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Abstract:—The objective of this paper is to propose anovel multi-input power converter for the gridconnected
hybrid renewable energy system in order to simplify the power system and reduce the cost. The proposed multi-
input power converter consists of a Cuk fused multi-input dc—dc converter and a fullbridge dc— ac inverter. The
incremental conductance method is mainly used to accomplish the maximum power point tracking (MPPT)
algorithm for input sources. The operational principle of the proposed multi-input power converter is explained. A
multi-input power converter (MIPC) which operates in four modes: first an operation type wherein power is
delivered to dc Bus from hybrid renewable energy sources; second a single type wherein only one renewable
energy source supplies power to the dc Bus; third an inverter typewherein power is delivered to dc Bus from ac
grid viainverter module, and forth a battery type whereinpower is delivered to dc Bus from batteries
withoutrenewable energy source. The integration of the dc Busand a hybrid renewable power supply system
isimplemented and simulated usingMATLAB/SIMULINK. A hybrid renewable powerenergy which integrates the
solar energy, wind-power.

Keywords:—Inverter, Photo Voltaic(PV), Wind Energy,MIPC, CUK, IncCond, Renewable Energy System, DC
bus.

l. INTRODUCTION

Based on conventional sources of energy arerapidly depleting and the cost of energy is rising,photovoltaic and
wind energy becomes a promisingalternative source. Among its advantages are that itis: 1) abundant; 2) pollution free; 3)
distributedthroughout the earth; and 4) recyclable. The maindrawbacks are that the initial installation cost isconsiderably
high and the energy conversionefficiency is relatively low. To overcome theseproblems, the following two essential ways
can beused: 1) increase the efficiency of conversion and 2)maximize the output power. With the development oftechnology,
the cost of the solar arrays and windturbines is expected to decrease continuously in thefuture, making them attractive for
residential andindustrial applications. Various methods of maximum power tracking have been considered in photovoltaic
powerapplications [1]-[8]. Of these, the incrementalconductance (IncCond), which moves the operatingpoint toward the
maximum power point byperiodically increasing or decreasing the arrayvoltage, is often used in many photovoltaic
systems[3]—-[6]. The incremental conductance method(IncCond) is also now often used in photovoltaicsystems [7], [8]. The
IncCond method quickly tracksthe maximum power points by comparing theincremental and instantaneous conductance’s of
thesolar array. The incremental conductance is estimatedby measuring small changes occur in array voltageand current.
These small changes may be induced bydeliberate control action. Methods which improve thelncCond method and can
identify the incrementalconductance of the array are now more rapidly hasbeen proposed [9]. However, the
harmoniccomponents of the array voltage and current need tobe measured and it is used to adjust the arrayreference voltage.
The objective of this paper is topropose a novel multi-input power converter for gridconnectedhybrid renewable system. The
proposedmulti-input power converter system has threeadvantages: i) power from the PV and the windturbine can be
delivered to the utility gridindividually or simultaneously, ii) maximum powerpoint tracking feature is realized for both solar
andwind energy, and iii) a wide range of input voltagevariation is caused by different insulation and windspeed is acceptable.

11. PRINCIPLE OF THE PROPOSED MULTIINPUT POWER CONVERTER

The circuit diagram of the proposed multi-inputpower converter is shown in Fig. 2. It consists of acuk fused multi-
input dc—dc converter and a full bridgedc/ac inverter. The input dc voltage sources,Vpv and Vwind, are obtained from the
PV array and therectified wind turbine output voltage. By applying thepulse-with-modulation (PWM) control scheme
withappropriate MPPT algorithm to the power switchesMland M2, the multi-input dc—dc converter can draw maximum
power from both the PV array and thewind turbine individually or simultaneously. The dcbus voltage Vpc, will be regulated
by the dc/ac inverter with sinusoidal PWM (SPWM) control toachieve the input output power-flow balance. Detailsof the
operation principle for the proposed multiinputinverter are introduced as follows.

