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Abstract- This paper presents the integration of photo voltaic inverter and battery based energy storage system in a micro grid
network, to achieve efficient energy management using interleaved boost converter with Maximum Power Point Tracking
(MPPT) controller. The regulation of battery operations i.e., battery hold, charge and discharge actions depending on the
requisite of load are achieved using a bi-directional DC-DC converter. The performance of a simple boost converter and
interleaved boost converter with MPPT control has been analyzed and compared with i. Two-level inverter and ii. Three-level
NPC inverter for the scenarios like PV source completely catering to the load demand & charging battery, PV source catering
only to load demand, Battery storage system catering to load demand and finally PV source & battery storage system both
together caters to the load demand. The output Power, Voltage and Current waveforms are analyzed for all the above
mentioned scenarios and the results are compared for arriving at better performance. The proposed micro grid energy
management system has been modeled and analyzed using MATLAB/Simulink tool.

Key words- Photovoltaic (PV) inverter; Micro grid (MG); Battery; Energy management system (EMS); Maximum Power

Point Tracking (MPPT)

1. Introduction

With the increasing concerns about environment and
rising prices of energy, more renewable energy sources are
incorporated into the power grid in the form Distributed
Generation (DG) or Distributed Energy Resources (DER).
Instead of using fossil fuels, energy storage like battery or
ultra-capacitors coupled with power electronic converter
system offers fast response for frequency regulation and
load changes. Recent development in battery technology
offer several advantages like high power, longer overall
life and high charge and discharge efficiency. For
microgrids to work reliably, the system must be able to
provide electrical power to the islanded loads maintaining
appropriate voltage and frequency levels within in
acceptable limits of harmonics. The analysis carried out in
this paper targeted towards addressing the requirement of
reliable operation of micro grid (MG) system involving
power electronic converters. Transforming the DC power
output of the PV array into DC or AC power is done by
using power electronic converters [1-2]. AC power that is
obtained is connected to the grid or to local loads.[3-5].
During the light load periods, batteries store the DC

power. The Battery energy storage system plays a
significant role in flexible control and optimal operation of
Active Distributive Network (ADN), due to its fast power
adjustment capability and good supply and storage
competency characteristics. However using a large number
of batteries is inappropriate and uneconomical as the
deterioration of even one cell can completely interrupt the
current flow [6]. Isolated bidirectional converters based on
transformer are expensive besides incurring huge power
losses owing to usage of many switches [7]. Because of
extended life and low cost, the Lead-Acid battery has been
considered for analysis [8-12].

In this paper the output of PV source is boosted up to
required input (DC link) level of inverter and load by a
simple boost converter as well as interleaved boost
converter. A dc-dc bidirectional converter has been used
for charging and discharging of battery storage unit. The
dc-dc converter employs IGBT switches owing to its small
output impedance as well as fast switching speed.
Detailed analysis has been done for four different modes
of operation as listed above with the combination of PV
source and battery energy storage system. These modes are
influenced upon the PV output and state of charge (SOC)
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of battery along with load dissimilarities. The block
diagram of the micro grid EMS system under
consideration is revealed in fig. 1.
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Fig. 1. Block diagram of EMS

2. System configuration

2.1. PV segment

The renewable energy source that has been considered is
solar PV module for delivering the load in normal
conditions and charging the battery. The PV model used
for the analysis is depicted in Fig. 2 (a) and PV module
parameters are listed in table 1. The PV Module works at
varying irradiation level at an ambient temperature of 25°
C. Under ideal environmental conditions it yields an
output of 23 V. The PV module output is connected to the
AC load via a dc-dc boost converter and single phase
inverter. It is also coupled to a lead acid battery storage
unit through a dc-dc bidirectional buck-boost converter.
Simulink models of the PV module and associated -V
curve are shown in Fig.s 2(a) and 2(b).
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Fig. 2. (a) Simulink model of PV segment (b) PV segment

voltage and current graph

Table 1. PV module parameters

Factor Value
Open circuit voltage 21.24V
Short circuit current 474 A
Parallel resistance 100Q
Series resistance 0.9284Vv
Diode Saturation current 3.83e-10
Irradiation 1/100

