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Abstract: This work deals with the frequency regulation, voltage regulation, power management and load levelling of solar
photovoltaic (PV)-battery-hydro based microgrid (MG). In this MG, the battery capacity is reduced as compared to a system,
where the battery is directly connected to the DC bus of the voltage source converter (VSC). A bidirectional DC–DC converter
connects the battery to the DC bus and it controls the charging and discharging current of the battery. It also regulates the DC
bus voltage of VSC, frequency and voltage of MG. The proposed system manages the power flow of different sources like hydro
and solar PV array. However, the load levelling is managed through the battery. The battery with VSC absorbs the sudden load
changes, resulting in rapid regulation of DC link voltage, frequency and voltage of MG. Therefore, the system voltage and
frequency regulation allows the active power balance along with the auxiliary services such as reactive power support, source
current harmonics mitigation and voltage harmonics reduction at the point of common interconnection. The experimental results
under various steady state and dynamic conditions, exhibit the excellent performance of the proposed system and validate the
design and control of proposed MG.

 Nomenclature
vsab, vsbc, vsca sensed line voltage at point of common

interconnection (PCI)
Vtm*, Vtm, Ver reference PCI voltage amplitude, sensed PCI

voltage amplitude and their error
iLa, iLb, iLc load currents of phase ‘a’, ‘b’ and ‘c’
isa, isb, isc sensed source currents of phase ‘a’, ‘b’ and ‘c’
isa*, isb*, isc* reference source currents of phase ‘a’, ‘b’ and ‘c’
Vpv, Ipv solar PV voltage and current
Vdc*, Vdc, Vdcer reference DC-link voltage, DC-link voltage of

VSC and their error
Ib*, Ib, Iber reference battery current, sensed battery current

and their error
Cdc, Lf, Rf, Cf DC-link capacitor, coupling inductor, resistance

and capacitor of ripple filter
Lb, Ldc boost converter inductor, BDDC inductor

1 Introduction
In the present scenario, the proliferation of energy demand of
households and industries, create challenges and set a limit on the
power generation from the conventional energy sources [1]. The
solution to this problem lies somewhere in the core of power
generation through renewable energy sources (RES) [2], with
efficient, cost effective and reliable generation through RES. The
rural electrification is provided by a standalone diesel generator
and an integration of other RES in [3–7]. However, the setback for
this technology is an RES intermittent nature. This leads to the
component over sizing while designing any hybrid renewable
energy based microgrid (MG). This also increases the initial cost,
operational cost, and life cycle cost. These shortcomings open the
window for hybridisation of RES to back up each other. However,
this requires the optimal integration of RES and various types of
hybrid systems. Philip et al. [8] have demonstrated the diesel
engine driven generator, battery and photovoltaic (PV) array based
hybrid standalone MG. Due to increasing fuel prices and increased
pollution concerns, the diesel PV based MG has limited scope.
Moreover, the topology presented in the literature has the battery

directly connected to the direct current (DC) link. Due to this, the
battery is exposed to direct DC link voltage fluctuations. This
reduces the battery life. In the proposed topology, the battery is
connected to the DC-link through a bidirectional DC–DC converter
(BDDC). Hence second harmonic current is eliminated from the
battery current. Grid connected RES are another class of
topologies, which are available in the literature [9]. These
topologies based MGs are possible at those places, where grid
availability is easy. However, the proposed topology is also
possible in rural areas. Merabet et al. [10] and Prakash et al. [11]
have reported the wind, PV and battery based MG. They have
established the control algorithm to look after the power
compatibility and power management among different RES in the
MG. Wind and PV both being of intermittent nature, present a
problem to the optimal sizing [12] of the energy storage. The
minimum required battery size, depends on the critical load that the
MG must be capable of feeding when both the solar and wind, are
unavailable. In this way, the storage may be oversized. However, in
the proposed MG, hydro also supports the critical load, thus the
battery size is reduced. Moreover, initial and operational costs, are
low and maintenance requirement is also less. The small hydro
power plant in remote regions is recognised as a promising energy
source to generate electricity. The small hydro system up to 100 
kW rating does not require governor control based turbine prime
mover and curtails down the cost of the turbine. The generator used
in the small hydro has many variations [13–16]. Synchronous
generator [13], permanent magnet synchronous generator [14],
synchronous reluctance generator and self-excited induction
generator (SEIG) [15, 16], are some of them. However, the most
cost effective, efficient, rugged, and easy to use generator in the
small hydro system is SEIG. Additionally, the maintenance
requirement is also less as compared with its synchronous
counterpart. Moreover, SEIG has the drawback that it demands
reactive power or magnetising current for producing the desired
terminal voltage. Therefore, an excitation capacitor bank provides
magnetising current for regulating the terminal voltage of the
generator [17–19]. The hydro-based generating system operates in
almost constant power mode so that if the load changes, the
frequency, and voltage also changes from their reference values.
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Therefore, voltage and frequency in the standalone SEIG based
hydro system are maintained with the help of an electronic load
controller.

