US006353304B1

(12) United States Patent

(10) Patent N0.:
(45) Date of Patent:

Atcitty et al.

(56)

(54)

OPTIMAL MANAGEMENT OF BATTERIES
IN ELECTRIC SYSTEMS

(75)

Inventors: Stanley Atcitty; Paul C. Butler; Garth
P. Corey, all of Albuquerque, NM

US 6,353,304 B1
Mar. 5, 2002

References Cited
U.S. PATENT DOCUMENTS
4,797,566 A
5,504,415 A

(US); Philip C. Symons, Morgan Hill,

1/1989 NoZaki et al. .............. .. 307/43
4/1996 Podrazhansky et al. ..... .. 320/18

5,905,360 A
5/1999 Kalsha ..................... .. 320/118
6,150,795 A
11/2000 Kutkut et al. ............. .. 320/118
6,304,059 B1 * 10/2001 Chalasani et a1. ........ .. 320/118

CA (US)

(73) Assignee: Sandia Corporation, Albuquerque, NM
(Us)
(*) Notice: Subject to any disclaimer, the term of this
patent is extended or adjusted under 35

U.S.C. 154(b) by 0 days.

* cited by examiner

Primary Examiner—EdWard H. Tso

(74) Attorney, Agent, or Firm—George H. Libman

(57)

ABSTRACT

An electric system including at least a pair of battery strings

(21) Appl. No.: 09/766,219
(22) Filed:
Jan‘ 19’ 2001

and an AC source minimizes the use and maximizes the

ef?ciency of the AC source by using the AC source only to
charge all battery strings at the same time. Then one or more
battery strings is used to poWer the load While management,

7

(51)

Int. Cl. ............................................. .. H01M 10/46

Such as application of a ?nish Charge, is provided to one

battery string. After another charge cycle, the roles of the

(52)

US. Cl. ..................................................... .. 320/116

(58)

Field of Search ............................... .. 320/103, 116,

battery Strings are reversed so that each battery String

receives regular management.
320/117, 119, 120, 128

15 Claims, 11 Drawing Sheets

Charged

<-__\ \pr
.__

Pro

A

ss

Pro

53

88

\F
‘Process
\\
\
E \Qrc: S8

B

\\ F‘a?

Process
C

Process
C

Y
Discharged /

\

\
\

v

I

l

Complete
Discharge

Prooés
/D

U.S. Patent

Mar. 5,2002

Sheet 1 0f 11

<-----> Data/Control Lines
——

US 6,353,304 B1

AC s‘i‘émqs)

Power Lines

@ Power Flow Direction

15

AC

DC

00

to

to

to

AC

DC

AC

DC

191

22i

2f5

1.1‘g

.

0
22

i

a

"~°ad($)
so

22 22d

22c

t

1?

Load DC
60 Volts

C

\7

H y b'I'ld Controller

70

To
Q

AC to DC

Dom AC

20

26

\i/

i

,—|

24

24c 24

24d
’

16

16

:

m
C)

m
\7

Battery

I

ll

GD

GD

king A

String B—

T

—T—

%7

47

Fig. 1
Prior Art

0cm DC
14

DC
Generator

12

U.S. Patent

Mar. 5,2002

Sheet 2 0f 11

US 6,353,304 B1

char9er—jf@
A

:

% ®

Varies according :
to

batterytype <4‘
i
i
_

Bulk

Charging

_

_

_

_

_

_

_

_

~

_

_

_

_

_

_

_

__

_

l

|

|

I
|
|
|
|
|
r
|
|
l
|

|
|
|
|
|
|
|
|
|
I
|

'

Finish

Charging

Flg. 2
Prior Art

' 'Fme

U.S. Patent

Mar. 5,2002

Sheet 3 0f 11

US 6,353,304 B1

<\
Charged

<-_\ Pr
-__

SS

~ \\

_Pmc\ess\\ \
‘Process
\

\

\F \

v ‘: \

Proce ss

Process

Complete

C

C

Discharge

A
V

Y

Discharged -/

Fig. 3

Prooés
/D

U.S. Patent

Mar. 5, 2002

Sheet 4 0f 11

US 6,353,304 B1

AC S0urce(s)

Data/Control Lines
Power Lines
Power Flow Direction

10

To
AC
to
DC

AC
1

DC
to
AC

=Load(s)

