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In this paper, the development and the performance of a viable distributed grid-connected power generation system
of Photovoltaic-Energy Capacitor System (PV-ECS) considering solar energy estimation have been described. Instead
of conventional battery Electric Double Layer Capacitors (EDLC) are used as storage device and Photovoltaic (PV)
panel to generate power from solar energy. The system can generate power by PV, store energy when the demand of
load is low and finally supply the stored energy to load during the period of peak demand. To realize the load leveling
function properly the system will also buy power from grid line when load demand is high. Since, the power taken
from grid line depends on the PV output power, a procedure has been suggested to estimate the PV output power by
calculating solar radiation. In order to set the optimum value of the buy power, a simulation program has also been
developed. Performance of the system has been studied for diﬀerent load patterns in diﬀerent weather conditions by
using the estimated PV output power with the help of the simulation program.
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1.

taken from grid line tomorrow to level the load properly. To
do that, it is important to know how much energy will be generated tomorrow by the PV panel. So a procedure has been
developed to estimate the PV output power by calculating
the solar radiation with the help of Hottel’s and Liu-Jordan’s
equations (4) .
For proper functioning of the system, it is necessary to declare the amount of tomorrow’s buy power. It is not so easy to
set the optimum value of this buy power for which the best result of load leveling will be achieved. To solve this problem,
we have developed a program that can simulate the operation
of the system. With the help of this simulation, the optimum
value of buy power can be set by trial and error method.
Performance study of the system is being pursued to determine and to analyze the viability of the system, load leveling
capability, the specific characteristics of ECS as storage device and the performance of PV panel as a renewable energy
source. As we can now estimate the output power of PV
panel and set the optimum value of buy power, better results
are obtained than that of a previous work (1) .

Introduction

It is a great problem that, all over the world, the peak demand of load is increasing and the load factor of utility is
decreasing year after year. A promising solution to this problem is distributed power generation system with load leveling
function. Several works, both practical and simulation, have
been done using PV panel and/or storage device in this regard (1) (2) . In this work, we have also developed a small grid
connected distributed system with load leveling technique
based on solar energy.
Photovoltaic power generation is spreading steadily and
the desired PV panel is coming out from the architectural
limitations, hence it is incorporated with our system to generate power from solar energy as a distributed system. EDLCs
of large capacitance, called ultra or super capacitors, are
used as energy storage device for their outstanding advantages (1) . Energy Capacitor System (ECS, now also renamed
as ECaSS (3) ), which is the combination of EDLCs and electronic circuits, can be charged and discharged quickly with
high energy eﬃciency, has higher power density and longer
lifetime and some other advantages over lead-acid battery. In
our proposed system energy will be taken from grid line (herafter will be called “buy power”) and stored in EDLCs during
the lower demand of load and will be supplied to load when
its demand is high. Thus the system will keep the buy power
as flat as possible (which is called load leveling). Moreover,
it will generate power by PV panel during sunny days and
supply to the load or charge the EDLC bank.
In this system we have to know, how much power will be
∗

2.

A simplified block diagram of the proposed system is
shown in Fig. 1 and the brief description of each section is
given in the following subheadings.
2.1 Load Unit
The load, used in this system, is a resistive room heater of variable power, which consists of six
resistive coils connected to the system by relays. The control unit can connect or disconnect the coils to the system by
these relays as per requirement of the simulated load profile.
The minimum value of this load is 50 W and the maximum
value is 1150 W, but within this range the value can be set to
any integer multiple of 50 W.
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Fig. 3.