However, in the case of light load, the dump load is needed to
dissipate the extra power for regulating the frequency and voltage.
Though the use of a dump load, serves the purpose of voltage and
frequency regulation, however, it increases the cost of the system
and dissipates useful energy in the form of heat. In contrast, the
battery energy storage (BES) based controller for frequency and
voltage eliminates the dump load through the power management
of the different energy sources as discussed in [20–22]. Serban et
al. [22] have described the system controller for maintaining
frequency and voltage of the system and BES is used for supplying
surplus power at peak load condition. In this topology, BES is used
for supplying surplus power at peak load condition. However, in
this topology, BES is used in floating mode and the battery
charging and discharging are not controlled, which makes the
system costly and the battery life is decreased. Therefore, a battery
control is necessary for effective utilisation of the battery. Mostly, a
BDDC controls the charging and discharging current of the battery
as discussed in [23]. Eghtedarpour et al. [23] have discussed
distributed charging and discharging control of the battery.
However, the designed controller lacks in managing the power and
fulfilling the power demand, when the power demand is more than
the maximum deliverable power of the BES. Due to this, the DC-
link voltage continuously falls from its minimum DC-link voltage.
However, in this proposed system, the controller is designed in
such a way that it maintains the DC link voltage even when the
required power is more than the maximum deliverable power of the
battery. Since the controller also takes the PV power in
consideration to supply the demand and to maintain the DC link
voltage. Moreover, the BES with voltage source converter (VSC)
also improves the power quality of the system, manages the load
unbalance, and fulfils the peak load demand [24]. Seema et al. [25]
have discussed only simulation-based analysis of a PV-battery-
hydro MG with controlled battery. The BDDC is used to control
the DC bus voltage with controlled battery current.

In this system, PV-battery-hydro based MG is designed for low
voltage, which supplies power to small pockets of customers. The
proposed MG consists of two energy sources namely hydro and PV
with BES. The hydro-based MG adds stiffness and inertia to the
system voltage and also increases the reliability of the MG as
compared with the wind based MG. An integration of BES
eliminates the need for a dump load and adds to the functionality of
the MG. This BES is controlled by a bidirectional converter, which
reduces the capacity of storage and utilises the battery effectively.
Moreover, BES maintains the continuity of the supply in varying
load conditions. The generation of stable, maximum and
continuous energy from the PV array is achieved through
incremental conductance (INC) maximum power point tracking
(MPPT) technique [26]. Additionally, some ancillary services are
achieved like current harmonics mitigation, voltage harmonics
reduction and reactive power support at the point of common
interconnection (PCI). The VSC switching is based on the
synchronous reference frame (SRF) theory. Therefore, the
proposed standalone PV hydro based MG is highly suitable to
serve the remote places where electrification is either not yet done
or the cost of the electrification is costly. The proposed MG has the
following distinctive features:

(i) In the proposed MG, the hydro generator runs at almost constant
power, therefore, the sudden load change causes the frequency and
generated a voltage at PCI to vary. One way of regulating the
voltage and frequency is by controlling the water inlet to the hydro
through the mechanical controller. However, due to the mechanical
devices involved, the dynamic response of the controller is not very
fast. Therefore, the mechanical speed regulator is not suitable for
sudden changing loads. Therefore, in this proposed MG, the
storage battery with VSC, is used to regulate the frequency of the
system.
(ii) During the period of a load change, the controller estimates the
load power demand and total generated power. If the load demand
is more than the generated power, the controller draws the

remaining power from the battery to balance the power demand.
Similarly, for light load condition, the battery takes the extra power
to maintain the frequency of the system.
(iii) The proposed MG is also suitable to feed the non-linear load
and the harmonic currents required by the non-linear load are
supplied by the VSC. Therefore, the hydro generator does not
supply the harmonic currents and voltage at PCI is of good quality.
(iv) The proposed MG mitigates the negative impacts of solar PV
array caused by the intermittent nature of the solar irradiance. Due
to this intermittency, the power generated by the solar PV array
changes continuously. Therefore, the storage battery absorbs power
fluctuations and maintains the frequency of the MG.
(v) In the proposed MG, the battery is connected to the DC link of
the VSC through BDDC, rather than connecting the battery directly
at DC link. The advantage of not connecting the battery directly at
DC-link reduces the voltage rating of the battery. Moreover, the
battery is not directly exposed to the DC link ripple mostly
dominant second harmonic. In this proposed topology, the filter of
the BDDC smoothens the charging current, thereby, increasing the
battery life.

2 Structure and design of proposed MG
The proposed MG consists of two RES namely hydro, solar PV
array along with a BES, a boost converter for MPPT operation and
a BDDC for the battery control, as shown in Fig. 1a. A SEIG is
used as a hydro generator, which is driven by an unregulated
turbine operating in the constant power region. A VSC is
connected to the PCI through the coupling inductors. The battery
shares the common DC bus of the VSC through the BDDC and
solar PV system is also connected to the DC bus of the VSC
through the boost converter. Moreover, the ripple filter, linear and
non-linear loads are connected to the PCI. The hardware
implementation of the proposed MG is done using the digital
processor (dSPACE-1103). The inputs of the digital processor are
PCI voltages, load currents, source currents, battery current, sensed
DC bus voltage, solar PV voltage, and current. However, these
parameters are sensed using the Hall-effect voltage and current
sensors. After this, the digital processor reads these sensed data via
analog to digital converter (ADC) and processes according to the
SRF based control algorithm and generates the switching pulses for
the VSC. 

2.1 Design of PV boost converter

The solar PV array is made of modules, which are connected in
series and parallel. In an experimental prototype, a solar PV array
rating is considered as 2.48 kW. The solar PV maximum power is
extracted in two stages. The first stage is to harness the maximum
available from the solar PV array using a boost converter and the
second stage is to deliver the maximum harnessed power to the
load and the battery. The input voltage of a boost converter is the
maximum power point (MPP) voltage of the PV array, which is
considered as 307 V. The inductor (Lb) of the boost converter is
designed for a duty cycle estimated as

D = Vdc − Vpv /Vdc = 360 − 307 /360 = 0.147. (1)

The designed value of a boost inductor is given as [8]

Lb = Vmp × D
Δirp × f s

= 307 × 0.15
0.1 × 8 × 20 × 103 = 2.87 mH ≅ 3 mH, (2)

where ripple current is equal to 10% of the solar PV current at
MPP and fs is switching frequency, which is considered as 20 kHz.

2.2 Design of DC bus capacitor and coupling inductors of
VSC

The minimum DC bus voltage for power transfer should be at least
equal to 1.1 times the peak of line voltage, i.e. Vdc = 
1.1 × Vsab × 2 = 230 × 2 × 1.1 = 358 V. Therefore, a DC bus
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capacitor is calculated for DC bus voltage of 360 V and it is given
as

Cd = Pdc/Vdc
2 × ω × ΔVdc

= 2485/360
2 × 314 × 0.015 × 360 = 2854.61 μF

≅ 3000 μF .
(3)

The interfacing inductor is designed for elimination of high-
frequency switching harmonics from the VSC current. The
coupling inductor is designed as [18]

Lf = m × Vdc
6 × f s × h × Δic

= 360
6 × 10 × 103 × 1.2 × 11 × 0.10 = 4.5

mH ≅ 5 mH .
(4)

where fs is the switching frequency and it is considered as 10 kHz.
Δic is the ripple current and it is considered as 10% of fundamental
supply current. m and h are the constant values, which are
considered as 1 and 1.2, respectively.