2.2. Maximum Power Point Tracking (MPPT)
technique

The technique of holding the operating point of PV
panel for corresponding irradiation at maximum power is
defined as MPPT. In order to transfer the maximum power
to the load, it is possible to vary the duty cycle of power
electronic converters with the help of MPPT control. The
most frequently used MPPT technique is the perturb and
observe (P&O) technique where the terminal voltage and
current of PV array are detected and processed. As shown
in Fig. 3, the output of PV is premeditated and present
output PV power is compared with that of the power of
former perturbation cycle. After comparing , the PV
voltage and current are perturbed at times and the
maximum power point (MPP) is achieved.

Power(P)

0 Voltage (V) Vmax

Fig. 3. Graph power Vs voltage cast-off for P&O method
2.3. DC-DC boost converter

Usually, in PV arrangements, dc-dc boost converters
are used to set up the DC voltage. These converters are
also used to extract maximum power with the assistance of
MPP techniques. The Circuit diagram of simple dc-dc
boost converter is presented in Fig. 3(a). Two intervals of
boost converter can be attained during continuous mode of
operation. In both the intervals of operation, the steady
state analysis is given below in terms of charge balance in
capacitor and volt-second balance in inductor. Later, the
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required converter is premeditated with the help of a small 2.3.1. Subinterval 1

ripple approximation.
The IGBT or MOSFET (Q) conducts and diode (D) is
reverse biased in this subinterval

=D V. =V, | =V 1)

\4

Measure V(k),I(k) <

} V, =V, | =Y @)

P(K)=V(K)*1(k)

Where V is the output voltage at steady state.

2.3.2.  Subinterval 2

The IGTB or MOSFET (Q) doesn’t conduct whereas the
diode(D) conducts in this subinterval

V.=V, -V (3)
. \%
] ] ] ] IC = IL —E (4)
! ‘ ¢ ¢ * After small ripple approximation,
v v, = Vq -V (5)
_ =1, - (6)
Fig. 4. Flow chart of P&0O MPPT method °c " R
Relating equations (2), (7) and (8) to form a graph for V.
*rﬂviq‘ - and Ic vs. time is presented in Fig. 3 (b). In Fig. 3(b), D=
2 Duty Cycle, D’ = (1-D), Ts= switching time period.
IL d
+ Afterwards, under steady state condition, average voltage
va/ t Q ::llc through the inductor ought to be zero i.e. inductor volt-
9 VO
B second balance. Thus,
Lt)dt =V, DT +(V,-V)DT; =0 ™
@ v_Ye
Vi) D ®)
P Inductor current change in subinterval 1 is,
B — di () _ Vi (1) Vg
le(r) v/m dt L L (9)
- dt = DT,, di, (t) = 2Ai, (10)
VIR Where Ai,_is inductor ripple current, By combining (9)
and (10)
V, DT
(b) Aip =—2—
2L (11)

Fig. 5. (a) Boost converter circuit (b) V-I plot
Likewise capacitor voltage change in subinterval 1 is
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av, () _i® _ Vv (12)
dt C RC
_ VDT, (13)
2RC

Where Av is capacitor ripple voltage.

With specified values of V and Vg, D can be obtained
from (8) and with presumed ripples, L and C can be
obtained from (11) and (13) for the converter design. The
voltage output graph of boost converter is presented in Fig.
(6).

