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ABSTRACT

Photovoltaic (PV) power generation systems are one of the most
promising renewable power sources to reduce the greenhouse gases.
Grid-connected PV power systems do not generally have a battery
to store the excess charge. However, due to severe imbalance be-
tween the peak level of PV power generation and peak load de-
mand, battery-less Grid-connected PV systems are much less ef-
fective for the purpose of power generation and demand mismatch
mitigation. Grid-connected PV systems equipped with a battery re-
quire elaborate management. This is the first paper that introduces
a systematic battery management method that accommodates arbi-
trary electricity billing policies. More precisely, an optimization
problem is formulated to determine the battery charging current
from the Grid and the PV array taking into account the limited
battery capacity, power converter efficiency, battery’s internal re-
sistance and rate capacity effect, and the maximum power tracking
point of the PV array. Experimental results show that the proposed
algorithm effectively reduces the electricity bill by as much as 28%
when compared with previous state-of-the-art battery management
policies.
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1. INTRODUCTION

The number and capacity of photovoltaic (PV) power system in-
stallations are increasing rapidly. Cumulative installations of these
systems, which are mainly Grid-connected, have reached 2.15 GWpc
in the US alone. Residential PV installations increased at a year-
over-year rate of 64% and accounted for 29% of all PV installations
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Figure 1: PV array output power and hourly average residen-
tial load profile (Southern California Edison territory) [7].

in 2010 [1]. However, the growth rate is still slower than desired
despite the many advantages of PV systems. This is because of
the long break-even time for such systems (the time that is needed
for customers to save enough money with lower monthly electricity
bills to compensate the initial cost of purchasing and installing the
PV system). Maximizing the benefit from the PV system, which is
lower electricity bill, is equally important to reducing the installa-
tion cost to shorten the break-even time.

Many previous studies on solar powered systems focused on en-
hancing the efficiency of the PV system components such as the PV
array and PV inverters. The mainstream research is related to maxi-
mum power point tracking (MPPT) methods that ensure maximum
PV output power in spite of variable solar irradiance [2]. Recent
work has presented a maximum power transfer tracking (MPTT)
method to maximize the actual energy delivered from a PV array
into an energy storage device, considering the power conversion
losses [3].

Grid-connected PV systems without a battery do not require elab-
orate management. Simply performing MPPT or MPTT, and con-
suming the PV power first and the Grid power second has been suf-
ficient for cases where the PV power is smaller than the load power.
Similarly, standalone PV systems equipped with a battery [4, 5] can
use a simple policy in which the battery is charged during the day
and discharged during the night. In contrast, Grid-connected PV
systems should consider complex scenarios such as using the elec-
trical energy stored in the battery when the electricity price is high,
i.e., during peak power consumption hours. However, one of the
major hurdles in reducing the electricity bill is the mismatch among
the PV power generation, load demand, and electricity prices. Fig-
ure 1 shows that the peak solar irradiance occurs at noon while the
peak residential load demand is at 8pm. Many electricity providers
sell the electricity at higher price during the peak hours to control
the peak power demand. For example, unit electricity price in the
greater Los Angeles are during the peak hours is as much as three
times that during the off-peak hours [6]. Grid-connected PV sys-
tems without a battery can hardly cope with the peak-hour load
demand.
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Figure 2: Architecture of the battery storage system for a Grid-
connected PV system.