1. PV Array:

The PV array is constructed by many series orparallel connected solar cells [10]. Each solar cell isform by a P-N
junction semiconductor, which canproduce currents by the photovoltaic effect. It can beseen that a maximum power point
exists on eachoutput power characteristic curve. Therefore, toutilize the maximum output power from the PV array,an
appropriate control algorithm must be adopted.
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2. MPPT Algorithm:

Different MPPT techniques have been developed.Among these techniques, the incremental conductance(IncCond)
method with the merit of simplicity is usedin this paper. The perturbation of the output power isachieved by periodically
changing (either increasing or decreasing) the controlled output current. The objective of the IncCond method is to determine
the changing direction of the load current. Fig. 1 shows the flow chart of the MPPT algorithm with IncCond method for the
proposed multi-input inverter. Since there are two individual input sources, each one of them needs an independent
controller. However, both of the controllers can be implemented by using one integrated controller. At the beginning of the
control scheme, the output voltage and output current of the source (either the PV array or the wind turbine) are measured,
then the output power can be calculated. On comparing the recent values of power, current and voltage with previous
method, the IncCond method shown in the flow chart can determine the value of reference current to adjust the output power
toward the maximum point.[11]

3. Wind Energy Generating System:

The induction generator is used in the proposed scheme because of its simplicity, it does not require aseparate field
circuit, it can accept constant and variable loads, and has natural protection against short circuit. The available power of wind
energy system is presented as under in Eq.1.

1 3
Pying = EPAVwind e
Where (kg/m ) is the air density and A (m ) is the area swept out by turbine blade, Vg is the wind speed in mtr/s.It is not
possible to extract all the kinetic energy ofwind, but it extract a fraction of power in wind,which we call power coefficient
Cp of the windturbine, and is given in Eq.2.
Pmech:CPPWind (2)
Where Cp is the power coefficient, depends onoperating condition of wind turbine. This coefficient
can be express as a function of tip speed ratio A andpitch angle 8. The mechanical power produce by
wind turbine is given in Eq. 3.

1 2173
Prech = EPTER Vivina Cp ©)
Where R is the radius of the wind blade (m).

4. Multi-Input DC-DC Converter:
The proposed multi-input dc—dc converter is the fusion of the Cuk converter [12]. Syntheses of the multi input dc—
dc converter are done by inserting the pulsating voltage source of the buck-boost converter into the Cuk
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Fig.1 Schematic diagram of the proposed multi-input inverter.
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converter. In order not to hamper the normal operation of the buck-boost converter and to utilize the inductor for the Cuk
converter, the pulsating voltage source of the Cuk converter must be seriesconnected with the output inductor. Fig. 3
presents the configuration of the proposed hybrid renewable energy generation with multi-input power converter for dc bus
[13]. The generation subsystems comprise a wind turbine (WT) generator, a PV, two HCPVs including active sun tracker,
and a battery bank (BT). The multiinput power converter comprises WT modules, PV modules, HCPV modules, hydraulic
generator module [14] in expectation, an inverter (IT) module, a control module, and a BT module, in which the dc power
was charged for storing energy.
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Fig. 2 Configuration of the hybrid power generation with multi-input power converter.

