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A CONTROL SYSTEM FOR IMPROVED BATTERY UTiLIZATlON

IN A PV-POWERED PEAK-SHAVING SYSTEM
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John Wiles, Southwest Technology Development Institute, Las Cruces, NM

ABSTRACT

Photovoltalc (PV) power syslems cffer the prospect of
aliowing & uillity company te meet part of the daily peak
systam load using a renewable resourcs. Unfortunately,
soms utilities have peak system-foad periods that do not
maich the peak production hours of a PV system, Adding
a battery energy storage syslem to a grid-connected PV
power system will allow dispatching the storsd sofar
energy to the grid at the desired times, Balleries,

however, pose systern limitalions in terms of energy

efficiency, maintenance, and cycle lifs, A new conirol
system has been developed, based on available PV
equipment and a data acquisition system, that seeks to
minimize the limitations imposed by the battery system
while maximizing the use of PV energy. Mainlenance
reguirements for the flcoded batleries are reduced, cycie
lite is maximized, snd the baftery is operated over an
sfficient range of states of charge. This paper presents
design delails and initial performance results on one of the
first insialied control systems of this type.

INTRODUCTION

Sait River Projact {SRP), a Phoenlx, Arizona based utility,
has continuing and long-term research and development
projects in renewable energy areas including several PV
systems. The SRP grid has & Summer peak system-load
period from 4 PM 1o 7 PM. In the Winter, the peak
system-load period is from 7 AM to 10 AM. Naither of
these periods fmatches the peak oulput poriod of a PV
sysiem which is genarally between 10 AM and 2 PM,
Phoenix has gengratly clear days with an ennual average
daily irradiation of 6-7 kWh per square meler. There are
{ew days with congistent morning or afiernoon weather
conditions that would shift the peak solar period. SRP has
expressed a desire to delermine the feasibiiity of using
battery storage coupled with a PV system to maich the PV
cutput with the peak system-load periods.

A program to address these SRP research objectives was
formulated jointly by people lrom SRP Ressarch and
Development, Electric Power Research Institute (EPRI),
Sandia National Laboratories {(SNL) Photovoltaic Systems
Applications Division, and the Southwest Technology
Deovelopment institute (TDY).

SRP was awarg of the limitations associated with a batiery
storage system and wanted to rminimize these problems
while maximizing the system efficiency. Batlery charge

energy from the PV system, nor do they charge the battery
in the mos! efficient manner. The control system
maximizes the stored energy from the battery and the
direct energy from the PV arrey delivered 1o the grid
during peak periods. It also minimizes the eneigy
delivered to the grid outside of peak system-load periods.

SYSTEM DESCRIPTION

A 2.4 kW PV array consisting of 20, 120-watt Solarex
MSX-120 PV modules was instalied on the roof of the
SRP Chandler House in Chandler, Arizona. This house
has been used extensively for SRP research on PV
technologies and systems and exploration of several
demand-side management techniques. An SRP
employes lives In the house. The PV array Is connettad
In tive source circuits that each deliver the PV energy from
four modules {connected in & nominal 24-volt
configuration} fo an Ananda Power Technologies (APT)
power center coniaining overcurrent, disconnect, and
charge control devices. Energy is stored in 12 Trojan L«
16, 6-volt flooded, lead-acid batleries with & nominal
capacity of 25.2 kWh at 24 volts and 1050 amp-hotrs.
Hydrocap Venls are installed on each battery cell to
convert evelved hydrogen and oxygen gases back {o
water. A Trace Engineering 4024 SW inverter is used to
converl direct current from the batteries and the PV array
to 120 volls alternating current (ac). A data acquisition
system (DAS), designed by TODI, provides supervisory
control of the other components and collects data for off-
site analysis. A 50-amp branch circuit connects ths output
of the system through ultility-grade protective relays
{voltaga/irequency) 10 the house load center and then to
the SRP grid. Figure 1 shows a one-line diagram of the
system which was Installed in full compliance with the
National Efectrical Codo ®{NEC ®) [1).

