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1 Introduction

Nowadays, the world is facing a severe energy crisis due to rapid growth in indus-
trialization as well as in population. The scarcity of fuel, its polluting effects on
environment, and continuously increasing prices are some of the actualities related
to conventional fuel. Thus, free and large availability of renewable energy sources
with non-polluting nature increases the interest of the researchers around the world.
There are many generation schemes based on renewable energy sources [1–5]. These
schemes are designed either by considering single source such as wind, PV, hydro or
with the combination of these for grid-connected or grid-secluded mode [1–4]. The
single renewable source-based schemes are easy to design but the reliability of system
under the variable environmental conditions is the matter of concern for grid-isolated
operation. Hybrid renewable energy generating system has two or more distributed
energy sources with or without battery. For the electrification of remote and difficult
locality, the hybrid generation system with battery is considered as most potent [3–
6]. In last few decades, the wind and PV become very popular among all the other
renewable energy sources due to their suitability for ease of conversion [1–3]. For the
grid-isolated and grid-connected wind-PV hybrid scheme, the SCIG is very common
[2–4]. The SCIG is robust in construction and has a negligible maintenance require-
ment with excellent controllability; therefore, it is widely preferred for grid-secluded
operation at inaccessible locations [4]. The single-phase induction generator supplies
the domestic loads [5–8]. In case of SCIG, the value of excitation capacitor affects
the output generated voltage. The problem of voltage unbalance arises if the SCIG
is provided with fixed reactive power under change in wind velocity and load. Under
such circumstances, for maintaining the generated voltage constant, the technique
of capacitor switching [9] or auxiliary series-connected capacitor can be used [10].
However, this technique introduces harmonics in output voltage as switching is not
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Fig. 1 Block diagram of proposed generation scheme

smooth. Doubly fed induction generator (DFIG) offers better control and genera-
tion capabilities for grid-connected system [11–13]. But this system is affected by
several issues like high maintenance, poor reliability (due to the use of mechanical
contacts), higher cost, and poor power factor. The various control techniques for
asymmetrical operation of three-phase SCIG are presented in [14–19]. Few articles
demonstrate the hybrid system with wide wind speed operation of SCIG [14, 20].
The hybrid generation schemes with complex control methodologies, e.g., vector
control with loss minimization, dynamic voltage restorer (DVR)-based control, have
been demonstrated in [21–24].

Among different hybrid control schemes, the wind-PV-based systems are most
popular as these sources are complementary in nature. The major drawback of such
system for grid-isolated operation is the optimal battery capacity selection consid-
ering low-speed operation. The battery is a component which increases system
installation cost aswell asmaintenance costwhich reflects in effective energy pricing.

In this paper, a method has been described to design optimum battery capacity
considering grid-secluded operation. The starting condition for the IG with lowwind
speed and low solar insolation has been considered for optimal battery capacity
selection. The proposed method has been tested in a 1 kW hybrid generation system
which showed promising results.

2 Proposed Generating Scheme

Figure 1 represents the schematic diagram of proposed hybrid generation scheme.
It consists of two renewable energy source of wind and PV along with the power
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converters andbattery. In order to generate the energy fromwind, aero turbine coupled
with three-phase SCIG is employed. Initially, essential reactive power to the SCIG
under no load condition is provided by the stator-connected capacitor bank. These
excitation capacitors act as the fixed source of reactive power. Under variable load
and wind speed conditions, the variable reactive power is required by SCIG. This
necessity is fulfilled by a variable frequency bidirectional converter connected at
stator terminals of SCIG. To obtain the maximum energy from the wind, the three-
phase bidirectional converter is to be strategically triggered. The triggering pulses
of converter are generated corresponding to maximum power points of the turbine
characteristics as shown in Fig. 4. The solar panel is connected across the common
DC bus. The PV module is interfaced with DC bus through a boost converter, which
can also supply power to load during no or low wind condition. In order to obtain
the maximum power from PV, the triggering of boost converter is controlled by
MPPT controller. The DC power available at common bus is converted into single-
phase AC by means of fixed frequency single-phase inverter. This generated AC
voltage is applied across the terminals of single-phase domestic loads. The battery is
incorporated as a standby storage for reactive power source for the generator during
starting or low wind condition. In case of no wind and no PV condition, the battery
can also supply critical loads for a limited period of time. The bidirectional DC-DC
converter is connected as a charge controller for a battery.

3 Proposed Control Strategy

The inverter connected with the SCIG provides variable reactive power at variable
frequencies depending on the wind speed. Thus, during starting, as the turbine has
low speed, the impressed frequency by inverter to the stator of SCIG is low. The line
frequency equivalent circuit for the SCIG has been provided in Fig. 2a. On the other
hand, low frequency equivalent circuit for the SCIG is given below in Fig. 2b. In
this paper, the battery capacity has been calculated based on the requirement that the
battery is only required for maintaining the wind generation during the starting of
turbine at low speed when the PV generation is absent of feeble. The battery is not for
continuous operation to supply load. This can reduce installation and replacement
cost which ultimately results in considerably reduced energy pricing.