2.3 Design of bidirectional converter

The bidirectional DC–DC inductor (BDDC), which connects the
battery to the DC bus, is designed to operate as a buck converter

while charging the battery and operates as a boost converter in the
battery discharging mode. This inductor of the BES is designed as,

For buck mode operation of the bidirectional converter, filter
inductor of the battery is designed as duty cycle (D) = Vb/Vdc = 
240/360 = 0.66, and an inductor, Ldc is as

Ldc = D(Vdc − Vb)
f sΔIL

= 0.66 × (360 − 240)
20 × 103 × 5 × 0.2 = 3.96 mH ≅ 4

mH,
(5)

where Vb is the battery voltage and it is 240 V, Vdc is the DC-link
voltage and it is considered as 360 V. ΔIL is the ripple current and
it is considered as 20% of charging current. fs is the switching
frequency and its value is 20 kHz.

For boost mode operation of bidirectional converter, the filter
inductor of the battery is designed as duty cycle (D) = (Vdc − Vb)/
Vb= (360 − 240)/360 = 0.33

Ldc = VbD
f sΔIL

= 0.33 × 240
20 × 103 × 5 × 0.2 = 3.96 mH ≅ 4 mH, (6)

where Vdc is the DC link voltage and it is 360 V. Vb is the battery
voltage and it is 240 V. ΔIL is the ripple current and it is considered
as 20% of discharging current. Therefore, the filter inductor of the
BES is considered as 4 mH.

2.4 Design of battery and ripple filter

Based on the total capacity of the hydro and solar PV array, the
energy storage system capacity is selected. In case, the load is
isolated from the MG, the battery should be able to take the whole
generated power of the hydro and solar PV array. Moreover, in this
extreme operating condition, the battery should regulate the
frequency and voltage of the MG. Hence, the battery rating is
selected as 240 V, 14 Ah. The ripple filter is designed to suppress
the high-frequency noise caused by the switching the VSC. The
ripple filter is a low pass filter and it is the series combination of
the capacitor and resistance and their values, are selected as 10 µF
and 5 Ω. The other parameters of the MG are given in the
Appendix.

3 Control strategy
The details of the control algorithm are given here, which are used
for maintaining frequency and voltage of the system. Here, an
INC-MPPT technique harnesses the maximum power from the
solar PV array and the battery is controlled by a bidirectional
controller.

3.1 INC-based MPP strategy

The proposed MG consists of two renewable energy systems one is
hydro and another one is solar PV system as shown in Fig. 1a. The
maximum power of the solar PV array is extracted in two stages.
One stage is the MPP algorithm, which estimates the duty cycle of
a boost converter for achieving maximum power. The second stage
is the VSC, which delivers a maximum power of the PV system to
the battery and the load. The INC-based MPP technique is used for
harnessing the maximum power from the PV system as shown in
Fig. 1b. The maximum available power is given as

Pmpp = Vpv × Ipv . (7)

The MPP point is achieved at that point where the PV power
derivative with respect to the PV voltage is equal to zero. The
governed equations of INC algorithm is given as

Fig. 1  Microgrid Topology and MPPT Control
(a) Proposed PV-battery-hydro MG, (b) INC based MPP algorithm
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if ΔIpv
ΔVpv

> − Ipv
Vpv

, then w(m) = w(m − 1) + Δw,

if ΔIpv
ΔVpv

= − Ipv
Vpv

, then w(m) = w(m − 1),

if ΔIpv
ΔVpv

< − Ipv
Vpv

, then w(m) = w(m − 1) − Δw,

(8)

where Ipv and Vpv are the sampled PV current and PV voltage of
the array, w(m), w(m−1) and Δw are the estimated, old and change
in the duty ratio.

3.2 Control strategy for VSC

The VSC control is based on an indirect current control algorithm
in which VSC switching is based on reference source currents (isa*,
isb*, isc*) as shown in Fig. 2a. This control algorithm is subdivided
into several parts like estimation of the angle between fixed and
rotating frames, estimation of real and reactive components of load
currents, determination of reference source currents and switching
of VSC. 