Fig. 6. Voltage output of simple boost converter

2.4. DC-DC Interleaved boost converter

Interleaving is a significant practice in area of power
electronics. Voltage stress and current stress capability can
go beyond the usage capability with high power
applications. So numerous power devices should be allied
in parallel or in series, but current distribution or voltage
distribution will be problematic. Instead of paralleling the
power devices, paralleling the power converters is an easy
practice. A two-phase interleaved boost converter (IBC)
comprises of two parallel coupled boost converter units.
With a phase shift of 360°/n, each unit is controlled, where
n symbolizes the number of parallel connected units. As
there are two parallel units, 180° phase shift is given.

L1
B
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Cin s1 Cout | R
f— S2
"
Vin C)
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2.4.1. Advantages of IBC

a) Inputripple current is lessened.

b) With a smaller cycle, similar output voltage as of
normal boost converter with a larger duty cycle
can be obtained. The benefit of a reduced amount
of duty cycle is, the time taken for switching on

will be low, resulting in reduced stress,
conduction losses etc.

4
i
4

51 D2 51 D2

\
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Fig. 7. (a) Circuit of 2-phase IBC (b) Waveforms

2.4.2. Designof IBC

Inductor value is designed from the following equation
(14)

|_:Vin—><rn (14)
fo <Al

Where, Vin — Voltage at input, m - Modulation Index,
Al - Inductor current ripples, fs-frequency of switching.

Capacitor value is designed from the following equation
(15)

_ I, >xm (15)
fo < AV,

Where, lo — Current at output, m - Modulation Index, AV -
Capacitor voltage ripples, fs-frequency of switching.

Fig. 8. Voltage output of interleaved boost converter

2.5. NPC multi-level inverter

Multi-level inverters are getting interminable attention in
engineering and industries. The main objectives of
increasing the levels of the inverter are to lessen the
current harmonic distortion and improve the efficiency of
the inverter. A large number of topologies of inverters
have come into existence due to the extensive study,
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exploration on the usage of inverters and applications of
specific in diverse sectors. Multilevel NPC inverter is one
of them.

Vi

Fig. 9. Circuit of Multi-level NPC inverter

Table 2. Switching arrangement

Vou(volts) | T1; | Tl | Tls | Tl
+Vael2 1 1 0 0
ov 0 1 1 0
Vel2 0 0 1 1

2.6. Bidirectional DC-DC buck boost converter

A non-isolated bidirectional dc-dc buck-boost converter
has been used in order to boost PV system output voltage
to the required level during charging and in discharging
the battery, and to reduce the battery output voltage to the
value required by the load.

L, r'ém |_l>|_| k. O
| =
1
From o Battery _i'
PV v ]
Terminal e —I@y Courm—
!
o
O

Fig. 10. Bi directional converter for the system taken
The parameters that are essential are deliberated as follows

For the buck mode converter functioning in continuous
mode, the duty cycle is specified by

Vou _ 1 (16)

V.  1-D

Inp boost

The current at the discontinuous-continuous periphery is
specified by

DT,
I = 2LS out _Vinp) (17)
-5
| _ (2x107°)x0.209x(110-23) _ o 106
2x30
(18)

Bidirectional converter is deliberated in Fig. (10) and its
factors considered in this paper are presented in table (3).
The output waveforms of the converter in the course of
boost and buck mode are given away in Fig. 11, 12, 13.

Table 3. Factors considered for bi directional converter

Factor Value
Inductance 6.46e-6 H
Pulse width of IGBT 1 21%

Pulse width IGBT 2 79%
Capacitance 7.8e-1F

Mode 1 Mode 2 Mode 4

Mode 1 Mode 2
(b)

Fig. 11. Output voltage and current of bidirectional
converter in (a) boost mode; (b) buck mode when normal
boost converter and 2-level inverter are connected in the
system
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Mode 1 Mode 2 Mode 3

Mode 1 Mode 2 Mode 4
(b)

Fig. 12. Output voltage and current of bidirectional
converter in (a) boost mode; (b) buck mode while
interleaved boost converter, two-level inverter are
associated in the system

Mode 1 Mode 2

Mode 1 Mode 2 Mode Mode 4

(b)

Fig. 13. Output voltage and current of bidirectional
converter in (a) boost mode; (b) buck mode while
interleaved boost converter, three-level inverter are
associated in the system

2.7. Battery model

In this paper, a Lead-Acid Battery with a 100V nominal
voltage has been used. The simulation factors that are used
in Simulink are given in table 4. The initial value of state

of charge (SOC) of the model can be fixed according to
the necessity of the simulation.