1. CONVERTER STRUCTURE AND OPERATION MODES

The structure of the proposed three-input dc—dc boost converter is represented in Fig. 2. As seen from the figure,
the converter interfaces two input power sources v; and v, , and a battery as the storage element. The proposed converter is
suitable alternative for hybrid power systems of PV, FC, and wind sources. Therefore, v1 and v2 are shown as two dependent
power sources that their output characteristics are determined by the type of input power sources. For example, for a PV
source at the first port, v1 is identified as a function of its current iL; ,light intensity, and ambient temperature. In the
converter structure, two inductors L1 and L2 make the input power ports as two currenttype sources, which result in drawing
smooth dc currents from the input power sources. The RL is the load resistance, which can represent the equivalent power
feeding an inverter. Four power switches S1 ,S2 , S3, and S4 in the converter structure are the main controllable elements
that control the power flow of the hybrid power system. The circuit topology enables the switches to be independently
controlled through four independent duty ratios d1 ,d2 , d3 , and d4 , respectively. As like as the conventional boost
converters, diodes D1 and D2 conduct incomplementary manner with switches S1 and S2 . The converterstructure shows that
when switches S3 and S4 are turned ON,their corresponding diodesD3 andD4 are reversely biased by thebattery voltage and
then blocked. On the other hand, turn OFFstate of these switches makes diodes D3 and D4able to conductinput
currentsiL;and iL,. In hybrid power system applications, the input power sources should be exploited in continuous
currentmode (CCM). For example, in the PV or FC systems, animportant goal is to reach an acceptable current ripple in
orderto set their output power on desired value. Therefore, the current ripple of the input sources should be minimized to
make an exact power balance among the input powers and the load. Therefore, in this paper, steady state and dynamic
behavior ofthe converter have been investigated in CCM.
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Fig. 3.First operationmode. (a) Switching state 1: 0< t< d1 T. (b) Switching state 2: d1 T<t < d2 T. (c) Switching state 3: d2
T<t<T.

In general, depending on utilization state of the battery, three power operation modes are defined to the proposed converter.
These modes of operation are investigated with the assumptions of utilizing the same sawtooth carrier waveform for all the
switches, and d3 ,d4<min (d1 ,d2 ) in battery charge or discharge mode. Although exceeding duty ratios d3 and d4 from d1
or d2 does not cause converter malfunction, it results in setting the battery power on the possiblemaximum values. In order
to simplify the investigations, it is assumed that duty ratio d1 is less than duty ratio d2. Further, with the assumption of ideal
switches, the steady-state equations are obtained in each operation mode.

1. First Power Operation Mode (Supplying the Load WithSources v;and v,Without Battery Existence):

In this operation mode, two input power sources v; and v, are responsible for supplying the load, and battery charging/
discharging is not done. This operation mode is considered as the basic operation mode of the converter. As clearly seen
from the converter structure, there are two options to conduct input power sources currents iL; and iL, without passing
through the battery; path 1: S4-D3 , path 2: S3-D4 . In this operation mode, the first path is chosen; therefore, switch S3 is
turned OFF while switch S4 is turned ON entirely in the switching period (d4 = 1 and d3 = 0). Thus, three different
switching states of the converter are achieved in one switching period. These switching states are depicted in Fig. 3(a)—(c).
Also, the steady-state waveforms of the gate signals of the four switchesand the variations of inductors currents iL, and iL.,.
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Switching state 1 (0 <t<d1 T): Att =0, switches S1 andS2 are turned ON and inductors L, andL, are charged withvoltages
across v; and vy, respectively.

Switching state 2 (d1 T <t <d2 T): At t = d1T, switch Slis turned OFF, while switchS2 is still ON (according to
theassumption d1 <d2 ). Therefore, inductor L, is discharged with voltage across vl — vo into the output load and the
capacitorthrough diode D1 , while inductor L.is still charged by voltageacross v2 .

Switching state 3 (d2T < t < T): At t = d2T, switch S2 is alsoturned OFF and inductor L2 is discharged with voltage
acrossv,— V,, as like as inductor L1 By applying voltage—second and currentsecond balance theory to the converter,
following equations are obtained.

Ly:diT(vy —mily) + (1 = d)T(vy — rily —vp) =0 > v = 1711—_72?1 “
Ly: daT(vy = 1ily) + (1 = d)T (v, = 1ily —vg) = 0 = vy = 1721__—7.;:2 (5)
C:(1 = d)Tily + (1 — dy)TiL, = TZ_(: ©
ipatt =0 > Pygyy =0 -

In this operation mode, the control strategy is based on regulating one of the input sources on its reference power with its
corresponding duty ratio, while the other power source is utilized to regulate the output voltage by means of its duty ratio.