3.2.1 Estimation of angle between fixed and rotating
frame: The estimation of the angle between rotating (abc) and
fixed frame (dq) is shown in Fig. 2a. In VSC, dq axis voltage
values are aligned with PCI voltages. Therefore, the phase voltages
of PCI, are used to estimate the transformation angle through an
enhanced phase locked loop (EPLL). Using this transformation
angle, enhanced phase locked loop (EPLL) also estimates the phase
and frequency of the voltage. Unlike SRF, EPLL does not have
closed loop control for estimation of the frequency and phase of the
input signal. Therefore, EPLL reduces the computational burden of
DSP (dSPACE-1103) and the dynamic response is fast for
estimation of phase and frequency. The schematic diagram of

EPLL is shown in Fig. 2b. The EPLL constants, B1, B2, and B3, are
selected as per the procedure given in [27].

3.2.2 Estimation of real component of reference source
currents: The real component of reference source currents is equal
to the difference of the real component of load currents and active
component for regulation of frequency. The real component of the
load current is determined through d–q transformation as follows:

iLd = 2
3 sin θ iLa + sin θ − 2π

3 iLb + sin θ + 2π
3 iLc ,

iLq = 2
3 cos θ iLa + cos θ − 2π

3 iLb + cos θ + 2π
3 iLc ,

(9)

where iLa, iLb, and iLc are load currents, which are sensed through
the Hall-effect current sensors and cos(θ) and sin(θ) are calculated
using EPLL. The DC value of the active load current is achieved
after low pass filter as shown in Fig. 2a.

The total real component of reference source current (Ids*) is
determined as

Ids
∗ = Idf − ILd, (10)

where Idf is the current required for maintaining the frequency of
the MG and it is estimated as

Idf(r) = Idf(r − 1) + kpf{ f er(r) − f er(r − 1)} + kif f er(r), (11)

where fer is the error between reference frequency (50 Hz) and
calculated frequency of voltage, which is estimated through EPLL.

3.2.3 Estimation of reactive component of reference source
currents: The reactive component of source current is the
difference of ILq and the reactive part for regulation of PCI voltage
(Iqv).The reactive part of load current (iLq) is estimated through d–
q transformation and it is given by (9). The total reactive portion of
reference current is estimated as

Iqs
∗ = Iqv − ILq, (12)

where ILq is the reactive portion of the load currents, which is the
resultant of low pass filter as shown in Fig. 2a.

Iqv is the reactive component for regulating the PCI voltage and
it is estimated as

Iqv(r) = Iqv(r − 1) + Kpa{Ver(r) − Ver(r − 1)} + kiaVer(r), (13)

where Ver is the error between reference PCI amplitude (Vtm*)
(187.3V) and estimated PCI amplitude voltage (Vtm) and it is given
as

Ver = Vtm
∗ − Vtm . (14)

The PCI amplitude voltage is estimated as

Vtm = 2
3 × vsa

2 + vsb
2 + vsc

2 , (15)

where vsa, vsb, and vsc are phase voltages and these phase voltages
are estimated from the PCI line voltages vsab and vsbc by using
following equations:

vsa = 1
3 2vsab + vsbc , vsb = 1

3 −vsab + vsbc ,

vsc = 1
3 −vsab − 2vsbc .

(16)

3.2.4 Estimation of reference source currents and VSC
switching: The reference source currents (isa*, isb*, isc*) are

Fig. 2  Control diagram of standalone MG
(a) Control algorithm for VSC, (b) Estimation of sin θ and cos θ components, (c)
Controller for BDDC
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estimated by transforming the Ids* and Iqs* into the three-phase
quantity given as

isa
∗ = sin θ Ids

∗ + cos(θ)Iqs
∗ ,

isb
∗ = sin θ − 2π

3 Ids
∗ + cos θ − 2π

3 Iqs
∗ ,

isc
∗ = sin θ + 2π

3 Ids
∗ + cos θ + 2π

3 Iqs
∗ .

(17)

The hysteresis current controller generates the switching pulses for
the VSC using the error of isa*, isb*, isc* and isa, isb, isc. The current
errors (isera, iserb, iserc), are given as

isera = isa
∗ − isa, iserb = isb

∗ − isb, iserc = isc
∗ − isc . (18)