a very fast, low harmonic and eﬃcient Error Tracking Mode
Pulse Width Modulation (ETM-PWM) PCS (6) is used. It
works as an inverter when power is supplied to load from
ECS and PV panel, and as a charger when power is bought
from grid line to charge the ECS. The dc input/output range
of the PCS is 90–180 V and ac input/output range is 90–
110 V 50 Hz. Using this PCS, we have eliminated the spikes
appeared in the buy power curves of previous work due to the
slow mode change action of the previous inverter (1) .
2.5 Maximum Power Point Tracker (MPPT)
To
extract the maximum power from PV panel, an MPPT is
used in our system. The MPPT always matches the dynamic
impedance of PV panel with the fixed load. The microprocessor based MPPT, used in this system, has the maximum
eﬃciency of 99% and capacity 1000 W.
2.6 Control Unit
The control unit consists of an interfacing circuit as well as a data acquisition system. A microcomputer controls the entire system through the interfacing circuit. The data acquisition system (Agilent 34970 A)
has an integrated type 20-bit ADC and can access data from
20 channels by time division multiplexing. It reads diﬀerent
data (like buy power, PV power, EDLC power, room temperature etc.) from the system and sends them to the computer.
The control procedure is done with the help of a program,
designed by LabView programming software.

Fig. 1. Block diagram of the system

a. Switching circuit.

Fig. 2.

b. Combination-I.

Additional combination used in previous work

c. Combination-II.

Switching combinations of EDLC modules

2.2 PV Panel
The PV modules consist of 42 solar
cells connected serially where each cell has an area of 15 cm
× 15 cm and can produce 0.6 V and 7.8 A of current at a specified standard condition (25 ◦ C, Air mass 1.5 and Solar density 1 kW/m2 ). The nominal open circuit output voltage of
each module is 24.9 V and short circuit current is 7.69 A. The
panel consists of 9 such modules connected in series. Its peak
output power is 1296 W at MPP (Im=7.2 A Vm=180 V).
2.3 Energy Capacitor System
It is the combination
of super capacitors of very large capacitance like EDLC
and electronic circuits. In our system the EDLC bank consists of four capacitor modules where each module comprises of 36 series connected EDLCs and seven such strings
in parallel. The maximum voltage of each module is 90 V
(2.5 × 36) and capacitance is 505.5 F (2600 F/cap. × 7 ÷
36). The maximum capacitance of the combinations (Fig. 2)
of the modules is 505.5 F and storage capacity is 2275 Wh
(1/2 × 505.5 × 1802 /3600). To increase the storage capability and to yield a large energy output, electronic circuits
called parallel monitors and current pumps, are used with the
capacitors (5) .
To keep the capacitor voltage within the input range of the
Power Conversion System (hereafter will be called “PCS”),
the modules are charged and discharged in two diﬀerent combinations using switches S1 , S2 and S3 as shown in Fig. 2.
There were three combinations of the capacitor modules in
a similar work done previously (1) . The additional combination was as shown in Fig. 3. It was necessary as the input voltage range of the previous inverter was 120 V to 180 V. But the
input voltage range of the new PCS is 90 V to 180 V. Hence,
this combination has been eliminated in the new system to
reduce the number of switches that increases the eﬃciency
of ECS.
2.4 Power Conversion System
For a grid connected
PV-ECS system, the inverter is very important. In this work,

3.

Estimation of PV Output

The output power of the PV panel can be estimated if we
know the amount of solar energy incident on it, eﬃciency of
the panel and its area. So in this paper we have devised a
procedure to calculate the daily solar energy for any day of
the year, in any place, which is described in the following
subheading.
3.1 Calculation of Solar Radiation in Kitami
There
are two components of solar radiation, one is beam radiation and the other is diﬀuse radiation. Solar radiation means
the summation of beam and diﬀuse radiations. To calculate
the beam radiation we have used Hottel’s empirical formula
of atmospheric transmittance for beam radiation (4) , which is
given below.
τb = a0 + a1 e−k/ cos θz · · · · · · · · · · · · · · · · · · · · · · · · · · · · (1)
Where,
τb = Atmospheric transmittance for beam radiation (G bn /Gon )
Gbn = Beam radiation on the nth day of the year
Gon = Extraterrestrial radiation on the nth day of
the year
θZ = Zenith angle
400
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a0 , a1 and k are constants; considering the weather of Kitami
as mid-latitude winter and altitude 0.063 km the values of
the constants have been calculated and found as 0.138344,
0.759559 and 0.381446 respectively (for mid-latitude summer these values are 0.130285, 0.744518 and 0.389075 respectively (4) ).
The expression for extraterrestrial radiation (4) is