DC
to
DC
1

60

Hybrid Controller
70

22

Load Dc
50 Volts
32

24

String A

String B

V, I, T

V, l, T
42a

Battery Controller
80

l

V

¢

42

44

DC

to
DC

JLString A

30

Fig. 4

U.S. Patent

Mar. 5, 2002

Sheet 5 0f 11

US 6,353,304 B1

AC Source(s)
10

15

To

>Load(s)
6O

1 22

22c
I

22d

'

1

AC to DC
20
l

DC to AC

26

,

I

240 24
3

24d
32

A

Q/

DC to DC
30
34

42a

42b
42

+

44a

44b
44

U.S. Patent

Mar. 5,2002

Sheet 6 0f 11

US 6,353,304 B1

AC S0urce(s)
10

15

To

(9

>Load(s)
6O

22c

[——.
AC to DC

42a

22

22d

DC to AC+

U.S. Patent

Mar. 5,2002

Sheet 7 0f 11

(“.9
——

US 6,353,304 B1

AC Source(s)
Power Lines

10

15

AC

DC

DC

a

to
AC

to
DC

U

AC

to
DC

12i

a0a

a?a

1;‘l

'

'

'

To

I

Q

>Load(s)

0

60

22
22c

22d

Hybrid Controller
70

i
22

;
g
Load Dc:
60

;
24

AC to DC

DC to AC

20

26

l

Volts

32

String A

String B

V, l, T
g

V, l, T
5

‘

’

Battery Controller

61

\
44a
42b

44

80

42

44

51

lStringA Stn'ngBli

U.S. Patent

<-~->

Mar. 5, 2002

Sheet 8 0f 11

US 6,353,304 B1

Data/Control Lines

AC Generator(s)

Power Lines

10

@ Power Flow Direction

15 I
AC
to
DC

AC

DC
to
AC

To

Q
\/

DC
to
DC

22

22c

[—.
AC to DC

Hybrid Controller
70

l,

22

22d

DC to AC +

20

i
Load DC
60 Volts

>Load(s)
60

26

l_.
24c

24

24d

24<
16

32

=

32

String A

String B

V, l,T

V. LT

GD
30
34

Battery Controller
80

42b

42

\i/

\l/

J,

42

44

DC
to

DC
30

44a

44b

44

lString A

String Bl

l
Fig. 8

PV
=

Array

12

DC to DC

42a

DC to DC
14

U.S. Patent

A w
i

I
G)

Mar. 5, 2002

Sheet 9 0f 11

US 6,353,304 B1

AC S0urce(s)

Data/Control Lines

1O

Power Lines

Power Flow Direction

15
AC

DC

DC

to

to

to

DC

AC

DC

l

GD

w

001 AC

AC '10 DC
20

70
W

l

i

i

V

22

Load

DC
Volts
32

24

2% t

l

240 24 ‘

String B
V, l, T

GD
DC to DC
30
34

42a

Battery Controller

42b

80
42
~11

44
i,

DC
to
DC
30

24d

32

69
String A
V, I, T

22d

|-—.

Hybrid Controller

60

22

22c

l

w

String A

44a
44b

U.S. Patent

Mar. 5, 2002

Sheet 10 0f 11

US 6,353,304 B1

AC Source
10

tACt2% DC

Load
60

5325
DC to DC
30

<-----> Data/Control Lines
—

Power Lines

@ Power Flow Direction

420 4 d

String A

String B

V, |

V, l

Battery Controller
80

42

44

DC
to

DC
30

__

'

String A
_I__—
V

US 6,353,304 B1
1

2
As another example, certain types of nickel/cadmium

OPTIMAL MANAGEMENT OF BATTERIES
IN ELECTRIC SYSTEMS

batteries exhibit a memory effect Which results in an appar

ent loss of available capacity When repeatedly partially
discharged and then recharged. This loss of capacity can be

The United States Government has rights in this inven
tion pursuant to Department of Energy Contract No.

recovered by completely discharging and recharging the

DE-AC04-94AL85000 With Sandia Corporation.

battery. These batteries are sometimes used in hybrid electric

CROSS REFERENCE TO RELATED
APPLICATIONS

vehicles Where poWer for recharge is only available during
vehicle operation, so the frequent complete discharges these
batteries require for optimal life and performance cannot be

(Not Applicable)

10

effected.
As a third example, the state of charge of lead-acid
batteries used to help match supply from an electric gen
erator (or electric generators if they are connected into an

15

requirements) from customers connected to that generator,
cannot be optimally managed because the poWer available
for recharge or that required in discharge are determined by
the difference betWeen the supply available from the
generator(s) and the load demanded by customers. Lead
acid batteries perform best and live longest if each charge is

