
the panel and it is determined [6,7] by using Eq. (1),
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Fig. 1 Solar cell, (a) Equivalent circuit, (b) symbol
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where:

Ipv: PV panel current (A), i: current of PV cells at
the output terminals (A), Vp: voltage of PV cells at the
output terminals (V), Ip: current in series resistor (A), lpn:
photocurrent (A), K: Boltzman constant (1.38 *10-23 J/K),
T: Ambient temperature (K), Rs and Rq : Series and shunt
resistance (Q), q: electron charge (1.60217*10-19 C), Ns:
number of cells in series.

The simulation parameters of the Sun power SPR-305-
WHT PV module are listed in Table. 1

Table. 1 PV module parameter

Description Rating
Maximum power (Pmp) 305 W
Maximum current (Imp) 558 A
Maximum voltage (Vwup) 54.7V
Short circuit current (Isc) 5.96 A
open circuit voltage (Voc) 64.2V
Temperature (T) 25°C
Irradiations (R) 1000 W/m?
No. of PV Cells in series 8
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Fig. 2 Solar cell characteristics at different irradiation
conditions, (a) P-V characteristics, (b) I-V characteristics

The variations in P-V and I-V characteristics of solar cell
at constant temperature of 25° C and different irradiation
conditions of 500 W/m?, 800 W/m? and 1000 W/m? is shown
in Fig. 2. From the literature [8], solar irradiation
continuously varies, then the correspondingly output power
of the solar cell is also variable. Understanding the problem,
for obtaining the continuous and constant output, a DC-DC
converter is required with MPPT control to maintain the DC
link voltage to an optimum value.

2.1.1.  Analysis of Cuk converter

PV panel unregulated output voltage is converted
into a regulated voltage by using the Cuk converter as shown
in Fig. 3. The energy transfer in cuk converter is associated
with the capacitor, whereas in conventional converter it is
associated with inductor. Thus it provides continuous input
current. It is a type of chopper which gives the output
voltage as negative with respect to common terminal and it
operates in the continuous conduction mode [9].

In Fig. 3, when switch Sy is turned ON, diode D; is
reverse biased, and the current through inductor L; and
inductor L, increase gradually and delivers power to the load.
When switch S, is OFF, the diode becomes forward bias and
the capacitor C; starts discharging for the next cycle. The
Cuk converter DC output voltage in terms of the duty cycle
ratio is given as follows in Eq. (2) [10,11].

MPPT

perturb and
observe
method

1L 3P AC
¥p, o V| Inverter +— Laad

Fig. 3 PV system with Cuk converter

d
Vo =| —2 2
cuk (l_dljvpv ( )

cuk

where: d; = is duty ratio of Cuk converter, Veuk
cuk pv
is Cuk converter output voltage and Vpy is PV system output

voltage.

2.1.2. MPPT Control algorithm for PV system

Perturb and observer (P&O) based MPPT technique is
most commonly used controller to track the maximum
available power from the PV system, because of its plain
structure, less parameters and easy to implement [12].

Read Voig. loi

Calculate
Poia=Voia* loid

Read View, lnew

Calculate

Prew=Vnew* Inew

Is
Prew>Pold

No

No

Vnew=Vold+AV| | View=Void- AV | | View=Void- AV | | View=Voia+ AV |

Go to Start )«

Fig. 4 Flow chart for perturbs and observes method [6]

The pictorial representation of P&O algorithm is shown
in Fig.4 and the maximum power point is obtained by
perturbing the PV array terminal voltage with respect to PV
output power. If output power is increased, then the next
cycle, the terminal voltage will be moved in a positive
direction and vice versa [13].
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2.2. Wind energy conversion system

The total power produced by the wind energy conversion
system is strongly related to wind speed. The quadratic
model [14,15] to calculate power produced is given in Eq.

©F

2 _\y2
P \% WV, <V, <V,
Vn _Vd
P,(\V,)= P PV, <V, <V, (3)
0 V, <Vyand V, 2V,

where, Py: wind turbine output power (KW), Pn: Nominal
power (KW), Vg Cut-in wind speed (m/s), V. Rated wind
speed (m/s),Vs: Cut-off wind speed (m/s) and V.: Wind
speed (M/s).