360n
Gon = Gsc 1 + 0.033 cos
· · · · · · · · · · · · · · · · · · (2)
365

Fig. 4. Beam radiation on 31st January

Where,
Gsc = Solar constant = 1353 W/m2
n = Day of the year
Now multiplying Eq. (1) by Eq. (2) we get


360n
Gbn = Gsc 1 + 0.033 cos
× (a0 + a1 ek/ cos θz )
365
· · · · · · · · · · · · · · · · · · · · (3)

Fig. 5. Diﬀuse radiation on 31st January

To calculate the value of Gbn for all the day we have to replace θz of Eq. (3) by local time of the place considered. For
a horizontal surface θz = θ (incidence angle) and for inclined
surface we have to use θz calculated for horizontal surface.
There is a standard equation for the incidence angle (4) , which
is given below.

of local time and using this value into Eq. (3) we can calculate the beam radiation for any time of a particular day of the
year. This value is plotted in Fig. 4. But from this curve
we find that the radiation changes abruptly at sunrise and
sunset time, whereas the practically measured solar radiation
changes gradually. This error occurs due to the constant term
in Hottel’s equation (Eq. (1)) that does not depend on zenith
angle θZ , i.e. due to this constant term some radiation will be
available even at night which is not possible. Hence, to overcome this abrupt change, we have modified Hottel’s equation
by multiplying the constant term by an exponential function,
which is related to zenith angle. The modified equation is
shown below.


360n

Gbn = Gsc 1 + 0.033 cos
365

cos θ = sin δ sin ϕ cos β − sin δ cos ϕ sin β cos γ
+ cos δ cos ϕ cos β cos ω + cos δ sin ϕ sin β cos γ cos ω
+ cos δ sin β sin γ sin ω· · · · · · · · · · · · · · · · · · · · · · · · (4)
Where,
δ = Sun declination
ω = Hour angle
β = Slope of the surface
γ = Surface azimuth angle and
ϕ = Latitude of the place

× {a0 (1 − e−ξb cos θz ) + a1 e−k/ cos θz }· · · · · · · · · · (6)

Considering surface azimuth angle γ = 0 and slope of the
surface β = 0 (as we will first develop an equation for horizontal surface), Eq. (4) reduces to

Where, Gbn = modified beam radiation, ξb = a constant = 5.
The value of the added exponential term is 0 at sunrise and
sunset time but for other time of the day it is almost 1. So the
modified equation produces almost the same beam radiation
except during the sunrise and sunset time as shown in Fig. 4
(Modified curve).
To calculate diﬀuse radiation, we have used Liu and Jordan’s empirical formula for the transmission co-eﬃcient of
diﬀuse radiation (τd ) (4) that is given below.

cos θ = sin δ sin ϕ + cos δ cos ϕ cos ω· · · · · · · · · · · · · (5)
The values of these parameters are



284 + n
δ = Sun declination = 23.45 sin 360
365
ϕ = Latitude of Kitami = 43.75 ◦ N
720 min −slt(min)
ω = Hour angle =
4
slt = Solar time = Local time + 4(Lst − Lloc ) + E
E = Equation of time = 9.87 sin 2B − 7.53 cos B
− 1.5 sin B, B = 360(n − 81)/364
Lst = Longitude based on which local time is
calculated = 135 ◦ E (for Kitami)
Lloc = Longitude of Kitami = 143.9 ◦ E

τd = 0.2710 − 0.2939τb · · · · · · · · · · · · · · · · · · · · · · · · · (7)
Multiplying Eq. (2) by Eq. (7) the clear sky diﬀuse radiation can be calculated as:


360n
× (0.2710 − 0.2939τb )
Gdn = Gsc 1 + 0.033 cos
365
· · · · · · · · · · · · · · · · · · · · · (8)
Where, Gdn = diﬀuse radiation on the nth day of the year.
Fig. 5 shows the graph of this diﬀuse radiation that has also
abrupt changes at sunrise and sunset time. So we have also

Putting all these values into Eq. (5) we can get cos θ in terms
電学論 B，125 巻 4 号，2005 年
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Table 1. Measured solar radiation (W/m2 ) in January
(1994) in Kitami

Fig. 6. Total solar radiation on 31st January

modified this empirical formula for τd in the same way as described for beam radiation. The modified equation is given
below.