BACKGROUND OF THE INVENTION

When rechargeable storage batteries are used in electric
systems, the requirements for poWer to be delivered to the

connected loads in discharge and/or the availability of poWer
for charging typically do not have values that alloW maxi

electricity supply network) and the demand (load

miZation of life of the batteries and maximiZation of the
performance of the systems of Which the batteries are a part.
FIG. 1 shoWs a typical prior art electrical system Which
provides uninterrupted electrical poWer to a load or loads 60.

completed (?nished) properly and if they are not discharged
too deeply. On the other hand, system performance Will be
maximiZed if the generator is used only When absolutely

The system includes a primary poWer source such as AC
source 10 (for example, a stand-alone AC generator or
generators, or other source of AC electricity such as an

electric utility), a single-throW sWitch 15 Which alloWs the
AC source 10 to be disconnected from the system, double
throW sWitches 22 and 24 to alternately connect an AC to DC

25

required in the supply-load matching process. Finishing
charge and avoiding overdischarge of lead-acid batteries,
and optimiZing the performance of systems using lead-acid

converter 20 or a DC to AC converter 26 betWeen the AC

source or load(s) and battery 1. The converters 20 and 26
With the sWitches 22 and 24 may optionally be a tWo-Way

batteries to help generators match supply and demand, are
one of the most important potential applications for the

converter Which combines the function of 20 and 26 into a

invention disclosed herein.
Most battery manufacturers offer guidelines for Ways to

single unit. The battery 1 is shoWn as consisting of tWo

strings, String A and String B, but may optionally consist of
any number of strings equal or greater than 1.
The generic electric system shoWn in FIG. 1 may, but not
necessarily, also include supplemental generators, such as
that shoWn as DC generator 12, connected to the battery via

necessary. None of these optimiZation criteria can be strictly
adhered to because of the highly variable poWer available or

35

optimally charge and discharge their products so as to
maximiZe life and performance. Implementation of these
guidelines is made complicated for users by virtue of the fact
that most batteries are in fact a collection of individually

manufactured units, each of Which has slightly different

poWer conversion equipment such as the DC to DC con

verter 14. In one typical application, DC generator 12 is a

performance characteristics.

photovoltaic array for generating DC from solar poWer.
In FIG. 1, the electric system is shoWn With the sWitches
15, 22 and 24 in a position such that the battery 1 can be
charged and the load(s) 60 can be supplied With electric

1 to 4 volts depending on the chemistry on Which the battery
is based. Acell consists of a collection of positive electrodes

The most fundamental unit of batteries is a cell, a unit of

in parallel and negative electrodes in parallel, juxtaposed so
to provide the poWer and the ampere-hour capacity speci

poWer from the AC source 10. The direction of current How

in the various legs of the circuit is indicated With the symbol
in FIG. 1 and in subsequent ?gures. If electricity is not
being supplied by the AC source 10 for any reason, sWitch
15 is opened, and sWitches 22 and 24 are put into their
alternate position so that the load(s) 60 can be supplied With
electricity from the battery 1 via the DC to AC converter 26.

45

?ed. Sometimes, a feW cells (of the order of three to eight)
are assembled into modules, With the series electrical con

nections betWeen the cells being effected during manufac
ture. Cells or modules are then electrically connected in

series at the point of use to form strings.
Other batteries are based on cell-stacks consisting of a

number of cells electrically connected in series. In this case,
modules are fabricated by connecting a number of cell
stacks in electric series and/or parallel. With some battery
chemistries, battery auxiliaries, such as pumps for How

Alternatively, if the DC to AC converter 26 and the AC
source 10 are synchroniZed in a manner conventional in the

art, then sWitch 15 can remain closed. In this event, dis

charge of the battery can supplement the supply from the AC

source so that the battery 1 and the AC source 10 jointly 55 batteries or thermal management hardWare for both conven

supply the load(s) 60.

tional and advanced batteries, are incorporated With the cells
or the cell-stacks into a module.

The electrical poWer requirements of the load(s) and the
capabilities of the AC source in electric systems are often

A storage battery (sometimes referred to as a battery
system) consists of a number of cells or modules arranged in
series and/or parallel arrays. Cells or modules connected in
series are collectively referred to as a battery string. Battery

such that the battery cannot be charged and/or discharged in
the manner required to maximiZe both the life of the

batteries and the performance of the electric system.
For example, batteries based on the Zinc/bromine chem

strings may then be electrically paralleled. Occasionally,

istry need to be completely discharged occasionally to
maximiZe their utility. HoWever, such batteries should never

be completely discharged When they are used to provide
back-up poWer for critical manufacturing processes, as they
otherWise might not be available at critical times.