Table 4. Battery model parameters

Factor Value
Rated Capacity 6.5 Ah
Nominal Voltage 100 V
Nominal discharge current 1.3A
Voltage at full charge 108.8816

2.8. Load

In this paper a 4.65KW, 220V Resistive AC Load of 10 Q
connected with a 1-phase two- level Inverter and three-
level inverter are compared. The inverter transforms the
DC input from the PV segment or the battery liable on the
operating mode and alters it into AC voltage to a RMS
value of 310 V.

2.9. Controller logic

In order to analyze PV insolation and variation in load
current, relational operators are castoff in the controller
logic. As shown in fig(10), bi-directional converter IGBT
switches are controlled via multiport switches. By means
of [A] go-to block, boost mode is controlled and by means
of [B] go-to block, buck mode is controlled. From Fig..1 it
can be grasped that the battery module is coupled to the
main system by means of an ideal switch which is
controlled by [C] Go-to block. Likewise, the PV array is
coupled to the system using an ideal switch which is
controlled by block [D] go-to. As there will be a
transformation in the factors the control logic produces
pulses in terms of 1 or 0 for whole go-to blocks to contrast
the modes of operation of the arrangement. Table (5)
shows the number of outputs produced for each Go-to
block for the duration of different modes of operation.

3. Results

3.1. For mode 1: PV supplying to load and charging
the battery

From simulation time of 0 to 1.3 seconds this mode
runs at insolation level of 1000Wm?2, The PV system
operates all through this mode. The PV system supplies the
load in addition to charging the battery. In Fig. 14 (a), (b),
(c) output voltage and current for all the system
configurations are shown. The initial value of state of
charge (SOC) of the battery is set as 50% in the course of
Matlab simulation.

3.2. For mode 2: PV supplying only the load

From simulation time of 1.3 to 2.0 seconds this mode
runs and at insolation level of 700Wm2, the PV system
operates all through this mode. As insolation decreases, the
PV array output falls and it cannot support both the load
and charging of battery. As a result the battery stands apart
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Table 5. Controller logic

Insolation(Wm) Operating modes [A] [B] [C] [D]
1000 Mode 1-PV supplying to load and charging 0 1 1 1
the battery
. Not Not
700 Mode 2- PV supplying only the load defined defined 0 1
300 Mode 3- only battery supplying the load 1 0 1 0
1000 Mode 4- both PV Iecl)r;(é battery supplying 1 0 1 1

and the PV array alone supplies the load all through this
mode. In Fig. 14 (a), (b), (c) output voltage and current for
all the system configurations are shown.

3.3. For mode 3: Only battery supplying the load

From simulation time of 2.0 to 2.4 seconds this mode
runs and at insolation level of 300Wm?2, PV system
operates all through this mode. As a result, output of the
PV array falls beneath the operating conditions in addition
the PV module does not support the load any longer.
Hence the PV block becomes disconnected and the battery
supplies to the load all through this mode. In Fig. 14 (a),
(b), (c) output voltage and current for all the system
configurations are shown.

3.4. For mode 4: Both PV and battery supplying load

From simulation time of 2.4 to 2.8 seconds this mode
runs and at insolation level of 300Wm?, PV system
operates all through this mode. Load variation occurs as
increase in resistance is experienced. In order to satisfy to
the increased load, PV and battery both will supply to the
load all through this mode. In Fig. 14 (a), (b), (c) output
voltage and current for all the system configurations are
shown.