360n
Gdn = Gsc 1 + 0.033 cos
365
× {0.2710(1 − e−ξd cos θz ) − 0.2939τb }
· · · · · · · · · · · · · · · · · · · · · (9)
Where, Gdn = modified diﬀuse radiation, ξd = a constant = 8.
As shown in the graph of Fig. 5 (Modified curve), the modified equation changes the diﬀuse radiation only at sunrise
and sunset time. The amount of energy lost (at sunrise and
sunset time) depends on the value of the constant ξd . If the
value of this constant is increased gradually the modified data
will get closer and closer to the original value at sunrise and
sunset time.
Finally, the solar radiation can be calculated by adding the
beam and diﬀuse radiations as:
Fig. 7. Practically measured solar radiation in January
in Kitami (average of 1988–1998)

Gtn = Gbn + Gdn · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · (10)
Where, Gtn = modified (total) solar radiation on the nth day
of the year.
The solar radiation for 31st January has been calculated
by modified equation (Eq. (10)) and by original equations
(Eq. (3) & Eq. (8)), which are shown in Fig. 6.
3.2 Comparison of Calculated Solar Radiation with
Practically Measured Radiation in Kitami
Now we
shall verify the accuracy of the calculated solar radiation by
comparing it with practically measured solar radiation in Kitami. Solar radiation of Kitami has been measured for many
years using a piranometer. For the purpose of comparison we
have taken the data of 20 years. The problem is, although we
have calculated the solar radiation for clear sky but the practically measured data is erratic due to cloudy eﬀect. So we
have sorted out the data to find out the clear sky radiation for
every month of the year.
The solar radiation has been measured everyday in 17 time
slots in one-hour intervals as shown in the Table 1 (here only
the data for January 1994 is shown). The last row of this table contains the maximum value of each time slot. This maximum data is considered as the clear sky solar radiation for
that month. Although it is likely to remain the sky clear once
in a month in every time slot, practical results give diﬀerent
picture. So among 20 years we have got good results for 810 years for a particular month. Here, the data only for the
month of January are shown (Fig. 7). It is note worthy form
Fig. 6 and Fig. 7 that the practically measured solar radiation

Fig. 8.

Estimated PV output power on 11th April 2003

matches with the radiation calculated by the modified equation not with that calculated by the original equation. The
integrated energy of the calculated radiation (using modified
equation) is 5928 Wh/m2 and that of the practically obtained
radiations are 5645–6182 Wh/m2 , i.e. the calculated value is
within the range of measured values.
3.3 Calculation of Output Power of PV Panel
The
total area of the PV panel installed in our site is 8.505 m2 and
its declination is 45 ◦ S with azimuth angle 0◦ . Considering
this declination, the solar radiation incident on the panel can
be calculated by the above-mentioned procedure. Finally, the
PV output power can be calculated by multiplying this value
by the area and eﬃciency of PV panel and the eﬃciency of
the MPPT. Considering panel eﬃciency 11% (at 25 ◦ C with
change of eﬃciency at a rate of −0.052%/◦ C) and MPPT efficiency 90%, the output power in a typical sunny day (11th
402
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Fig. 9. Measured PV output power on 11th April 2003

April 2003) has been calculated and compared with the practically obtained value. These are shown in Fig. 8 and Fig. 9
respectively. The calculated PV output power is almost the
same as the practically obtained output. To calculate the solar radiation and PV output power, we have considered sunny
weather so far. But PV output power will also depend on the
weather condition.
4.