2. Second Power Operation Mode (Supplying the Load with Sources v1 and v2 and the Battery):

In this operation mode, two input power sources v; and v, along with the battery are responsible for supplying the load.
Therefore, discharging state of the battery should be provided in this operation mode. Referring to the converter topology,
when switches S3and S4 are turned ON simultaneously, currents iL;and iL, are conducted through the path of switch S4 , the
battery,and switch S3 which results in battery discharging. However, discharging operations of the battery can only last until
switchesS1 and/or S2 are conducting. As a result, the maximum dischargepower of the battery depends on duty ratios of d1
andd2 as wellas currents iL; and iL.,.

Pyatais = vpldiily + dyiLs], S;=ON,S,=ON (8)

Therefore, in order to acquire a desired maximum discharging power of the battery, the input power sources should be
designed in proper current and voltage values. On the other hand, regulating the discharging power of the battery below
Pmaxbat.discan be made by changing the state of only one of switches S3 and S4 before switches S1 and S2 are turned OFF
(according to the assumption d3,d4 <min (d1 ,d2 )). In this paper, duty ratio d4 is controlled to regulate the discharging
power of the battery egarding the facts that when S4 is turned ON, it results in passing the currents of input power sources
through the battery; hence, the battery discharge mode is started, and its turn-OFF state starts conducting through diode D4
and stops discharging the battery.

(b) (d)
Fig. 4 Second operation mode. (a) Switching state 1: 0 <t < d4 T. (b) Switching state 2: d4 T<t < d1 T. (c) Switching state
3:d1T<t<d2T. (d) Switchingstate 4: d2 T<t<T.

As depicted in Fig. 4(a)—(d), there are four different switching states for the converter in one switching period. The steady-
state waveforms of the gate signals of the four switches and the variations of input currents iL; and iL,.

Switching state 1 (0 <t < d4T):Att =0, switches S1,

S2, and S4 are turned ON, so inductors L, and L, are chargedwith voltages across v; + vgand v, + vg, respectively[Fig. 4(a)].
Switching state 2 (d4T < t < d1T): Att = d4T, switch S4 is turned OFF, while switches S1 and S2 are still ON. Therefore,
inductors L1 and L2 are charged with voltages across v, and v, , respectively [Fig. 4(b)]..

Switching state 3 (d1T <t < d2T): Att=d1T, switch S1 isturned OFF, so inductor L1 is discharged with voltage across v1—
vo, while inductor L2 is still charged with voltages across v2[Fig. 4(c)]..
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Switching state 4 (d2T <t < T): Att = d2T, switch S2 is also turned OFF and inductors L1 and L2 are discharged with
voltage across vi— veand V,— V,, respectively. By applying voltage second and current—second balance theory to the
converter, following equations are obtained[Fig. 4(d)].

L1: d4T(U1 - TliLl + UB) + (dl - d4)T(U1 - Tll'Ll) + (1 - dl)T(U1 - TliLl - Uo) =0
v — rliLl + d4,UB

- Vg =T 1-aq 9
) L2: d4T(172 - TziLZ + 173) + (dz - d4)T(U2 - TziLz) + (1 - dz)T(Vz - TziLz - Uo) =0- Vo
_ Uy — rzle + d4UB (10)
1-d,

ipare = dq(ily + iLy) (12)
Ppare = vp[dsa(ily + iL3)]
In this operation mode, the control strategy is based on regulating both of the input power sources on their reference
powerby means of their corresponding duty ratios d1 and d2 , while the battery dischargepower is utilized to regulate the
output voltage by duty ratio d4 .