65

there is only one module in a string, and infrequently, cells
are placed only in parallel in a battery. In these cases, there
is no meaning to the term string, but if there Were, a string
Would consist of one module or one cell. Alternatively, a

battery consists at times of only one string of cells or

US 6,353,304 B1
3
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modules. As discussed here and after, the current invention
does not relate to such single string batteries; at least tWo

of a solar hybrid system is much like the generic electric
system shoWn in FIG. 1, With the DC generator 12 being a
solar photovoltaic (PV) array and AC Source 10 being a
fossil-fueled engine-generator. A controller 70 senses the
system requirements and capabilities and controls the com

strings in parallel are required for operation of this
invention, although each of the strings may consist of one or
more cells or modules in series.

ponents in a manner Well knoWn in the art.

The number of cells or modules in series in a string or

battery is determined by the voltage desired for the battery
system, Which is in turn set by the requirements of the

charging and discharging equipment to Which the battery is
connected. The charging and discharging equipment is gen

10

erally referred to as poWer conversion equipment. The

number of strings in parallel is determined by the capacity,

voltage. In order that the battery system has adequate
capacity to cover relatively long periods Without solar

i.e., the number of ampere-hours, or the energy rating, i.e.,
the number of Watt-hours, that is desired by the user of the

battery system.

15

In order to standardiZe the terms used herein, FIG. 2
shoWs a charge pro?le for a lead-acid battery. When a

energy and Without having to turn on the generator (for

example: long Winter nights) most solar hybrid systems use
a plurality of strings in parallel.
The operation of a typical solar hybrid system is as

constant current is initially applied to a discharged battery,
bulk charging occurs and the voltage across the battery
increases in a generally exponential manner to the voltage

folloWs: on a sunny day, direct current (DC) from the

photovoltaic array 12 (the PV) is provided to the poWer
conversion equipment 14 and 26, Which may convert it to a
different DC value and then to alternating current (AC) to

set-point level of the battery. At this point, the charging
voltage is held constant and the current begins to fall off in

poWer the load, or the excess energy at the different DC

a generally exponential manner. This ?nish charging period
continues until the current reduces asymptotically to a

relatively loW value. Finish charging is ended by a time
limit, loW current threshold, or amp-hour overcharge level.
A nickel/cadmium battery has a someWhat similar pro?le,
but a Zinc/bromine battery is normally charged With a ?xed,
constant poWer until charging is deemed complete.
While the term ‘?nish charging’ is Well-understood by
both battery manufacturers and users, ‘equalization’ is not.

Lead-acid batteries are frequently used in solar hybrid
systems. Each battery system consists of a number of 2 volt
cells, or 6 volt (three-cell) or 12 volt (six-cell) modules,
connected in series to form a string having a useful output
voltage. Most solar hybrid systems use a plurality of cells or
modules in a series string to provide a suf?cient output

25

value may be used to charge the battery. If there is not
enough solar energy to generate sufficient output from the
PV, or at night When the sun is doWn, the load 60 is supplied
With energy from the battery 1. When the battery 1 needs

charging, the generator 10 supplies the load and recharges
the battery 1. The generator 10 is turned off When the battery

In fact some authors incorrectly use the terms

interchangeably, and in other Writings there is some confu
sion over the terms. Here, ?nish charging is de?ned as a 35

process at the end of nearly every bulk charge When the

battery has reached regulation voltage and the charge current
tapers (i.e., reduces in magnitude) because of an exponential

1 is ?lly charged. From an operating maintenance cost
standpoint, energy from the PV 12 is least expensive;
supplying energy to the load from the storage battery I is
more expensive because of the inef?ciency of the battery and
because use degrades the life of the cells; and operation by
generator 10 is most expensive since a suitable high-grade
fuel must be provided and the generator requires periodic
maintenance. Furthermore, utiliZation of a generator at a

small fraction of its poWer capability is particularly expen
sive since a generator is often inefficient under this operating

increase in the effective resistance of the cells of the battery
as further charge is applied. Finish charging a lead-acid
battery typically takes on the order of one to four hours.
‘Equalization’ has tWo distinct de?nitions in the battery

condition and requires more maintenance.