Operation Scheme of the System

The PV-ECS system works with an aim to level the load
with the help of PV power and ECS power. In the daily operation of the system, emphasis is given to charge the EDLC
fully at night when the price of power is low and to discharge
it fully by day when the power is costly. This is important for
the economical issue as described in section 7. The system is
designed for load pattern of 1 kW maximum value. The peak
energy (energy above the average power) of the load profile
must be equal or less than the sum of PV and ECS energy.
Since, the PV output energy is diﬀerent for diﬀerent months
and also depends on weather condition, the peak energy of
the load profile used in this work is kept fairly lower than this
sum. The daily operation cycle of the system is shown in the
flow chart of Fig. 10. Everyday the system starts at 7am. In
every one-hour interval the value of the load (as given in the
load pattern) and the buy power level will be set. If the load
demand is greater than the buy power the additional demand
will be met by EDLC power as well as PV output power if
available. If PV power is not available, only EDLC power
will do that. This type of operation is likely to occur by day.
During night load demand will be lower than the buy power.
So the extra buy power will be used to charge the EDLC. In
this way, the system will perform the function of load leveling by taking always the same amount of buy power.
5.

Fig. 10. Flow chart of daily operation of the system

(a) Load-1

(b) Load-2

(c) Load-3

Fig. 11. Load profiles

Performance Study of the System

To study the performance of our system, three load profiles have been simulated and the performance has been studied in diﬀerent weather conditions for several days. The load
profiles and the methodology used for performance study are
described below.
5.1 Load Profiles
Fig. 11 depicts the designated specific profiles of loads simulated by the resistive room heater.
Among these load patterns, first two (Fig. 11(a) & (b)) are hypothetical and the last one (Fig. 11(c)) is a typical residential
load pattern. In the first load, the peak demand is from 11:00
am to 12:00 pm and although the demand during daytime is
very high but is very low during night. In the second load,
the peak demand is from 12:00 pm to 1:00 pm. Compared
電学論 B，125 巻 4 号，2005 年

to the first load, here the demand by day is lower but higher
at night. On the other hand load-3 has lower demand by day
and higher demand at evening and at night the demand is
even lower than daytime. The average power, total energy,
load factor (LF: ratio of average load to maximum load) and
load form factor (LFF: the ratio of the total energy above the
average power to the daily total energy) of each load profile
are given in Table 2.
5.2 Calculation of Buy Power
Although for a sunny
day it is possible to estimate the PV output power, it is not so
easy to calculate the optimum value of buy power. We can
try to find this value considering the following equation.
403

Table 2.

Parameter values of load profiles

Fig. 13. Simulated power flow patterns in typical sunny
days

operation of the system. The flow chart of this program is
shown in Fig. 12. First, the program will be run by setting an
arbitrary value of buy power. It will estimate the PV output
of the day and simulate the operation of the system using the
estimated PV output and the set value of buy power. If this
value of buy power is lower than the optimum value, EDLC
will be fully discharged before the expected time by day. So
we will set higher value of buy power and run the program
again. But if the value is greater than the optimum value,
EDLC will be fully charged before the desired time at night.
Hence, we will set lower value of buy power and run the program again. In this way, the optimum value of buy power can
be determined by trail and error method for which better load
leveling is possible.
The power flow patterns simulated by this program for
load-1 and load-3 in a typical sunny day are shown in Fig. 13.
Since, the performance of the system depends on the PV output power and the load pattern, for load-1 buy power is flat
for all day but for load-3 it is not flat. But considering the
limit of our EDLC and the daily operation scheme (EDLC
fully charged at night and fully discharged by day) this is the
optimum result. Using this program, the optimum values of
the buy power have been calculated by trial and error method.
To set the buy power for sunny day, PV output has been calculated as described in section 3.3, but for cloudy day, since
we didn’t have a means to calculate this value correctly yet,
it has been assumed to be zero in this paper to ascertain that
the load leveling function can also be realized even in cloudy
weather.

Fig. 12. Flow chart of the simulation program

Total Uload + Total Loss = Total Ubuy + Total Upv
· · · · · · · · · · · · · · · · · · · (11)

6.