Grid-connected PV systems with a local battery are one way to
significantly enhance the usefulness of the solar powered system
because it can cope with the peak-hour load demand. Knowing
when to charge and when to discharge the battery is the key to suc-
cess of Grid-connected PV systems with a battery. However, most
previous work performs battery management without employing
systematic optimization and/or optimality consideration in spite of
the significant amount of relevant work. For example, early work
simply limits the battery current and considers reselling the excess
energy from the PV system to the Grid [8]. Power leveling, which
controls the power drawn from the Grid [9], and peak shaving [10]
can mitigate the problem, but they do not provide systematic op-
timization of the system efficiency or the billing cost. There is a
systematic optimization based on Lagrangian relaxation method,
but it focuses on issues from the power distribution network such
as locational marginal pricing (LMP) and transmission congestion
problems [11]. Recent work provides an algorithm that determines
when and how to charge and discharge the battery, but the method
is ad-hoc without much reasoning about the optimality [12]. An
electricity bill minimization algorithm similar to our work has been
proposed in [13]. However, the work assumes a different electric-
ity billing policy based on the peak power usage, which makes the
proposed algorithm essentially a peak shaving algorithm. More-
over, this work does not consider the rate of PV power generation.
In contrast, our work focuses on minimizing the mismatch between
the PV power generation and the load demand in a grid-connected
PV powered home to minimize the electricity bill.

This paper introduces a holistic optimization framework for res-
idential Grid-connected PV power systems equipped with a bat-
tery. Unlike previous work, we develop a systematic optimization
method for the battery management, which can effectively mitigate
the electricity demand and supply mismatch. We devise an algo-
rithm that determines when and how to store and retrieve energy
from the battery to minimize the electricity billing cost. The pro-
posed framework take into account the PV module impedance, con-
verter loss, battery rate-capacity effect, and storage capacity limit
for given solar irradiance, load profile, and billing policy. Experi-
mental results show that our technique is capable of reducing 28%
electricity bill when compared with previous battery management
policies.

2. GRID-CONNECTED PV SYSTEM WITH
A BATTERY

2.1 System Architecture

Figure 2 illustrates the overall system architecture considered in
this paper. We consider household-scale power consumption as the
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load. The load is powered by the PV array, power grid, or both.
It has an energy storage means to eliminate/reduce the mismatch
between power generation and power demand. The energy storage
means comprises a battery module to be charged from the Grid
when the electricity price is low and from the PV array when the
load power is lower than the PV generated power. Together with the
Grid, the battery module supplies power to the load device during
the peak hours.

The battery module consists of a DC-bus that delivers power
to and from the power source, a battery bank, and the load de-
vices. Charging and discharging processes are controlled by a DC—
DC converter, a DC-AC inverter, and a charger. This architecture
allows use of multiple energy storage banks, even heterogeneous
banks, in order to enhance the performance metrics such as power
and energy capacity, cycle efficiency, and lifetime [14]. In this pa-
per, a single battery bank is installed.

2.2 Component Models

2.2.1 Photovoltaic array

Ideal power source can provide unlimited power capacity and
constant voltage or current generation regardless of the environ-
mental and load conditions. The PV array power capacity can be
lower than its maximum value due to the environmental conditions
such as solar irradiance and temperature. The output voltage of the
PV array changes significantly as a function of the load current. We
use a single-diode equivalent circuit model [15] and consider such
characteristics to maximize the energy efficiency of the system. We
keep the PV system efficiency at the maximum, by performing the
maximum power transfer tracking introduced in [3].

2.2.2 Converters and inverters

The target system consists of two switching power converters
that connect the battery to a DC-bus: one for charging the bank and
the other for discharging the bank. The PV array also connects to
a DC-DC converter, which converts the DC voltage from the PV
array to the DC-bus voltage. There also exists a DC-AC inverter
and a rectifier for power delivery between the DC-bus and the Grid,
respectively. Efficiency of a converter or inverter is defined as

Pour _ Pip — Ploss Vin - 1; 7Ploss
Pi Pl Vin 'Iin ’

where P;, and P,,; denote input and output power levels of the con-
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verter, respectively, and Py, is the power loss in the converter/inverter.