BATTERY LIMITATIONS

The theoretical maximum energy efficiency of a flooded
lead-antimony batlery is about 75% [2]. Under non-ideal
operaling temperatures and charge and discharge rales,
the energy efficiency will be much lower. While the cycie
life of lead-acid balteries is relatively well established for
conventional uses such as motive power and float
applications, the partial, non-periodic charge and
discharge cycles in PV usage promote shortened batiary
{e. Charging rates and set points affact both cycls life
and maintenance requiremenis (gas liberation and water
usage). Ballerios operate with greater efficlencies when

controflers fregquently do nol make tull use of the avWe&ej?ﬂ ing vol ova thlS
A l ]

MASTE

This work was supporiad by the i;na;eu
Siates Depariment of Enersy snder
rontruct DE-ACOA-F4ALESLOC,

#



DISCLAIMER

Portions of this document may be illegible
in electronic image products. Images are
produced from the best available original

~ document. |




!

85-09,9¢ 13103

vollage resulls in excessive haaling and gas evolution—
both of which result in lower efiiciency. But, continued
operation below the gassing voltage and below full stales
of charge result in loss of batiery capacity which Is not
recoverabie if the balleries are operated for extended
periods in this panially charged state. Efficlency, cycle-
life, and mainienance requirements present a set of
battery use requirements thal conflict. Using the above
constraints, a new control systom was designed 1o provide
beller overall performance In this PV/battery/utility-
interactive system than has been achieved in other
systems.
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minimized and most of the available snargy is delivered 1o
the grid during the designated peak system-ioad periods.

Electrical transducers are instalied on the system and
measure direct current {dc) from the PV array, direcl
current into and out of the battery, battery voltage, and ac
power to and from the utility grid. The outputs ol these-
transducers are used 1o conirol tha system. For overall
system performance assessments, other transducers
measure solar irrediance, PV module temperature,
ambierit air temperature, and batiery lempsrature.

DAS P  SRP Grid
=3y and
e
_ - |} Controller
24 kW House
; Power Protective | AC | Load
Conter | Relays Disconnect Center
Battery
Bank Inverter
1050 A-H 4kW
25.2 kWh IEEE ChFig 1
~ Figure 1, PV/Battery System, One-Line Diagram
CONTROL SYSTEM

The control system consists of the following components
end functions.

s APT powsr centar charge controllers: equalizing
voltage

s Trace inverter utllity-connected float mode: daily
voltage :

+  Trace Inverter utility-connected sell mode: stored

. anergy to grid

» DAS compuler: equalizing cycles and discharge
periods _

This conlrol system allows the batteries to ba charged by

ths PV armray up to a point just below the gassing voltage.

R aiso aliows the batteries 1o be fully charged and

equalized (four hours above the gassing voltage) every
other Salurday {no peak system-load requirement) to
condition the batteries, maintain capacity, and extend
cycle fite. The control system discharges a percentage
(based on the average battery efficiency and average
state of charge) of the energy slored in the batteries
during the peak system-load period. The operafing stale
of charge Is maintained to & range just below the gassing
point which maximizes batlery efficiency and contribules
to.cycle fife. Almost all PV energy is delivered to either the
batiery or the grid with only small losses assoclated with
the equalizing cycle. Energy Is lost in the syslem due to
unavoidable battery and inverter fosses. Energy delivered
to the grid ouiside the peak system-load periods Is

The change-over between Summer and Winter operation
is accomplished by manually ressiting two parameters in
the inverter microprocessor. The controfl system
parametiers in the DAS are automatically reset at the
proper time.

'OPERATING MODES

Thare are two modes of operation of the system. One is
the daily cycling mode and the other is the every-two-week

- equalization mode. .