Results and Discussion

Fig. 14 and Fig. 15 represent the performance of power
flow in the system for some typical sunny days and cloudy
days. The graphs show the power consumed by load (Pload ),
power produced by PV panel (Ppv ) and the buy power (Pbuy ).
If we compare the powers consumed by the loads with the
simulated load profiles (Fig. 11) we find that the consumed
powers are a little bit greater than the simulated powers, and
there are some fluctuations. Explanation of this discrepancy
is, the resistance of the load is fixed considering the line voltage 100 V, but the line voltage to which the system is connected is greater than 100 V and there are some fluctuations.
For this reason the variation occurs in the powers actually
consumed by the loads.
Observing the powers generated by PV panel in sunny days

Where,
Uload = Energy consumed by load
Ubuy = Energy of buy power
Upv = Energy produced by PV panel
Total Loss = Loss of the whole system
The energy of the EDLC is not included in this equation since
it will be discharged during day and charged during night. We
need the hour by hour values of buy power to get the optimum
results of load leveling, not only the total/average value that
can be calculated by Eq.(11). To overcome this diﬃculty, a
simulation program has been developed that can simulate the
404
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(a) Load-1

(a) Load-1

(b) Load-2

(b) Load-2

(c) Load-3

(c) Load-3

Fig. 16. Charging and discharging patterns of EDLC in
sunny days

Fig. 14. Power flow patterns in the system in sunny days

(a) Load-1
(a) Load-1

(b) Load-2

(b) Load-2

(c) Load-3

(c) Load-3

Fig. 15. Power flow patterns in the system in cloudy
days

Fig. 17. Charging and discharging patterns of EDLC in
cloudy days
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Table 3. Comparison of LFF and LF with and without
PV-ECS system

we find that, for laod-1 and load-2 (Fig. 14(a) & (b)), 100% of
these powers have been used by the system and the buy powers remain flat. But for load-3 (Fig. 14(c)), although 100%
of PV output power has been used, it is not possible to keep
the buy power flat for all day long, as the peak of the load
is shifted from the PV panel’s generation time. This problem can be overcome by increasing the capacitance of ECS
by 1900 Wh. For cloudy days, we find diﬀerent power flow
patterns but the load powers are same. The output power of
the PV panel is very low and hence we have to take more buy
power compared to the sunny days. Although it is possible
to level the buy power for all day long for load-2 (Fig. 15(b)),
but due to the higher demand of load-1 and lower demand of
load-3 during daytime, it is not easy to level the buy power
properly. This problem can be solved by increasing the capacitance of ECS by 2175 Wh and changing the daily operation scheme.
In a previously designed system, due to the relatively slow
operation mode change of the inverter, there were spikes in
the buy power curves (1) but in our present system, since the
PCS is very fast, there are no such spikes. The performance
of the system as load leveler is summarized in Table 3 and
the eﬃciencies of diﬀerent units are shown in Table 4.
The charging and discharging patterns of the EDLC in
sunny and cloudy days are shown in Fig. 16 and Fig. 17 respectively. Here, Vedlc and Pedlc represent the terminal voltage and charge-discharge power of EDLC bank respectively.
The charging and discharging patterns of load-1 (Fig. 16(a)
and Fig. 17(a)) are same, fully discharged during day and
fully charged during night (it is important for economical issue as described in section 7). For load-2, the EDLC is fully
charged and discharged in cloudy day but not in the sunny
day. It is possible to do that also for sunny day but the buy
power will not be so flat in that case. Again, the charging
and discharging patterns of load-3 (Fig. 16(c) & Fig. 17(c))
show that the EDLC is fully charged at night and fully discharged in the evening both in sunny and cloudy days. Charging and discharging eﬃciencies are also shown in Table 4.
We have tried to run our system to get maximum load leveling and economic benefit by charging the EDLC fully at
night and discharging it fully during day. But, fully charging
and discharging of EDLC is not possible for some situations
(Fig. 16(b)) for the sake of load leveling. However, for nonflat price of electricity (price of electricity in peak hours is
greater than that of oﬀ-peak hours) the system will be more
economical for users if the EDLC is fully charged during oﬀpeak hours and fully discharged during peak hours instead of
leveling the load for all day long.
The daily eﬃciencies of diﬀerent units, calculated as the
ratio of daily total energy supplied by the unit to the daily
total energy taken by it, are shown in Table 4. From this table, we find that the highest eﬃciencies of MPPT, PCS(inv)
(PCS when works as an inverter), PCS(char) (PCS when
works as a charger) and EDLC are 98.5%, 92.5%, 81.4% and
89.3% respectively in sunny days and in cloudy days these
are 92.3%, 85.2%, 78.5% and 89.7%. In case of PCS, actual eﬃciencies are higher than the values shown here, since
the current pump and other sensing circuits consume some
power. Also the charging and discharging eﬃciencies of the
EDLC are higher than the obtained values, since the sensing