The power loss of a switching power converter comprises three
components: conduction loss P4, switching loss Py, and con-
troller loss P.,; [16] such that

Pross = Peder + Psw + Pert- 2

The conversion efficiencies of the DC-AC inverter and rectifier can
be modeled in a similar way as (2) except that there are additional
components Prrans, and Pgijer, Which are the power losses from
transformer and filters, respectively. The power loss for inverter is
given as

3

The power loss components are strongly dependent on the input
voltage V;,, output voltage V,,,;, output current /,,;, and the circuit
component properties. We derive a closed form expression for 1 as
a function of Vj,, Vs, and I,,,;. The details of power loss equations
for each term in (2) can be obtained from [16], and that of inverters
are from [17, 18]. We do curve fitting for the converter efficiency as
a quadratic function, which can still accurately represent the power
converter efficiency in terms of the input voltage V;,,, output voltage

Pioss = Peact + Psw + Perrt + Prrans + Pfilter-



Table 1: Parameter values for converter/charger and inverter
models.

Converter /

Inverter
charger

ai 2.40E-1 1.78E-1
a -6.63E-5 -3.96E-5
as -5.45E-3 -5.97E-5
ay 7.13E-4 7.00E-6
as 1.16E-2 6.07E-3
ag 6.89E-3 1.03E-3
a7 | -3.6967E-2 | -5.85E-3

Vout, output current I,,; as shown in (4). We denote the equations
for calculating efficiencies of the PV converter, battery converter,
and inverter as n;‘é’ A respectively. Also, we can calculate
the efficiency using 'the term of I, instead of I,,,. We denote the
equations as My, Ny', Ni,,- The regression coefficient values for

the quadratic equation are reported in Table 1.
ﬂam = alvl% + a2vgzm + a313uz +agVip +asVour +aglou +ay. (4)

2.2.3 Battery

Modeling the behavior of battery itself is a challenging task,
which has been studied during the past few decades. Battery mod-
els from [19, 20] are mainly based on electrochemical process mod-
eling and analysis. Despite the accuracy of the models, they are too
complex for use during the system-level design of electronics. In-
stead we rely on a circuit based model, which captures the most
important battery behavior, i.e., the rate capacity effect. The rate
capacity effect of batteries is described by the Peukert’s formula,

k

nrute(l) = ]Txa (5)

where k and o are constants.

3. ELECTRICITY BILL REDUCTION

3.1 Power Generation and Usage Models

Residential electrical load demand is fairly periodic although it
fluctuates greatly according to time of day. The periodicity of the
usage patterns is closely related to consumers’ livening patterns,
including space heating, cooling, hot water usage, cooking times,
television watching hours, and so on. The hourly averaged res-
idential load profile measured in Southern California shows that
the peak value occurs at 8pm when residents come home from
work [7]. The peak is 2.5 times higher than the minimum value.
Many electricity providers sell electricity at different rates at dif-
ferent times of day to control the usage of electricity during peak

hours. For example, unit electricity price in Los Angeles is 16.061 ¢/kWh

during peak hours, and 4.655 ¢/kWh during off-peak hours [6].

3.2 Battery Management for Electricity Bill
Reduction

We minimize the electricity bill, which is the summation of Grid
power usage multiplied by the unit cost. We consider two sources
of power generation to demonstrate the proposed idea: a PV array
and Grid. The optimal policy for the Grid-connected PV system
without battery storage is to do maximum energy harvesting. For
such systems, simply performing MPPT or MPTT will suffice [3].
On the other hand, achieving the goal of electricity bill reduction in
a Grid-connected PV-powered homes with battery storage involves
optimization from many aspects. Depending on the ratio between
the peak hour and off-peak hour electricity prices, the in-home PV
system may either supply power to the load or charge the battery
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during off-peak hours. Also, we charge the battery when the elec-
tricity is cheap and the PV power is not enough to fully charge
the battery, preparing to use the battery to perform load shaving
during the peak hours. However, charging the battery is less effi-
cient than supplying power to the load due to the battery’s inter-
nal resistance and charger power losses. Furthermore, high-current
charging and discharging result in severe charging and discharging
efficiency degradation due to the rate-capacity loss in the battery.
We prohibit the case where the battery becomes fully charged and
the PV power generation is higher than the load power consump-
tion because we do not consider selling the PV power to the utility
company not to lose generality. Not all the electricity companies
buy PV power from individual residences.