A wind turbine has been modeled by an aerodynamic
input torque, which drives a wind generator [16]. The
mechanical output power Py, captured by the wind turbine is
givenasin Eq. (4) [17,18],

P, = %Cp(ﬂ,ﬁ)pﬂ RV, @)

where, Cy: The rotor power coefficient, £ : The blade
pitch angle (degree), A : The tip speed ratio, p : Air density
(Kg/m3) and R : Wind blade radius (m).

The simulation parameters of PMSG based wind
energy system [19] is listed in Table. 2

Table. 2 Parameters of wind system

Description Rating
Power (P) 1.8 KW
Impedance (Ra) 0.775 Q
Inductance (Lqand Lg) 7.31 mH
Magnetizing flux (Gm) 0.37387 wh
Torque/Current (T/A) 1.1216 Nm/A
Pair of poles (Pp) 2
Moment of inertia (J) 0.00126811 kg/m?
Coefficient of friction (B) | 0
Wind speed (N) 12 m/s

The characteristics of wind turbine power are shown
in Fig. 5 which describes the total power captured by the
turbine as a function of various wind speeds varied from 6
m/s to 12 m/s. When the wind speed changes, the generator
rotor speed should track these changes in order to produce
the maximum power from the available wind speed.

Turbine Power Characteristics (Pitch angle beta = 0 deg)

Max. power at base wind speed (12 m/s) and beta = 0 deg i
i S

[

02 -

Turbine output power (pu of nominal mechanical power)

L0.4+ §
e e e e e e c

(o] 0.2 0.4 0.6 0.8 1 1.2 1.4
Turbine speed (pu of nominal generator speed)

Fig. 5 Wind Turbine power characteristics

The wind energy system generates variable voltage and
variable frequency power, which is not suitable for grid
integration. This generated power is transferred to the grid/
standalone system by placing bidirectional back-back power
converters between the wind generation system and grid/
standalone system. In this first converter, act as a rectifier for
obtaining the regulated DC output power and then converted
into AC by operating the second converter as inverter to meet
the specifications of the grid/standalone system.

2.2.1.  Analysis of the SEPIC converter

The rectified wind energy system output voltage is
given as input to the single ended primary inductor converter
(SEPIC) for obtaining desired voltage to meet the load
demand as shown in Fig. 6. Basically SEPIC converter is a
chopper; it gives either greater than or less than the input
voltage. Here step up mode is considered to match the load
profile. The DC output voltage of the SEPIC converter in
terms of the duty cycle ratio is given as follows in Eq. (5)
[10,11].
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=
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Fig. 6 Wind system with SEPIC converter

In Fig. 6, when switch S, is turned ON and diode D is
reverse biased then the current through inductor Ls; and
inductor L4 increases gradually and delivers power to the
load. When switch S, is OFF, the diode becomes forward
bias and capacitor Cj starts discharging for the next cycle.
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d
Vsepic = (1—2(1 }/wind (5)
2

Y,

sepic

+V

wind

where, d, =
sepic
converter, Vsepic IS output voltage of SEPIC converter and
Vwind IS Wind output voltage.

is the duty ratio of SEPIC

2.2.2. MPPT Control algorithm for wind system

To extract the maximum power from the wind,
incremental conductance method is used. The pictorial
representation of the incremental conductance method is

shown in Fig. 7.
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Fig. 7 Flow chart for Incremental conductance method [6]

The incremental conductance method tracks the
maximum power based on the slope of the output power
characteristics and integral controller to minimize the
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2.3. Design of proposed converter for hybrid system

The schematic diagram of proposed integrated Cuk-
SEPIC converter is shown in Fig. 8. The proposed integrated
converter is designed by rearranging the diodes (D, D) in
Cuk and SEPIC converter and by utilizing the output
inductor L, of the Cuk converter by the SEPIC converter. It
simplifies the power system circuit complexity and reduces
the cost and size of the system. It is a three port converter,
the first port is for connecting the input PV source, the
second port is for connecting the wind source and the third
port is output port for connecting output as input to the
inverter to supply the 3-@ AC power to the stand alone
system.