The selection of stator side capacitorC is usually based on no load and rated condi-
tions where it can supply the reactive power required for establishing the machine
flux. Thus, at no load the reactive power requirement is mainly for the magnetizing
flux. So the values of C in per phase basis can be approximately given by,

C = 1

ω2
ratedLm

(1)

For the proposed method of battery capacity selection, an extreme case is consid-
eredwherePVpower availability is negligible and thewind speed is low.Themachine
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Fig. 2 a Equivalent circuit
of SCIG b Equivalent circuit
of SCIG at low frequency
c Phasor diagram under load
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is started at no load with low wind speed where the operating slip is also very low.
Therefore, at low slip near S = 0 the rotor current ir will be negligible. Thus, from
equivalent circuit in Fig. 2b, the fixed capacitor current ic will be lesser than the
magnetizing current im, i.e., ic < im . This is because at low speed the generated
voltage and frequency will be low as evident from the V–f plot shown in Fig. 3. The
fixed capacitor current ic is given by,

ic = vωC (2)

Or,

ic = Vω

ω
2Lm
rated

(3)

Also,

V = Vrated × ω

ωrated
(4)
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Fig. 3 Voltage Vs frequency
(v–f ) plot
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Fig. 4 Wind turbine
characteristics at different
wind velocities

Hence, the above Eq. 3 is given by,

ic =
(

ω

ωrated

)2

×
(

Vrated

ωratedLm

)
(5)

ic =
(

ω

ωrated

)2

im (6)

On the other hand, the magnetizing current im can be expressed as,

im = V
ωLm

(7)

where V is the stator side voltage of SCIG and ω is the generated angular frequency.
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Since V and ω change almost proportionally, the magnetizing current im can

remain at rated valuewhereas at low speed
(

ω
ωrated

)
value is less giving ic to a lowvalue

from Eq. 2. Therefore, the balance current (−ic + im) has to be supplied from the
inverter through battery. At any other speed within the operating range, the terminal
voltage can be obtained from the V–f plot as given in Fig. 3. Thus, the approximate
battery capacity in VA can be calculated as,

V ABattery = √
3 VLim (8)

Therefore, as observed from Fig. 3 the fixed capacitor current calculated from
Eq. 2 will increase with higher frequency which can result in lesser battery current
requirement to maintain generator flux. Thus, low-speed situation is the worst condi-
tion for battery sizing calculation. The battery rating can be decided by the voltage
at IG terminal obtained from Fig. 3 multiplied by current requirement. The amp-hrs.
rating of the battery can be decided by the consideration of time for which the low-
speed situation can persist. This can be obtained from the meteorological data for
the installed region.

The reactive power requirement at low speed during starting when current is
(im − ic) given by,

Q = √
3 VL(im − ic) (9)

From Eq. 1, the value of C is calculated at no load condition. Thus, the value of im
is always the rated value. Under such condition, the capacitor current ic is negligibliy
small, and hence, the reactive power requirement is given by,

Q = √
3 VLim (10)

So, battery volt–ampere rating (VA) can be calculated by considering the standard
battery ratting of 48 V. The battery current rating can also be determined. This low-
speed situation will not exist for a long duration as wind flow increases suddenly.
Therefore, for analysis purpose we are considering a short duration of 2 h. Thus, the
current ratting of a battery can be calculated by using Eq. 10 as,

Battery current rating =
√
3 VLim

BatteryVoltage
(11)

Similarly, the amp-hr capacity of a battery with safety factor of 1.2 can be
calculated as for 2 h,

Amp-hr Capacity = Current Capacity of Battery × 2 Amp-hr

On the other hand, the power that can be supplied through stator under this condi-
tion is low and can be available from the turbine data. Thus, Ir can be calculated
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Table 1 SCIG parameters KW 500 W

Voltage 415 V

Rated speed 1500 rpm

Power factor 0.8 lag

Stator resistance 13.2 �

Rotor resistance 19.1 �

Magnetising inductance 950 mH

Stator and rotor leakage inductances 85 mH

with corresponding slip data. The battery capacity can be effectively calculated and
compared with higher speed requirement. For the proposed 1 kW system with SCIG
of 500W and PV system of 500W, the calculatedminimum battery capacity is 50Ah,
12 V. This battery can supply the required magnetizing current for 16 h at no load
at wind speed of one-third of the rated value with no PV power generated. Since
the wind power generated at lower speed can be also low, the effect of load on this
battery size is almost negligible with only reduction of time duration by marginal
amount (Fig. 4).

4 Simulation Result

The MATLAB–Simulink package is used to simulate the proposed scheme. For
simulation purpose a three-phase 500 W, 415 V, 1500 rpm squirrel cage induction
machine is used as SCIG.Thevarious parameters of simulatedSCIGandwind turbine
are given in Table 1. Figure 5a shows the plot for generator speed of value 500 rpm
specifying low frequency operation of SCIG. Figure 5b shows the plot for inverter
phase voltage having peak value of 108 V. Figure 5c shows the plot for capacitor
current having value of 0.25 amp. Figure 5d shows the plot of generator speed of
value 800 rpm. Figure 5e shows the plot for inverter generated voltage having peak
value of 175 V. Figure 5f shows the plot for capacitor current having value of 0.5
amp at 800 rpm. MATLAB–Simulink model of the proposed scheme is shown in
Fig. 6 (Table 2).

5 Conclusion

In case of hybrid generation, the battery sizing is one of the important factors along
with the various controlling strategies, and it has to be addressed. In this research
work, the methodology is proposed for calculating the optimum sizing of the battery
considering the worst scenario of low-speed operation with no PV insolation. The
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Fig. 5 Simulation results
a Generator speed 500 rpm.
b Inverter output phase
voltage (108 V). c Capacitor
current (0.25 amp).
d Generator speed 800 rpm.
e Inverter output phase
voltage (174 V). f Capacitor
current (0.5 amp)
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Fig. 5 (continued)
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Table 2 Wind turbine
parameters

Diameter 2.75 m

Optimal tip speed ratio 8.5

Optimal power coefficient 0.41

Power output at 12 m/s 2000 W

Cut-in wind speed 4.5 m/s

proposed method for battery sizing has been practically tested to verify simulation
results.
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