Dalty

During daily periods of PV array output, the energy into
the batiery is measured. During the SRP peak system-
" foad time periods, a percentage of the energy thal was
stored in the batiery the previous 24 hours Is discharged
info the SRP grid aleng with any PV energy being.
delivered by the array over the peak system-load pariod.
The discharge percentage is a systemn variable that
roughly equals the short-lerm battery energy efficiency.
This percentage discharge factor is usad to control the
operaling-state-of-charge range of the battery.

- As a lead-acid battery is operaled at states of charge
(8CC}. charging currents, and voltages that aliow the cell
voltage to rise above 2.38 volts per cell {at 25-27°C), the
batlery begins to evolve hydrogen gas., Above this cell
voltage, the charging efficiency becomes lower as more
and more of the charge is used to liberate hydrogen gas




- | p5-65-,9%96 13:19

through elecirolysis. Operation below the gassing voitage
represenis the most efficient operating range for the
battery. '

The control system monltors the baltery voltage
continually, When the PV array charges the battery to just
below the gassing vollagse, the conlirol system connects
the invertsr {o the grid and sends excess PV energy to the
grid. Since this aciivity will usually occur ouiside the SRP
peak system-load period, 1t is desirable 1o minimize the
energy delivered in this manner. By adjusting the
percentage discharge factor, the control system atlempls
to hold the out-ol-peak grid connection time 1o 20 minutes
each day. On a typical day, this represenis about 300
walt-hours of energy being fed o the grid outside of the
poek system-ipad period. A four-day averaging process is
used that compares the actuel out-of-psak time ol
connection with the desired 20 minutes. The control
system adjusts the percentage discharge factor 1o
discharge more energy from the bafteries during the peak

‘system-load period when the out-of-peak time exceeds the

desited 20 minules. The averaging process allows the
offects of dafly variations in the weather to be smoothed
out. Figure 2 shows the time shifting of solar enargy.

Eolar
Solar Peak :du
Eer TRy
i Time- Time-Shifted
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Figure 2. Time-Phased Energy

The measuremenis of battery voltage and the charge
algorithms are temperature ¢compensated since the
batleries are located in an ares that is nol femperature
controlled. Ambient temparalures in ths baltery room may
range from near 0°C on Wintar nights to 45°C on Summer
days.

This closed-loop system keeps the batteries operating in a
range of states of charge that has a maximum siate of
charge (B5-85%) just below the gassing voltage. The
lowar imit on the state of charge depends on the season
and the average weather over the past four days. The
battery bank is sized so¢ that the state of charge swings
over about a 40 percent range in the Summer and about a
25 percent range in the Winter,

Equalization

Unfortunately, continued daily operation below the gassing
voltage allows the waler-sulfuric acid electrolyle 10 stratify.
Stratification of the electrolyte causes the upper portion of
the lead plates in the battery (where the specific gravity of
the electrolyte is iowest) 1o develop farge Isad-suliate
crysials, The higher specific gravity of the elactrolyte in
the bottom of the batteries allows & more active
charge/discharge process, and the active material Is
consumed at a grealer rate on the lower portion of the
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load plales, This stratificelion resulis in a joss of capacity

{sulfation) and a loss of cycle life (active materlal
consumed),

The computer In the DAS keeps track of the days of the
weak. Every other Saturday, the dally cycle is inhibited,
and the inverter is not connaected to the grid until the
batteries have been charged a! voltagss over the gassing
voltage for four hours. This process is accomplished by
allowing the charge controllers in the APT power center fo
regulate the PV charging process at about 30.0 volts (2.5
voltsfcell). The series relays in the power center cycle
open and closed during this time sp somse of the PV
energy is lost.

During the pericd thal the batleries are operated over the
gassing voliage, the evolved hydrogen and oxygen gas
bubbles stir the elecirolyle and create a uniform etectrolyle
density throughout each cell. Stratification is eliminated
and the resuiting problems of sulfation and excessive
consumption of active material are minimized.
Equalization charging aiso helps to break up any laige
lead-sulfale crystals that may have formed beiween
equalization cycies.