MPPT-1

" »l. Perturb and

foy Observe
Method
1
o l Inverter SO AE
s, CZ‘|‘VL,C Load

Incremental
conductance
b »| plus integral
control
MPPT-2

Fig. 8 Integrated Cuk-SEPIC converter

Based on the reconfiguration discussed above, each
converter will operate simultaneously or individually upon
the availability of PV and wind sources. The DC link
voltage, Vg of the proposed converter is the sum of two
converters outputs as shown in Eq. (6) and it is maintained
constant by varying the duty cycle d; and d, of Cuk and
SEPIC converters which are obtained from the Eq. (2) and
Eq. (5) respectively by using duty ratio control.

d d
V. = L —2 N 6
dc (1_d1 }/pv +[1_ d2 )\/Wmd ( )

Due to the alternative nature of both solar and wind

sources vary continuously. MPPT control algorithms play a
vital role in renewable energy sources application to obtain
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maximum power and efficiency. There is a huge amount of
maximum power control algorithms and they differ from
each other based on the sensors requirement, complexity,
cost, convergence speed, effectiveness range, behavior of the
algorithm when input parameter changes and implementation
of hardware [22-24]. For the proposed system, perturb and
observe method and Incremental conductance plus integral
control methods are used for extracting the maximum power.

3. Power Conversion Analysis of Proposed Converter

Based on the availability of renewable energy
source, the power semiconductor switches (S; for PV and S;
for Wind) present in proposed converter shown in Fig. 9
changes its status from ON/OFF and operates in various
modes as explained below:

Mode-1: S;1-ON, S,-ON (Both sources available)

In mode-I, both PV and wind system together
generates power to meet the load demand.

Iy =1a +Vﬂt @

|L2:|dc+\Mt (8)
LZ

+V—Wt (9)

l,=1
L3~ 'w L,
where, lqc is the DC link current (A).

The equivalent circuit for both the switches S; and S; are
ON is shown in Fig. 9(a). In this mode D; and D; are in
reverse bias. During the period di and dz, shown in Fig. 10 L
is charged by PV source, L is charged by Wind source and
the energy stored in capacitors C; and Cj starts discharging
to the capacitor C, through the inductor L,. The
mathematical equations of inductor currents Li, L, and L are
shown in Eq. (7), (8) and (9) respectively.

Mode-11: S;-ON, S,-OFF (Only PV available)

In mode-I1, only PV source is available to generate
power to meet the load demand.

I, =1 +Vﬁt (10)
V,

I, =1, +-Stt (11)

L2 d L2

l,=1y +Mt (12)

L,

The equivalent circuit for switches S; ON and S,
OFF is shown in Fig. 9(b). In this mode D, is reverse bias
and D; is in forward bias. During the period di, shown in Fig.
10 Li is charged by PV source, the capacitors C; starts
discharging the stored energy to the inductor L. D, provides

the closed path to discharge the stored energy in L3 and Cs to
the Capacitor C,. The mathematical equations of inductor
currents Ly, L, and Ls are shown in Eq. (10), (11) and (12)
respectively.

Mode-I111: S;-OFF, S,-ON (Only wind available)

In mode-I11 only wind source is available for power
generation.

V., =V,
I, =—""—Ct+1,, (13)
V
I, =1, ——<3t 14
L2 dc L2 ( )
+V—Wt (15)

|L3:|W L
3

The equivalent circuit for switches S; OFF and S
ON is shown in Fig. 9(c). In this mode D; is forward bias
and D is in reverse bias condition. During the period d2, as
shown in Fig. 10, Ls is charged by Wind source and the L; is
charged by the capacitors C;. D1 provides the closed path to
charge the L, by discharging the Capacitor Cs;. The
mathematical equations of inductor currents L, L, and L are
shown in Eq. (13), (14) and (15) respectively.

Mode-1V: S1-OFF, S,-OFF (Both sources are not available)

In mode-1V both sources are not available, this is
very rare case because both PV and wind system are
complement nature. So this case is not considered in the
analysis of proposed converter.