3.3 Control strategy for BDDC

The control of the BDDC is shown in Fig. 2c. The BDDC regulates
the DC bus voltage of the VSC while performing buck or boost
operation depending on the battery charging or discharging.
Moreover, the control synchronises the power generation and load
demand by storing the surplus power into the battery. Similarly, the
deficit power is supplied by the battery in case the generation is
less than the load demand. The DC bus voltage is maintained by a
proportional integral (PI) controller, which is expressed as

Ib
∗ k = Ib

∗ k − 1 + kpvi Vdcer k − Vdcer k − 1 + kpvpVdcer, (19)

where kpvi and kpvp are the gains of the PI controller, respectively

Vdcer k = Vdc
∗ k − 1 − Vdc k . (20)

The duty cycle of the converter is governed by a battery current PI
controller and it is estimated as

Ddc k = Ddc k − 1 + kpii Iber k − Iber k − 1 + kpipIber, (21)

where kpii and kpip are the gains of the PI controller, respectively

Iber k = Ib
∗ k − 1 − Ib k . (22)

The pulse width modulation (PWM) pulses of the converter are
achieved by comparison of the duty cycle with a saw-tooth signal.

4 Results and discussion
The proposed MG is implemented for a 3.7 kW hydro based
induction generator, PV array simulator and BES. The performance
of the proposed system is shown in Figs. 3–8 in a real-time
experimental environment. The excitation capacitor of the SEIG
has been selected by using the per-phase equivalent model of SEIG
as per the procedure given in [28]. The per phase excitation
capacitor of 3.7 kW, 230 V, 50 Hz, induction machine is selected as
80 µF/phase. Moreover, these capacitors are connected in delta
configuration and it is connected to the generator terminals to
maintain the rated voltage. A variable frequency drive controlled
induction motor is used for emulating the hydro prime mover. A
non-linear load is realised by using the diode bridge rectifier with
the R–L load. Six Hall-effect current sensors are used for sensing
the source currents (isa and isb), load currents (iLa and iLb), solar PV
current (Ipv) and battery current (Ib). Four Hall-Effect voltage
sensors are used for sensing the common point voltages (vsab and
vsbc), PV voltage (Vpv) and the DC bus voltage of the converter
(Vdc). A PV array simulator (TerraSAS PV) is used to realise a
2.48 kW solar PV, whose maximum voltage (Vmpp) and current
(Impp) rating are 307.0 V and 8.0 A, respectively. The control
algorithm of the VSC and a bidirectional converter for voltage,
frequency and power management, are implemented on a digital
controller (dSPACE-1103). The system voltage and frequency
regulation are achieved by PI controllers. The PI controllers of the
proposed MG are tuned using the Ziegler Nichols step response
technique [29]. The detailed values of system parameters are given
in the Appendix. 

Fig. 3  Steady-state performance of PV-battery-hydro system under non-linear load
(a) PCI line voltage (vsab) and source current of phase ‘c’ (isc), (b) Harmonic spectra of isa, (c) vsab and iLcvsab and ivscc, (d) Harmonic spectra of iLcps

 

Fig. 4  Steady-state performance of PV-battery-hydro system under non-linear load
(a) ps, (b) pL, (c) pvscc, (d) Ppv
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4.1 Steady-state performance of PV-battery-hydro based MG
under non-linear load

The current drawn by the non-linear load contains the harmonics
and in the proposed MG, the hydro generated source currents are
sinusoidal even when the load currents are non-sinusoidal as shown
in Figs. 3a–d. The load is fed through two energy sources, one is
hydro and second is PV array as shown in Figs. 4a–d. In the
proposed MG, the MPPT algorithm harnesses the maximum

available power from the solar PV array and the performance of the
MPPT algorithm of the solar PV array simulator in the
experimental prototype is shown in Fig. 6a. Solar PV generated
power, voltage, and current under maximum power condition and
also battery voltage, current and power are shown in Fig. 4d and
5a–c. From Fig. 4d, it is seen that the solar PV generated power is
2.48 kW, which is distributed into three parts (i) supplying the
remaining power required by the load, (ii) storing the surplus