3.3 Problem Formulation

The electricity bill minimization problem for Grid-connected res-
idential PV power systems is formulated as follows.

Objective:

Minimize electricity bill for a day, that is,

N
costaay = Y Cln|pGrialn,

n=1

(6)

where C[n] is the unit price of the Grid electricity ($/kWh), pgia[n]
is the power drawn from the Grid (W) at time slot n, and N is the
number of time slots per day.

Given:

e Solar irradiance profile for a day G[n].
e Residential load demand profile for a day I;,4q(n].
e Unit price of the Grid electricity C|n].
Control variables:
e DC-bus voltage vp,s[n].
e PV operating point Vy,[n], I, [n].

e Battery current /,[n], where [;, > 0 if discharging, and 1, < 0
if charging.

The control variables not only determine when to charge or dis-
charge the battery storage, but also set the optimal operating condi-
tions for charging and discharging.

4. ELECTRICITY BILL OPTIMIZATION AL-

GORITHM

The following observations are the bases of the proposed offline
optimization algorithm.

Observation 1: It is beneficial to charge the battery when the
electricity is the cheapest, that is, time slot 7,,;, = argmin, (Cln]),
and discharge the battery when the electricity is the most expensive,
that is, ny,qy = argmax,(Cln]).

Observation 2: Increasing the charging and discharging current
of battery storage reduces the charging and discharging efficiency,
respectively, due to the battery IR loss and the rate capacity effect.

From the aforesaid observations, it is beneficial to discharge the
battery storage at time slot 7,4 = argmax, (C[n]), but too much
discharging would lower the benefit. We define the variable Cop (1],
that is the compensated cost for effectively determining the time
and magnitude of charge/discharge current. Due to the non-ideal
characteristics of the power converters and battery storage, charg-
ing and discharging efficiency is less than 100%. We reflect the
non-ideal characteristics in the variable, Ceom[n], as follows. The



value of Ceom[n] is initialized to C[n] at the beginning of the algo-
rithm, and it is updated according to the following equation in each
iteration.

Eppiied .
— PPTEE  Cln], when charging,
Echarge — Eloss

extracted

Eextracted + Eloss

Ceom [n] = @)

-C[n], when discharging,
where Egpplied and Eextracrea denote the amounts of electrical en-
ergy that is supplied to and extracted from the terminal of the bat-
tery. Ej,y is the loss due to the battery IR loss and the rate ca-
pacity effect. Higher charging or discharging current makes Ejq;
higher. For example, suppose charging the battery from the Grid at
time slot 7y, = argmaxy, (Ceom[n]). As our iterative algorithm in-
creases the charging current gradually, Ceom[1min] increases. As the
charging current becomes too high, the compensated cost Cepp, Will
also become high, and thus further increasing the charging current
is avoided. The same approach applies to discharging vice versa
when the electricity price is high.

The solution to electricity bill minimization is composed of two
parts. The first part of the solution involves solving the electricity
bill minimization problem without the maximum battery capacity
constraint as shown in Algorithm 1. It assumes that the battery
capacity is unlimited. For practical cases, the size of battery is
limited, often much smaller than the total load energy consumption
throughout a day. Thus, the second part of the solution involves
solving the problem with the battery capacity limit constraint based
on the solution of the first part as shown in Algorithm 2.

o Operating condition T : (Vous, Ppus,pv> Pous,b> Pous,iny) Pair that
describes the operating condition of the system. The terms
correspond to the voltage of the DC-bus, PV converter output

power, input/output power to/from the battery charger/converter,

and input/output powers of the inverter/rectifier, respectively.

e VBUS_LUT_1: lookup table of optimal v, for given G and
1jpqq values constructed at offline.

e VBUS_LUT_2: lookup table of optimal vy, for given dis-
charging Py, > 0 and /j,,4 values constructed at offline.

e VBUS_LUT_ 3: lookup table of optimal v, for given charg-
ing Py, » < 0 and [j,,,4 values constructed at offline.

e MPTT: optimal PV operating point (V)y, I,,) for given G and
Vbus-

Pﬁifpv(G): the PV converter output power for given solar

irradiance G and the optimal vp,.