T o
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Fig. 14. Output voltage and current (a) For simple boost
converter, two-level inverter (b) For interleaved boost
converter, two-level inverter(c) For interleaved boost
converter and three-level NPC inverter
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@
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Fig. 15. Output voltage,SOC and current waveforms of
battery when (a) Simple boost converter, two-level inverter
(b) Interleaved boost converter, two-level inverter  (c)
Interleaved boost converter, three-level NPC inverter

Mode 1 Mode 2

Mode 1 Mode 2 Mode | Mode

Table 6. Comparison of results with boost & Interleaved
boost converters

S.no Parameter A B C

Input voltage
1 of converter 46.8V | 46.8V | 46.8V
without MPPT

Input voltage
2 of converter 472V | 47.2V | 47.2V
with MPPT

3 Output voltage

184.1 | 197.7 | 199.3
of converter

without MPPT |V v |V
Output voltage
4 | of converter 243V 273'2 29&-2

with MPPT

A - With boost converter and 2-level inverter
B- With interleaved Boost converter and 2-level inverter
C- With interleaved boost converter and 3-level inverter

Table 7. Comparison of different parameters with three
different topologies

S.No Parameter A B C

Ripple content in
Input inductor
current without
MPPT

3.72% 2.78% 2.03%

Ripple content in
Input inductor
current with
MPPT

1.035% | 1.017% | 0.9771%

Mode 1 Mode 2 Mode Mode 4

3
(©)
Fig. 16. Output of PV power, load power and battery
power (a) for simple boost converter, two-level inverter (b)
for interleaved boost converter, two-level inverter(c) for
interleaved boost converter and three-level NPC inverter

4, Conclusion

The resultant V-1 waveforms of the load and
battery acquired through simulation of each modes shows
the performance of the proposed micro grid system under
specific conditions of battery charging and discharging.
Timing of mode-1 is from 0 to 1.3 sec during which the
PV result is optimal and it will supply to load and charges
the battery. Mode-2 timing is from 1.3 to 2 sec during
which the PV solitary supplies the load. Mode-3 is from
2.0 to 2.4 sec and this time battery alone supplies the load.
Mode-4 timing is from 2.4 to 2.8 sec, since the load is
increased so PV and battery both will supply to load. The
waveforms of current and voltage acquired at the time of

Ripple content in
3 output voltage 2.83% 1.63% 1.52%
without MPPT

Ripple content in
4 output voltage 1.76% 1.87% 1.37%
with MPPT

A - With normal boost and 2-level inverter
B- With interleaved boost converter and 2-level inverter

C- With interleaved boost converter and 3-level NPC
inverter

simulation of the system indicates the system’s flexibility
in various conditions of operation. The transition from one
mode of operation to the other was very smooth and no
disturbance observed at system level and also this solution
is very much suitable for the intermittent nature of the
solar irradiation and clouding effects. Resulting Output
voltage, State of charge (SOC) and current of various
arrangements has been given away in Fig. 15. Resulting
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power output of Photovoltaic, load and battery has been
shown in Fig. 16 and different performance constraints are
compared in tables 6 and 7.In terms of converter output
voltage, and current ripples, the interleaved boost
converter with MPPT gives better outcome compared with
normal boost converter. The proposed interleaved boot
converters are able to give maximum output voltage at
boost level to 291.2V as against 199.3V without MPPT
control. The combination of interleaved boost with three
level NPC inverter results better performance than normal
two level single phase inverter , in terms of lesser ripple in
output voltage and current with no change in SOC. The
ripple content in output voltage with MPPT using
interleaved boost converter and 3 level NPC inverter is
1.37%, which is well within the limits recommended by
most of the international standards. Finally the system
reveals that from the whole arrangement, how a non-
conventional energy source like PV employed with MPPT
can be utilized together with battery in smart micro grid to
deliver power to the local loads.
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