Fig. 5  Steady-state performance of PV-battery-hydro system under non-linear load
(a) Vpv and Ipv, (b) Pb, (c) Vb and Ib, (d) Harmonic spectra of vsab

 

Fig. 6  MPPT performance
(a) at 1000 W/m2, (b) at 790 W/m2

 

Fig. 7  Dynamic performance of PV-battery-hydro based MG following by solar irradiance change
(a) vsab, isc, iLc and ivscc, (b) Vdc, Ipv, Vb and Ib, (c) vsab, isa, iLa and ivsca, (d) Vdc, Ipv, Vb and Ib
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power in the battery, and (iii) compensating losses of the system.
The harmonic spectra of PCI line voltages, source current and load
current, are shown in Figs. 3b, d, and 5d. The source current is
sinusoidal and its total harmonic distortion (THD) is 4.1% and
source voltage THD is 0.8%, which are well within an IEEE-519
standard. However, the load current THD is obtained as 22.3%.

4.2 Dynamic performance of PV-battery-hydro based MG
under change in solar irradiance

The dynamic performance of the PV-battery-hydro based MG
under solar irradiance disturbance is shown in Figs. 7a–d and 6b.
In Figs. 7a–d, the dynamic behaviour of the PCI voltage (vsab),
source current (isc), load current (iLc), VSC current (ivscc), DC-link
voltage (Vdc), solar PV array current (Ipv), battery voltage (Vb) and
battery current (Ib), is exhibited. Despite the change in solar PV
irradiance from 1000 to 790 W/m2, MPP is achieved as shown in
Fig. 6b. A reduction in solar PV irradiance, causes the change in
solar generated power and consequently, the change in battery
operating mode from charging to discharging mode, to meet the
load demand as shown in Fig. 7b. The other system parameters
remain unaffected and the system remains stable. Similarly, an
increase in solar PV irradiance, increases the power generated by
the solar PV array. To manage the increased power, the battery
changes the operating from discharging to charging as shown in
Figs. 7c–d. The DC-link voltage remains unaffected under the solar
irradiance disturbances.

4.3 Dynamic performance of PV-battery-hydro based MG
under load perturbation

Fig. 8 presents the dynamic performance of PV-battery-hydro
based MG under varying load conditions. Figs. 8a–d show the
transient behaviour of the PCI voltage (vsab), source current (isc),
load current (iLc), VSC current (ivscc), DC-link (Vdc), solar array
current (Ipv), battery voltage (Vb) and battery current (Ib). When the
load is increased, load demand exceeds the hydro generated power,
since SEIG operates in constant power mode. In this condition, the
solar power is diverted to meet the load demand and the battery
starts discharging as shown in Figs. 8a and b. Similar is the

condition for a decrease in load demand and the battery comes into
charging mode, which is depicted in Figs. 8c and d.

5 Conclusions
In the proposed MG, an integration of hydro with the battery,
compensates the intermittent nature of PV array. The proposed
system uses the hydro, solar PV and battery energy to feed the
voltage (Vdc), solar array current (Ipv), battery voltage (Vb) and
battery current (Ib). When the load is increased, the load demand
exceeds the hydro generated power, since SEIG operates in
constant power mode condition. This system has the capability to
adjust the dynamical power sharing among the different RES
depending on the availability of renewable energy and load
demand. A bidirectional converter controller has been successful to
maintain DC-link voltage and the battery charging and discharging
currents. Experimental results have validated the design and
control of the proposed system and the feasibility of it for rural
area electrification.
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7 Appendix
 
Parameters for proposed MG: 3.7 kW, 230 V, 50 Hz, star-
connected and four-pole SEIG, Lb = 6 mH, Lf = 5 mH; battery
capacity 240 V, 14 Ah, EPLL constant B1 = 0.1 × 103, B2 = 0.05 × 
102 and B3 = 0.02 × 103; PCI voltage PI controller gain: kpa = 0.1,
kia = 1.6; Ldc = 4 mH, PI controller gain of DC–DC bidirectional
controller: kpvp = 2, kpvi = 0.0001and kpip = 3, kpii = 0.0001; Pmpp = 
2.48 kW, Vmpp = 307.35 V and Impp = 8.086 A.
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