. Pg’;{g’:mv (ljpaq): the inverter input power when the [,y is sup-

plied wholly by the inverter output for the optimal vp,;.

e ng, ne: the beginning of active management period defined
by the time when Pg’:ff v becomes greater than Pg’;’f o Tload)»
and the end of active management period defined by 24 hours

plus ng.

Algorithm 1 determines the operating condition T for every time
slot. The power values Ppys py> Pous,p> Pous,inv are defined on the
DC-bus side of the converter. Three lookup tables VBUS_LUT_1,
VBUS_LUT_2, and VBUS_LUT_3 are built offline. They con-
tain optimal values of vp,, that maximizes the actual power de-
livered from the source to destination considering the conversion
losses. We obtain converter losses from the converter model, and
thus, V,u[n], Ipv[n], Iy[n], etc. The key idea of Algorithm 1 is to
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Algorithm 1: Electricity bill minimzation algorithm without
battery capacity limit.

Input: G: irradiance, /;,,4: load current

Output: Operating condition T = (Vpus, Phus, pvs Pousbs Pous,inv)

1 for Vn, Pﬁ‘:fpv(G[n]) > ng{’;finv (Lipaa[n]) do

2 Vpus[n] <— VBUS_LUT_1(GIn|, Lpaa(n])

3 (va [nlzlpv [n]) < MPT?(G[n]avbus [1])

4 Prus, py M — Vpy - Ipy 'T]ZlV(pr [”] Vbus [”]Jpv[n])
Vloud ’Iload [I’l}

n;)y,bg (Vbus [}’l} Vioad s lioad [n])

6 Pbusﬁb[n} <_ Pbus,inv [n] - Pbusﬁpv [}’L}

7 Py [}’l} A n;,n(vbus [}’l} Vb, 7Pbus,b[n]/vbus [n])

8 SOC}, < charge(Py,SOCy)

5 Pbus.inv [}’l] A

9 while Cth,low < Cth,high && lendCond do

10 for Vn, Ceom[n] = cippigh do

1 if n = ¢ then

12 L Cth,high < max(Ceom)

13 continue

14 Pbus,b [}’l] = min(Pbus,b[n} +Pinc,ala PZU‘::”[”} )
inv

15 Vbus [”} < VBUS_LUT_2 (Pbus,b[n]Jload [n])

16 (VI’V [nLIPV[nD — MPT’:(G[n}vvbus [l’lD

17 Pbus,pv [n} — va . Ipv . T]’,fv(va [n]vvbu.v [n]vlpv [n])

18 Pbus.inv [}’L} « Pbus,pv [I’l} +Pbus,b

19 ) [n] <~ T]Zm (Vb: Vius [n]’Pbus,b[n]/Vbus [}’l])

20 SOCy, < discharge(P,,SOCp)

21 Ceom|n] < decreaseCost(Ppys

22 if SOC;, = 0 then

23 | break

24 for Vn, Ceom[n] = ciniow do

25 if n = ¢ then

26 L Cthlow < min(Ceom)

27 continue

28 Pbux,b [Il} — szts,h [}’l} — Pinc,c

29 Vbus [”} < VBUS_LUT_3 (Pbus,b[n]:]load [n])

30 (VP" [n}vlpv[n}) — MPT’:(G[n}vvblts [HD

31 Ppus,py [n] Vpy - Ipy 'nl,;qv(vpv (1], Vius [n]alpv [1])

32 Pbus.inv [l’t} <_ Pbus,pv [l’l} + Pbus,b

33 Py [n] <~ ﬂﬁ," (Vbus [n]vvbv 7Pbus.,b[n}/vbus [}’ZD

34 SOCy, < charge(Py,SOCp)

35 Ceom < increaseCost(Ppyq p)

36 return T <— (Vbusvpbu.v,pvvPbus,bvpbus,inv)