The control system counts only 20% of the measured
energy inlo the batteries when the baltery voltage exceeds
the gassing voltage. This is an approximation of the
insfliciency of the batiery in this charging region.

in the Summer on ciear days, the baltery will normalty
compiate the four hours of equalization before 4 PM and
will then discharge the stored energy into the grid, even
though there is no peak-ioad period defined on Saturdays.
In the Winter, there is no morning peak-ioad delined on
Saturdays, and the sysiem does not connect to the grid.
The energy coliscled on Friday allows a very fast charge
{0 the gassing range and the batteries are well charged jor
the grid-connection period on Sunday morning—again
without a defined peak-load pericd. Sunday gives a back-
up day for the equalization charge, shouid the weather on
Salurday prove poor.

The system controller will not connect the inverter to the
grid on successive poor-weather days until four hours of
charging above the gassing voliage have been
accumulated.

PERFORMANCE

The system was instatied in mid Septernber 1995 end has
besn operating continually. No repairs or homeowner
involvernent have been required. The equations and
constants used in the conirol system have been adjusted
slightly to allow for unexpected transiente due 1o weather
and unforeseaen extermnal periurbations (e.g. loss of ac grid
power). The peak current discharged inlo the grid was
increased from 25 amps { 3000 watts) to 30 amps (3600
watis) to allow for higher-than-predicted collected enargy
1o be discharged into the grid during the three-hour peak
periods,

Energy collection, storage, and delivery to the SRP grid
have excesded predicted amounis by 10-20%.
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Projoctions were based on average insolation values for
Phoenlx, Arizona, anticipated module heating, and system
electrical efficiencles. The PV modules have been
operating slightly cooler than projecied due o higher than
average winds. The Inverter is operating at slightly higher
{han advertised efficlancies.

The system has, on {ong sunny days, beeh able to deliver
energy to the grid even after compleling an equalizing
period on the same day. Water usage, checked twice at
90-day intervals, has only been about four ounces per cell

per 90-dey period and is minlmized by the use of

Hydrocap Venls on sach cell. Sufficient water exists
above the plates, at this rate of water usage, to allow
battery watering at one year or longer intervals. Howsver,
unanticipated loss of a¢ powar to the system causas the
system to be in the equalization mods with higher water
losses and & 80-day watering check period is considered
prudent.

Future Modlfications

The control system time consiants and gains are being
adjusied sfightly to improve the system trensient response
fo daily changes in the weather. This is & refatively slow
process and may nocessitale a different set of constants
for Winter and Summer operation.

Production enhancoments in the microprocessor that
controls and is smbedded in the Trace Inverler may
reduce the necessity for extra controls such as those in
the date iogger. When the improved controllers are

gvaliable, they will be investigated for possmie inclusion in
this syslem

New systems designs and packaging by Ananda Power

Technologies, Trace Engineering, and others may reduce -

the component count and complexity allowing smalier,
more designer-friendly systesms. Costs will decrease as
component count decreases.

New technology batleries with lower costs, higher
efficiencies, longer cycle life, and lower maintenance
requirements would enhance the attractiveness of the
system.

SUMMARY

The conlrol system has performed as designed and
instelled. Higher than anticipated snergy is belng
coliscted and delivered fo the SRP grid that necessitated
slight changes in the conlrol system parameters,
Maximum energy from the PV syslem is being deliverad to
the SRP grid during the peak-load periods while minimal
amounts of energy are being delivered to the grid outside
of the peak-load periods. The batteries are being

operated at states of charge in the region jus! below
gassing. Alhough the amounts of energy are small -
compared to the SRP peak load, the instaliation proves
that the contro! sysiem concept and implementation are
valid and well within the stale of the ait. Thers have bsen
ne failures of the contro! system, and there have been no
malntenance requirements other than checking the batltery
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water every 90 days and changing the system from Winter
{o Summer Peak operation and back.
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