During discharge mode, if solar energy is not available,
the battery 1 (Strings A and B) provides the poWer for the

?eld. For one de?nition, Which is not utiliZed in this

state of charge. For the other de?nition, Which is utiliZed

user’s electrical loads 60 via poWer conversion equipment
26 that converts DC to AC. If solar energy is available, the
PV 12 may provide some or all of the poWer for the user’s
loads, and at times, the PV may be providing more poWer

herein, equaliZation in a lead-acid battery is accomplished
by an extended-period, relatively loW current, charge fol

partially recharged even though in the discharge mode.

invention, it means actively adjusting the charge of indi
vidual cells in a string in order to restore each cell to an equal 45

than needed by the customer, so that the battery becomes

loWing a regular recharge. During equaliZation, the voltage

When the battery voltage reaches a preset loWer level, as

is raised a little above the fully-charged open circuit voltage

measured by the poWer conversion equipment, the generator

and current is limited for a period of on the order of tWelve

10 is started so that the battery can be recharged. HoWever,
since all the strings of the battery are connected in parallel

to tWenty-four hours. The current drops during the early part
of the equaliZation process and for most of the process is
typically a feW percent of the normal charging current. Thus,
the electrical poWer required for equaliZation is a small

in current systems, as illustrated in FIG. 1, there is only one

and the complete discharge of a nickel/cadmium or Zinc/

battery voltage that can be measured. Moreover, the battery
voltage depends on the poWer that is being WithdraWn from
the battery, and the average discharge poWer is typically
quite loW in solar hybrid systems. Thus, the threshold for
charge to be initiated may be reached during periods of high

bromine battery are all examples of battery management
procedures, as de?ned in this invention, that, if properly

poWer demand. The consequence of these factors means that
cells and modules Within the battery can be discharged to a

done, Will help maximiZe the life of the battery, but are not

much greater extent than intended, With a resulting delete
rious effect on battery life.
For much of the charge time With the AC source (the

fraction of the poWer normally required for charging.
Finish charging and equaliZation of lead-acid batteries,

55

necessary for satisfactory short-term operation.
A speci?c example of an electric system for Which the
current invention may ?nd utility is a solar hybrid system.
Solar hybrid systems are increasingly used to provide poWer
to electricity end-users at locations that are remote from the

transmission and distribution systems of utilities. The design

generator) 10, i.e., the bulk charging period, the lead-acid
65

battery of this example (as With batteries based on other
chemistries) can accept charge efficiently at almost any
poWer level that can be provided by the source of charging

US 6,353,304 B1
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energy. However, towards the end of charge, the effective
resistance of the battery (de?ned as the ratio of the excess
voltage required to pass the charging current to the charging

SUMMARY OF THE INVENTION

It is an object of this invention to provide a method for

optimally charging and discharging multi-string batteries in

current) increases and the ef?ciency of recharge (the fraction
of the current being applied that increases the real state of

charge of cells) decreases. The poWer conversion equipment
20 (acting as an AC to DC converter during battery charge)
is set to reduce the charging current near the end of charge
so that the charging inefficiency does not become too large.
Charging is terminated When the charging current reduces to
a preset loWer limit, but it is not alloWed to proceed for too
long since the. generator is not ef?cient When the poWer is
being produced beloW it’s rated value. As a result of this
termination criteria, charging is usually not completed to a

level recommended by the battery manufacturer, and the

10

15

battery must be equaliZed periodically in order to ensure that
capacity is not permanently lost. Any solar energy that is

generated by the PV during ?nish charge or equalization by
the generator cannot be used effectively and is lost, leading
to further inef?ciency. As a consequence of all these factors,
more fuel is used by the generator than if the battery did not

20

require ?nish charging and equaliZation, and the generator
must be subjected to maintenance more frequently because
it runs for a long period of time at loW poWer. In addition,
the equaliZation process itself and any failure to frequently
complete ?nish charging both lead to a shorter life for the

of optimally managing battery strings in an electric system
for continuously poWering the load, With at least tWo battery
strings for selectively poWering the load, and an electrical
AC source for selectively poWering the load and charging
the battery strings. The method includes the processes of
charging mulitple battery strings With the AC source; man
agement of one battery string While the other battery strings
poWer the load and Without using the AC source; poWering
the load With all battery strings, Without using the AC
source, until discharge is deemed optimally complete; bulk
charging all the battery strings using the AC source; and the
sequential management of each battery string While the
remaining battery strings poWer the load and Without using
the AC source. Alternately, the method includes the pro

25

battery than Would be expected under optimal charging

cesses of charging multiple battery strings With the AC
source; the sequential management of each battery string
While the other battery strings remain available to poWer the
load if necessary. As yet another alternative, the processes of

conditions.