use two threshold values, ¢ 10,y and ¢ pign- We initialize the low
threshold value to min(Ceom[n]). If we pick all the time slots n with
Ceom|[n] = 110w these are the slots with minimum electricity cost,
and thus, are suitable candidates for battery charging. Throughout
the algorithm, ¢y, ., gradually increases, as Cgop increases. We
initialize ¢/, jigp to max(Ceom([n]), and find all the time slots n with
Ceom[n] = cih high» Which are suitable for discharging the battery.
We store the cheapest electricity in the battery and use it when the
electricity price is the highest. Power from the PV array is free, and
always cheaper than the Grid electricity price. The algorithm con-
siders charging the battery with PV power first, and the electricity
from the Grid next. Algorithm 1 is optimal if the battery capac-
ity is unlimited and the initial state of charge (SOC) of battery is
sufficient.



Algorithm 2: Electricity bill minimzation algorithm with bat-
tery capacity limit SOCp 4y

Input: G: irradiance, Ij,44: load current, SOCy, ;,;¢: initial SOC
atng, T= (Vbusu Pbus,pvvpbus,b7Pbus,inv): result of
Algorithm 1

Output: Operating condition (Veus, Pous, pvs> Pous,b> Pous,inv)

1 Nark,s < Ns

2 NMypark,e < Ns

3 SOCark SOCb,init

4 for n = ng to n, do

5 SOCy, +— updateSOC (Pyys (], SOCy)
6 if SOC;, > SOCp 14, then

7 Nyark,e <— nextDischarge(Ppys ,n)
8 t[n]

reschedulel (SOCmarlw SOCb,max: Nmark,s nmark,e)

9 Nark,s < Nmark.e
10 SOCmark “— SOCbﬁmax
11 continue

else if SOC;, < 0 then

Niark,e < nextCharge(Pyys p, 1)

1[n] < reschedule2(SOCpqri,0, Nnark,s s Nmark,e)
Nyark,s < Nmark,e

SOCark <=0

continue

12
13
14
15
16
17

8 return T <— (Vbum Pbus,pvv Phus,hv Phus,inv)

ju

Algorithm 2 reschedules the battery charging and discharging
operations so that the battery SOC does not exceed the maximum
value or becomes below zero. The charging and discharging sched-
ule from Algorithm 1 might violate both the maximum and mini-
mum battery capacity constraint. Algorithm 2 starts at the begin-
ning of a active management period, ng. Algorithm 2 charges and
discharges the battery according to the scheduling result of Algo-
rithm 1 as time passes until the battery capacity constraint is vio-
lated. Functions nextDischarge(Pyys j,,n) and nextCharge(Ppys jp, 1)
find the timeslot next to n where the closest discharge or charge
begins. The functions reschedulel() and reschedule2() derive an
operating condition T schedule that makes SOC}, from SOC,,, to
SOCp yax and from SOC,,,4«to 0 during time interval [Ryqk s Bimarke)»
respectively, while meeting the battery capacity constraints. This
rescheduling problem is much simpler than the original problem
since the start and end SOC values are given, and the capacity limit
is met for the interval [Mygrik,s Pmarke].- Function reschedulel()
works as follows. It fixes the discharging schedule as derived in
Algorithm 1. The next step is to perform initial charging to avoid
depletion by the discharging schedule fixed in the previous step.
This initial charging is always feasible from the definition of the
interval [Myark s Mmark.e]- Finally, reschedule1() determines the rest
of the charging schedule using ¢ o and Ceop to minimize the
charging cost until the total accumulated charge at n,,,,,« . becomes
SOCp jnax- Function reschedule() is defined in a complementary
manner. Algorithm 2 is based on Algorithm 1 and ensures the so-
lution quality of the capacity limited problem because Algorithm 1
gives the optimal results for the unconstrained case.