=T— (11)Batterry {

3. Third Power Operation Mode (Supplying the Load WithSources v1 and v2, and Battery Charging Performance):
In this operation mode, two input power sources vland v2are responsible for supplying the load while the battery
chargingperformance is accomplished. Therefore, the charging state ofthe battery should be provided in this operation mode.
Referringto the converter topology, when switches S3 and S4 are turned OFF, by turning ON switches S1 and S2 , currents
iL1 and iL2 areconducted through the path of diode D4 , the battery, and diodeD3 ; therefore, the condition of battery
charging is provided. However, the charging operation of the battery can only lastuntil switches S1 and/or S2are conducting.
As a result, the maximum charge power of the battery depends on duty ratiosd1 and d2 as well as currents iL; and iL,

PI;Z?J.CdiS = Vp [dl lL1 + dziLz], ngoFF, S4:OFF (13)
Therefore, in order toacquire a desired maximum charge powerof the battery, the input power sources should be designed
inproper current and voltage values. On the other hand, regulatingthe charging power of the battery below the Pmaxbat.ch
can bemade by changing the state of only one of switches S3 andS4 before switches Sland S2 are turned OFF (according
tothe assumptiond3 ,d4 <min (d1 ,d2 )). In this paper, in order toregulate the charging power of the battery, switch S3 is
controlledby regarding the fact that when switch S3 is turned ON, thecharging power of the battery is not accomplished
while its turn-OFF state make the battery to be charged with currents iL;
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Fig. 5.Third operationmode. (a) Switching state 1: 0< t< d3 T. (b) Switching state 2: d3 T<t < d1 T. (c) Switching state 3:
dl1T <t<d2T.(d) Switchingstate 4: d2 T <t <T.

andiL, through the path of D3 . Four different switching statesoccurred in one switching period are illustrated in Fig. 5(a)—
(d). Also, the steady-state waveforms of the gate signals of the fourswitches and the variations of input currents iL; and iL,.
Switching state 1 (0 <t<d3T): Att=0, switches S1,52,

andS3 are turned ON, so inductors L; and L,are charged withvoltages across v; and v, , respectively [see Fig. 5(a)].

Switching state 2 (d3 T <t<d1T): Att=d3 T, switch S3is turned OFF while switches S1 and S2 are still ON (accordingto
the assumption). Therefore, inductors L;and L, are chargedwith voltages across v;— vgand v,— Vg, respectively.

Switching state 3 (d1 T <t<d2T): Att=d1 T, switch S1 isturned OFF, so inductor L,is discharged with voltage across v,—
Vo, While inductor Lis still charged with voltage across v,— vg.

Switching state 4 (d2 T <t < T): Att = d2 T, switch S2 isalso turned OFF and inductor L, as like as L,is discharged
withvoltage across v,— V.

By applying voltage—second and current—second balance theory to the converter, following equations are obtained:
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L1: d3T(U1 - TliLl) + (dl - dg)T(Ul - TliLl - UB) + (1 - dl)T(Ul - TliLl - Uo) =0- Vo
vy —1nily — (dy — d3)vp
- —d (13)
Lzl d3T(U2 - TziLz) + (dz - d3)T(U2 - rziLz - 173) + (1 - dz)T(Uz - rziLz - UO) =0- Vo
_ vy —nily — (dy — d3)vp
= . (14)

v
C:(1—d)TiLy + (1 — d,)TiL, = TR—O (15)

L
In this operation mode, if the total generated power of the input sources becomes more than the load power, the
battery charging performance will be possible if duty ratio d3 is utilized to regulate the output voltage. With this control
strategy, duty ratios d1 and d2 are utilized to regulate powers of the input sources,while duty ratio d3 is utilized to regulate
the output voltage through charging the battery by the extra-generated power. In all three operation modes, when one of the
input power sources is not present to produce power, its corresponding duty ratio is set at zero, which results single power
source operation for the converter.