The deleterious effects of sub-optimal charging and
discharging, as described above, are exacerbated by the fact

electric systems so that battery life is maximiZed and the
performance of the system of Which the batteries form the
storage component is also maximiZed.
To achieve the foregoing and other objects, and in accor
dance With the purpose of the present invention, as embod
ied and broadly described herein, this invention is a method

30

charging multiple battery strings With the AC source; poW
ering the load With all battery strings, Without using the AC

discharge at higher voltage; as compared to other cells and

source, until discharge is deemed optimally complete; man
agement of one battery string While the other battery strings
are being charged using the AC source; completing the
charge of all battery strings With the AC source; and then

desirable for ef?cient use of a battery system that the battery

discharge, depending on the situation and battery type.

that neither individual cells nor individual modules are

identically constructed, so some cells and modules: 1)

accept charge more ef?ciently during the ?nish charge; 2)

modules; 3) some cells deteriorate at a faster rate than other 35 sequential managing each of the battery strings. Manage
ment may include ?nish charging, equaliZation, or total
cells. Since one bad cell may cause a battery to fail, it is

be charged and discharged in an optimal Way.
RELATED PATENT INFORMATION

BRIEF DESCRIPTION OF THE DRAWINGS
40

The de?nition of equaliZation and ?nish charging fre
quently discussed in other patents is not the same as that
used in the current document.

FIG. 1 shoWs a generic prior art electric system on Which

A more thorough explanation of the need for battery
equaliZation may be found in US. Pat. No. 5,504,415 ofY.
PodraZhansky et al., Which patent discloses a system for
equaliZing individual batteries in a series string of batteries
by shunting charging current around cells based on cell
temperature. According to our de?nitions, the process of this
patent Would be called ?nish charging.
US. Pat. No. 5,905,360 of S. Ukita discloses an equal

the invention can be used.

FIG. 2 shoWs a generaliZed charge pro?le for a lead-acid

battery.
FIG. 3 shoWs the several processes implemented in the
practice of the invention.

iZation system for a hybrid vehicle Which uses a generator to

equaliZe all modules in a series string, and then uses fully

charged modules in the string to transfer charge to less fully
charged modules. The load is not poWered by the battery
While this transfer is occurring, thus the battery system is not
available to the load during the equaliZation procedure.
Again, the process being accomplished here is What We
Would call ?nish charging.
Another system for equaliZing a battery is shoWn in US.
Pat. No. 6,150,795 of N. Kutkut et al, Where battery charge
equaliZation is carried out utiliZing modules connectable in
staggered relation betWeen pairs of batteries in a series
connected string of batteries. The device disclosed in this
patent is commercially knoWn as PoWerCheqTM, a product of
PoWerDesigners, LLC of Middleton, Wis.

The accompanying draWings, Which are incorporated in
and form part of the speci?cation, illustrate the present
invention and, together With the description, serve to explain
the principles of the invention.

55
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FIG. 4 shoWs a generic electric system With a ?rst
embodiment of the invention during process A of FIG. 3.
FIG. 5 shoWs the generic electric system of FIG. 4 during
process B of FIG. 3.
FIG. 6 shoWs the generic electric system of FIG. 4 during
process C of FIG. 3.
FIG. 7 shoWs a general system With a second embodiment
of the invention during process B of FIG. 3.
FIG. 8 shoWs a solar hybrid system With the ?rst embodi
ment during process B of FIG. 3.
FIG. 9 shoWs an uninterruptible poWer supply With a

Zinc/bromine battery With the object equipment of the inven
tion during an alternate process D of the invention method.
65

FIG. 10 shoWs experimental setup for testing the inven
tion With alternate object equipment of the invention during
process B of FIG. 3.
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FIG. 11 shows test results for the test electric system
shown in FIG. 10.

sWitch 22d of sWitch 22. The combination of sWitches 22
and 24, and converters 20, 26, functions as bi-directional
inverter/converter. There are several commercially available

DETAILED DESCRIPTION OF THE
INVENTION

products, such as the XantreX, Trace Engineering SW4000,
that can provide the combined functionality of 20 and 26 and

The method by Which batteries are optimally charged and
discharged consists of several sets of processes, With differ
ent battery chemistries requiring different sets of processes,

together With the equipment for implementing the processes.
The processes involved in practicing the method are shoWn
in FIG. 3.