5. EXPERIMENTAL RESULTS

We compare the efficacy of the proposed algorithm with two
baseline algorithms. Both baseline algorithms charge the battery
from the PV array and Grid during off-peak hours and discharge the
battery during the peak hours. For the first baseline, charging and
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Figure 3: Power input and output variation with time.

discharging current from the Grid is fixed to 1C to maximize cycle
efficiency of the battery, and it performs MPTT to determine the
operating point of the PV array and DC-bus voltage. For the sec-
ond baseline, the charging current from the Grid is fixed to 1C and
discharging current is determined greedily during the peak hours,
and it also performs MPTT.

We use an actual profile of residential load demand and Grid
electricity price from Southern California [6, 7]. The peak load de-
mand is 1.025 kW at 8pm as shown in Figure 1. The unit price of

the Grid electricity is 4.679 ¢/kWh during peak hours and 1.879 ¢/kWh

during off-peak hours. The PV array used for our experiment out-



puts 1,000 W/ m? and the maximum power point voltage and cur-
rentis 67.8 V and 23.6 A. The capacity of battery bank is 0.864 kWh
rated at 5 A output current with the output voltage of 48 V. The re-
sult of the proposed algorithm is shown in Figure 3.

The resulting battery management policy shows different charg-
ing and discharging patterns. The first baseline has fixed charge
and discharge current and thus it loses the potential for further gain.
Figure 3(a) shows that the first baseline does not fully utilize the PV
power even though the battery is not full because the total amount
of energy discharged during the peak hours is limited. If the PV
power keeps charging the battery during daytime, the net energy
throughout the day become positive. Figure 3(d) shows the same
results. Baseline 1 does not charge from the Grid during off-peak
hours, since it cannot utilize it. Battery current is kept at 1C during
the peak hours. This minimizes the rate capacity loss, but it also
poses limits on the gain. The second baseline greedily supplies
the load during the peak hours, which results in severe inefficiency
due to the rate capacity effect. Baseline 2 fully utilizes the bat-
tery by charging the battery both from the PV array and Grid as
shown in Figure 3(b). Charging from Grid is temporarily disabled
at around 6 o’clock in the morning, and it prevents the battery be-
coming fully charged while the PV power is still available. By the
end of daytime, the battery becomes fully charged and is ready for
discharging during peak hours. Baseline 2 greedily discharges the
battery during peak hours as shown in Figure 3(d), and thus it soon
becomes fully depleted. There is no other choice but to use expen-
sive Grid electricity beyond that point, which increases the elec-
tricity bill. The proposed algorithm determines the charging and
discharging schedule while considering both the loss due to large
charge/discharge current and utilization of the Grid price fluctua-
tion. The proposed algorithm fully charges the battery by the end of
daytime, just like Baseline 2. To fully utilize the price differences
between the peak hours and off-peak hours, the proposed algorithm
sets the discharging current to a value between Baselines 1 and 2
as shown in Figure 3(d). Discharging the battery at higher current
than Baseline 1 increases the rate capacity loss, but it is beneficial
due to the price difference between the peak and off-peak hours.
The proposed algorithm reduces the electricity bill during a day to
18.73 ¢ while two baselines give 26.14 ¢ and 25.38 ¢ , respectively.

6. CONCLUSION

PV power generation is promising but not very effective to mit-
igate demand and supply mismatch of electricity. Grid-connected
PV systems with a battery has great potential to resolve the mis-
match as long as elaborated battery management ensures optimal
charge and discharge policies. This paper is the first work to ad-
dress holistic optimization of battery management for Grid-connected
PV systems. We devise an offline algorithm that schedules battery
charge and discharge for solar given solar irradiance and load pro-
file. Our framework allows for arbitrary Grid electricity price func-
tion, and all the lossy components, such as converter loss, and rate
capacity loss of batteries, in the Grid-connected PV powered sys-
tem with electrical energy storage. Experimental results show that
the electricity price is reduced by up to 28% when compared with
baseline policies.
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