V. MODES OF PROPOSED MULTI-INPUT POWER

According to renewable energy sources providepower for the dc bus or the storage batter and where thebattery
bank absorbs the power to supplies dc Bus, For the WT PV, and HCPV, supplying power for the dc bus via the MIPC is
denoted by the “1”, otherwise by the “0”. For the storage battery bank, the “1” indicates a charge from MIPC, otherwise by
the “0”. Moreover, for the power factor correction (PFC) mode of the inverter module connecting to the multi-power
converter for supplying power is expressed by the “1”,else by the “0”. Therefore, we can use the bit-coding method to
command or change the mode for the data patterns of typical digital signal processor (DSP) applications on data buses by
MIPC. For example, considerthe operation state from [11110] to [00011] that is the full mode of the operation type
switching to the PFC mode of the inverter type in MIPC. Fig.4 shows thesimplified sketch maps of the hybrid renewable
energy distributed generation system under different operationmodes by MIPC controller. Note that operation in eachmode
can be maintained as long as the battery bank energy is sufficient to satisfy the load requirements. Ifthe high voltage dc Bus
is under voltage low limit orover voltage high-limit, and then the output stage ofMIPC is disconnected from the dc bus and
avoidsdamages. At 3 this point in time, the hybrid renewableenergy only export energy through the storage stage i.e. the
power sources just charge up the storage battery.By following the above analytic approach, otheroperation modes also can be
reduced.

V. CONTROL SCHEME

Conventional MPPT systems have two independentcontrol loops to control MPPT. The first control loopcontains
the MPPT algorithm and the second one is usually a (proportional) P or (proportional and integral) PI controller. IncCond
method makes use of instantaneous and incremental conductance to generate an error signal which is zero at MPP; however
it is not zero at most of the operating points. The main purpose of the second control loop is to make the error from the MPPs
near to zero [8]. Simplicity of operation, ease of design, inexpensive maintenance and low cost made PI controllers very
popular in most linear systems. However, MPPT system of standalone photovoltaic (PV) and wind is a nonlinear control
problem due to the nonlinearity nature of PV and unpredictable environmental conditions and hence PI controllers do not
generally work well [15]. In this paper, the incremental conductance method with direct control is selected. The PI control
loop is eliminated and duty cycle is adjusted directly in the algorithm. The control loop is simplified and the computational
time for tuning controller gains is eliminated. To compensate the lack of Pl controller in the proposed system a small
marginal error of 0.002 was allowed. The objective of this work is to eliminate the second control loop and to show that
sophisticated MPPT methods do not necessarily obtain the best results but employing them in simple manner for
complicated electronic subjects is considered necessary. Feasibility of the proposed system is investigated with a DC-DC
converter configured as the MPPT. In [16] it was mentioned that power extracted from PV modules with an analog circuitry
can only operate at the MPP in a predefined illumination level.

VI. SIMULATION RESULTS
The proposed system is implemented and simulated using Matlab/Simulink that includes the PV module electrical
circuit, Cuk converter and the MPPT algorithm. The PV module is modeled using electrical characteristics to provide output
current and voltage ofthe PV module and wind turbine. The provided currentand voltage are fed to the converter and the
controllersimultaneously.

.

Fig.6.Wind Turbine Output Voltage and Current. Fig.7.Converter Output Voltage.
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Fig.8.PV Output Voltage.

Fig.10.Output before Cuk converter. Fig.11.Output after Cuk converter

VII. CONCLUSION
A novel multi-input power converter for the gridconnectedhybrid renewable energy system isproposed. It has the

following advantages: 1) powerfrom the PV array or/and the wind turbine can bedelivered to the utility grid individually
orsimultaneously, 2) MPPT feature is realized for bothPV and wind energy, and 3) a large range of inputvoltage variation
caused by different insulation andwind speed is made acceptable. In this paper, theoperation principle of the proposed multi-
input powerconverter has been introduced. Incrementalconductance method is adopted to realize the MPPTalgorithm for the
PV array and the wind turbine. Thecontrol circuit is implemented and simulated by usingMATLAB/SIMULINK. Simulation
results at differentoperating conditions are shown here to verify theperformance of the proposed multi-input powerconverter
system with the desired features. From theresults acquired during the simulation, it wasconfirmed that with a well-designed
system including aproper converter and selecting an efficient provenalgorithm, implementation of MPPT is simple and canbe
easily constructed to achieve an acceptableefficiency level of the PV modules and wind turbine.
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