10

ordinary skill Which performs the functions identi?ed for
these components may be utiliZed in the practice of the

For lead-acid batteries in hybrid poWer systems for Which

invention. The equipment described above represents cur

frequent ?nish charging is advantageous, and other batteries
With similar characteristics, the set of processes A, B, and C
(shoWn as a sequence of solid lines in FIG. 3) are applicable.
Process A involves charging all the strings of the battery in
parallel. Process B involves ?nish charging one string While

sWitches 22 and 24.
For the purpose of this patent, the description Will be
based on the individual components in order to more easily
explain the operation of the invention. HoWever, any com
ponent or combination of components knoWn to those of

rently practiced art for electric systems. The additional
15

discharging all but the ?nish charging string in the battery.

components described beloW are utiliZed in the practice of
this invention.
SWitch 24 is connected to the input 32 of a DC/DC
converter 30 and to the contacts 42a and 44a of single pole,

Processes C involves discharging all the strings of the

double throW sWitches 42 and 44, respectively. Contacts 42b

battery in parallel.

and 44b are each connected to output 34 of converter 30.

For nickel/cadmium batteries in uninterruptible poWer

SWitches 42 and 44 are connected, respectively, to battery

supplies, in Which the battery is kept fully charged most of

Strings A and B, Which together constitute the battery.

the time but infrequent complete discharges are necessary
for maXimiZing battery life, and similar batteries and
systems, the set of processes E and F (dotted lines in FIG.
3) are applicable. HoWever, this sequence of processes is

Converter 30 transforms the DC voltage from one battery

string to a higher voltage for ?nish charging the other string,
25

only applied occasionally, as required, With the battery
strings being discharged and recharged Without use of the

as set forth hereinafter. The sWitches 42 and 44 may be either
electromechanical relays or sWitches built from combina
tions of semiconductors, or other knoWn devices. The use of
combinations of semiconductors rather than relays alloWs

invention at other times. Process E involves completely

the magnitude as Well as the direction of the current to be

discharging one of the strings of the battery While keeping

controlled. It is the interconnection of these components,

the other strings available to poWer the load if necessary or

and their use in combination as set forth hereinafter, that is

advantageous. Process F involves recharging the string that
has been completely discharged and charging the remaining

the invention.

strings as necessary.

35

For Zinc/bromine batteries in applications Where the bat
tery is frequently deep cycled, as in the case Where the
battery is used for matching the load and the supply in

may not be available at an appropriate time or though the
discharge requirements of the user may not match the

optimal delivery capabilities of the battery; minimiZe use of
AC source 10; subject each battery string to equal charge
discharge cycles; subject each string of the battery to fre
quent ?nish charges of adequate duration; discharge and

electric systems With a generator, such that infrequent com

plete discharges are necessary for maXimiZing battery
performance, and similar batteries and systems, the set of
processes C, D and F (dashed lines in FIG. 3 and solid line
process A) are applicable. The processes D and F (dashed

charge each string in a manner conducive to extending
battery life; and provide a means for equaliZation of the
battery Without have to use the AC source 10 in a non

lines) are only applied occasionally, as required, With the

battery strings being discharged (process C) and recharged

The eXample of FIG. 4 accomplishes several goals: opti
mally manage each battery string even though charge poWer

45

optimal Way.
A battery controller 80, Which is part of the current

(process A) Without use of the invention at other times.
Process D involves completely discharging one of the

invention, receives inputs representative of the voltage V,

strings of the battery While recharging the other strings using

current I, and temperature T, of each battery string; and

process A. Process F involves recharging the string that has

provides output commands to set each of sWitches 42 and
44. The implementation of this control system With a micro
processor and controllers, or other equivalent equipment, to
accomplish the goals of the invention, as set forth
hereinafter, is a routine matter for one of ordinary skill in the

been completely discharged and completing the charge of
the remaining strings as necessary.
The implementation of the foregoing sets of processes
Will noW be described.