Ve, =V,
I, =1 +——CLt (16)
I, =g 1
vV, -V
=1, +2—5¢ (18)

L3

The equivalent circuit for both switches S; and S
are OFF is shown in Fig. 9(d). In this mode D; and D; are in
forward bias condition. During the period (1-d2) shown in
Fig. 10 D, provides a path for charging the Ls; by the
capacitor C; and D; provides a path for charging the L1 by
the capacitors C; and the energy stored in the inductor L2 is
transferred to the capacitor C,. The mathematical equations
of inductor currents L1, L, and Lz are shown in Eq. (16), (17)
and (18) respectively. The summary of the proposed Cuk-
SEPIC converter modes of operation with switching states
are listed in Table 3.
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Table. 3 Switching states of proposed Cuk-SEPIC converter

—l Vdc

Inverter

Hooaben

Incremental
conductance
by »{plus integral
control
MPPT-2

3-@AC
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]

(c) Mode-I11: S1-OFF, S,-ON (Only wind available)

-V [nverter

3GAC
Load

(d) Mode-1V: S;-OFF, S,-OFF (Both sources are not

available)

Fig. 9 Modes of operation proposed converter

i i Charging and discharging
MOdi.Of PV source | Wind source SWS'tCh’ SWS'tCh' D: D,
operation 1 2 Ly L, Ls
| Available Available ON ON Re\(erse Re\(erse PV source | C1 & C3 Wind
bias bias source
| Available Unavailable ON OFF Re\{erse For\_/vard PV source Ci Cs
bias bias
i Unavailable Available OFF ON For\_/vard Re\(erse Ci Cs Wind
bias bias source
v Unavailable | Unavailable OFF OFF For\_/vard For\_/vard Ci C, Cs
bias bias
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Fig. 10 Cuk-SEPIC converter inductor waveforms
4. Implementation Results

The proposed topology is implemented in
Matlab/Simulink to validate the converter performance. The
input solar irradiations and wind speed are considered as a
constant and continuously varies with time as shown in Fig.
11 and the parameter specifications of the proposed hybrid
system is listed in Table 4.

Region-|I-¥— Region-V———

& Region-—¥% Region-Il

PM 1AM 3AM BAM i 9AM  12PM 3P
In
Wind + PV
PV

Fig. 11 Availability of PV and wind source in a day

Table. 4 Parameter specifications of the hybrid system

Description Ratings
PV rating 440V, 4.5A and 2KW
Wind rating 400V, 4.5A and 1.8KW

L1=0.045H, C,=2.96e-6F
L5=0.045H, C3=2.96e-6F

Cuk converter parameters

SEPIC converter parameters

Sharing inductor L,=0.03H
DC link capacitor C,=2.96e-8F
Load resistance R=95Q
Switching frequency 20 kHz

In region-l (3PM to 6PM), both PV and wind sources of
hybrid system are available and varies continuously with
respect to time as per the consideration of availability of
energy sources. The proposed converter operates in mode-I
in this region. In mode-1, the converter output voltage is the
sum of the PV and wind output voltages, the average voltage
obtained in this region is 428V. The loss in voltage is due to
the transition between the sources. The solar irradiation starts
decreasing where as the wind speed starts increasing, then
the corresponding outputs of both the energy sources are
added to meet the load demand.

In region-11 (6PM to 6AM), wind source is the only
available energy source. Here the proposed converter
operates in mode-111 and transfers generated power from
source to load. The available wind energy source is sufficient
to meet the load demand as per the consideration of
availability of energy sources. The output voltage obtained in
this region is 440V which is the full wind capacity voltage.

In region-111 (6AM to 9AM), both PV and wind sources
of hybrid system are available and varies continuously with
respect to time as per the consideration of availability of
energy sources. The proposed converter operates in mode-I
in this region. The wind speed starts decreasing where as the
PV source irradiation starts increasing, then the
corresponding outputs of both the sources are added to meet
the load demand. This region-Ill is same as region-1. The
voltage in this region drops to 428V.

In region-1V (9AM to 3PM), PV is the only available
energy source. Here the proposed converter operates in
mode-11 and transfers generated power from source to load.
The available PV source is sufficient to meet the load
demand as per the consideration of availability of energy
sources. The load voltage in this region is entirely relay on
PV source which is 440V.