Table 4. Daily eﬃciencies of diﬀerent units of the
system

and switching circuits in the EDLC consume some power.
For some load patterns the eﬃciencies of PCS(char) and the
EDLC have not been calculated, since for these loads the
EDLC was not charged and discharged fully (eﬃciency of
EDLC and PCS(char) can’t be calculated accurately if EDLC
is not fully charged and discharged). The overall eﬃciency
(calculated as: (Plaod − Pdirect )/(Ppv + Pbuy − Pdirect ), where
Pdirect is the power supplied by grid line directly to the load)
calculated for Load-1 is 82%.
7.

Economical Issues

Although the main object of this system is to level the buy
power, it will also provide a superb financial benefit. It can
help the user to save money in two ways. First one is, during sunny days the system can generate power by PV, which
is used for load without any cost. The second one is, it can
charge the EDLC bank by cheaper power during night and
can use this power to fulfill the load demand during day when
the price of power is very high. Thus, the system can help
the users to use cheaper power instead of costly one. The financial benefit in the operating days, for which results have
been described in this paper, has also been calculated and
shown in Table 5. Benefit has been calculated considering
both flat price of electricity (Unit price of electricity in peak
hours Rp = that in oﬀ-peak hours Ro ) and non-flat price of
electricity (Rp = αRo , α  1). Although for diﬀerent load
patterns, duration of peak hours and oﬀ-peak hours should
be diﬀerent, for simplicity we have assumed 7am to 19pm as
peak hours and 19pm to 7am as oﬀ-peak hours and α = 1.6,
which is a threshold value to overcome the loss in cloudy
days. From Table 5, we find that for flat price maximum
saving of 4.52Ro is possible using the system in sunny days.
But for cloudy days saving is very low even sometimes the
406
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Table 5.

Savings using the system

to calculate the optimum value of buy power automatically.
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Conclusion

As shown in Table 3, the LFFs with PV-ECS are smaller
than those without PV-ECS and the LFs with PV-ECS are
higher than those without PV-ECS in sunny and cloudy days
for all of the three load patterns (except for Load-3 in sunny
day). Hence, we can say that the system works as a good load
leveler. The enhancement of LFF and LF by the PV-ECS depends on the power generated by PV panel and the preset buy
power. As we can estimate the power generated by the PV
panel in sunny day, it is possible to make the buy power very
flat (good load leveling system). But for the partially cloudy
days it is not easy to make the buy power flat properly due
to the diﬃculty to estimate the PV output power correctly.
Again the improvement of LFF and LF depends on the load
pattern and for some load patterns it is not possible to level
the buy power even in sunny day (Load-3 of Fig. 14), if we
want to use maximum output of the PV panel and to charge
the EDLC fully at night and discharge by day. For this load
pattern we can level the buy power properly but all of the PV
output will not be used by the system. By changing the operation scheme of the system and increasing the capacitance of
the ECS this problem can be solved as mentioned earlier.
Finally, we conclude that the eﬃciency of the system has
been increased by 8% (eﬃciency of the present and previous
system is 82% and 74% respectively), as eﬃcient microprocessor based MPPT and PCS have been used and the number
of switches has been reduced in ECS. Now the system can
use all of the PV power since we can estimate its value beforehand. Moreover, the buy power is very smooth compared
to the previous one as we can optimize this value.
In our future work, we shall try to estimate the PV output power for partially rainy/cloudy days using one dayahead weather forecast and to develop a simulation method
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