S

Voltage(\V)

3 § 9 12AM 3 § 9 12PM 3
1
N
55 TS ——
8 G /

3 § 9 12AM 3 § 9 12PM 3
400
g
gam
0
o

0

3 § ] 12AM 3 § 9 12PM 3

Time(Hrs)

Fig. 12 Simulated output voltage, current and power from
PV source

As per the consideration of the availability of solar
irradiations as shown in Fig.11, PV panel starts generating
power at 6AM and reaches rated capacity at 9AM (region-
I11) after that it generates constant power up to 3PM (region-
1V) and then starts decreasing the generating power gradually
up to 6PM (region-I) as clearly shown in Fig. 12. Similarly,
wind energy system starts generating power at 3PM and
reaches rated capacity at 6PM (region-l) after that it
generates constant power up to 6AM (region-11) and then
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starts decreasing the generating power gradually up to 9AM
(region-111) as clearly shown in Fig. 13.

=
s

DC link voltage is maintained by operating the proposed
converter in individual and simultaneous modes as shown in
Fig. 14. The constant DC link voltage V¢ is fed to the 3-0
inverter with PWM control switching technique for obtaining

s
T, 3-0 440V AC supply throughout the day for the stand alone
@ - - - - - - -
£ application as in Fig. 15. The total harmonic distortion
> b ) T 3 b y i 3 (THD) of inverter voltage is measured as 5.39%, and it is
; shown in Fig. 16.
<
H vl ™~ A
5
0 5 FET i
3 6 9 12AM 3 6 9 12PM 3
Fundamental (50Hz) = 430.4 , THD= 5.39%
’;‘2000 T T T T T T T T T T
z 0 S~ 35 B
g
0
o 200y 6 9 120 3 6 9 1M 3 3r 1
Time(Hrs)

Fig. 13 Simulated output voltage, current and power from
Wind source
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o100
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o n
3 6 § 1AM 3 § y 1PM 3
Time(Hs)

Fig. 14 Simulated DC link voltage, current and power

(4%%)

Power

Fig. 15 Simulated inverter output voltage, current and power

During 6AM to 6PM (region-Il), wind system with
SEPIC converter provides constant power to the load and
from 9AM to 3PM (region-1V), PV system with Cuk
converter provides constant power to meet the load demand.
But from 6AM to 9AM (region-I11) and 3PM to 6PM(region-
I) both wind and PV sources are available and continually
varied oppositely due to its complementary nature, then the
proposed converter operates in simultaneous mode and add
the output of two sources and fed to the load. The constant
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Fig. 16 Inverter output voltage THD spectrum

The summary of the proposed converter modes of
operation during a day, with availability of source and
corresponding output voltages is listed in Table. 5.

5. Conclusion

The analysis of integrated Cuk-SEPIC converter with
MPPT has been presented for integration of hybrid PV and
wind sources. In this paper two separate DC-DC converters
are merged together in order to minimize the converter
components, size and complexity. The proposed system does
not use any additional input filters for the elimination of high
frequency harmonics and to improve the converter
efficiency. Since, less number of switching devices and
passive components are used in this system it reduces the
cost and complexity of the overall system. The operation of
the proposed converter depends on the control of two
switches (S; and Sy) which simplifies the control circuit,
becomes economical and it doesn’t require any supervisory
control for switching purposes. MPPT has been realized for
both PV and wind sources by using perturb and observe
method and Incremental conductance plus integral control
method respectively. The developed converters make the use
of natural complementary behaviour of PV and wind system
and maintain constant DC link voltage of 440V throughout
the day. The simulation results of the proposed model are
presented in three operating regions (both PV and wind
sources are available, only PV source available and only
wind source is available).
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Table. 5 Modes of operation during a day

Region Time (Hrs) PV source Wind Mode . of Output voltage, Ve
source operation
. : d, d,
I 3PMto 6 PM Available Available I ov Tl 7 Muing
1-d, 1-d,
: . d,
I 6 PMto 6 AM Unavailable | Available " —— Nyind
1-d,
. . d, d,
" 6 AMto9 AM Auvailable Available I ov Tl 75 Muind
1-d, 1-d,
. : d,
v 9 AM to 3 PM Available Unavailable I v
1-d,
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