FIG. 4 shoWs a generic electric system according to this
invention designed to poWer AC loads 60 With the source of

art.
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FIG. 4 shoWs the con?guration of the system, in process

the poWer being either an AC source 10 or one or both of the

A, With both Strings A, B of the battery being charged by the

tWo parallel Strings A and B of lead acid cells that constitute
the storage battery. Much of the circuit is similar to that
shoWn in Prior Art FIG. 1. A series sWitch 15 selectively

AC source 10 immediately folloWing a discharge event. As
With prior art systems, sWitch 15 is closed and sWitches 22,
24 are set to the charge (‘c’) position, so that AC poWer from
AC source 10 is converted to DC by converter 20 and

connects and disconnects source 10 from load 60 and from

double throW sWitch 22. SWitch 22 selectively connects to
the AC ports of AC-DC converter 20 and DC-AC converter
26. Contact 22c of sWitch 22 is connected to the input of
AC/DC converter 20, the output of Which converter is
connected to contact 24c of double throW sWitch 24. The
input of a DC/AC converter 26 is connected to contact 24d
of sWitch 24, and the output of converter 26 is connected to

applied to charge battery String A through sWitch contact
42a and to charge battery String B through sWitch contact
44a. AC poWer from AC source 10 is also applied to load 60.
65

The charge continues With the system in the state shoWn
in FIG. 4 until the voltage regulation value for the battery
strings is reached and the current begins to taper. As indi
cated in FIG. 2, at this point, the ?nish charging period is
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deemed to have begun. The voltage regulation value is

system operates on the string being managed in the manner
described herein, While a subset or all of the remaining

determined by voltage and current measurements on each
string, or, in other Words, by a measure of the effective
resistance of each string. Since Strings A and B are con
nected in parallel through sWitch contacts 42a and 44a at this

battery strings perform the function described herein for the
string that is not being managed. That is, if string Ais being
managed, in a multi-string embodiment all strings except
string A could provide poWer. And While the tWo string

time, the voltage applied to each sting is the same, and there
is no danger of overcharging one string With respect to the
other.
It is one of the objects of the current invention to
minimiZe the period of ?nish charging With the AC source

embodiment has each string being managed (e.g. ?nish

10

so as to maximiZe system ef?ciency. This can be done
Without deleterious effect on cell life because of the ?nish

time. Alternatively, if there Were a suf?cient number of
strings to provide management poWer, tWo or more strings

charging method Which is shoWn in FIG. 5.
FIG. 5 shoWs the con?guration of the system, in process

B, after charging of both battery strings is deemed complete,

could be managed successively during each cycle.
15

as determined by voltage and/or current measurements on

poWer the load. A constant in all such scenarios is fact that
the primary AC source is not used for string management,

Converter 26 noW acts as a DC-AC converter, so sWitches

22, 24 ate set to the discharge (‘d’) position, sWitch 42 is set
to 42b position, and load 60 is poWered by one battery string
(String B, as illustrated) through contact 44a and DC-AC

and that the load is poWered by battery strings While other
strings are being managed.
An alternative method for accomplishing ?nish charging
electric systems is shoWn in FIG. 7. In this Figure, ?nish

converter 26. SWitch 15 has opened and AC source 10 is not

being used. The other battery string (String A, as illustrated),
25

DC-DC converter 30 and applied through contact 42b to
String A. In this manner, String A receives a lengthy ?nish
charge from String B, Without the inef?cient use of AC

string indicates that charge can be deemed complete. Then
SWitches 22, 24 are set to the discharge position and load 60,

Finish charging continues With the equipment con?gured

including Finish Charger 61, is poWered by one battery

as shoWn in FIG. 5 until the Battery Controller 80 deter

string (String B as illustrated in FIG. 6) through contact 44a
and DC-AC Converter 26. On a subsequent cycle, the other

mines that String A has been adequately ?nish charged. The
?nish charge of any string is terminated When one of tWo

battery string (String A as illustrated) is ?nish charged by
35

and charging are then accomplished in sequence as in the

previous example.
It should be readily understood that this invention is easily
expanded to cover more than tWo battery strings. In that

to terminate the ?nish charge are also contemplated in the

case, tWo or more strings could function in parallel as the

charging string in FIG. 5 (or alternatively in FIG. 7) and all
45

strings Would be individually ?nish charged as set forth in
FIGS. 4 (or 6) on a sequential basis.
For solar or other reneWable hybrid systems With lead
acid batteries, such as that shoWn for process B in FIG. 8 this
invention provides a means to “de-couple” the process of

charging String A, Which is fully charged. Both strings are
noW utiliZed in process C to poWer load 60, as sWitches 22,

?nish charging the battery from operation of the generator.

24 remain in the discharge position and sWitch 42 has
changed back to contact 42a. This con?guration Will be

In addition, the photovoltaic array in solar systems can be
used for both load support and ?nish charging the battery,
unlike current practice in solar hybrid systems. Without the

maintained until controller 70 senses that the battery, both

strings A and B, has reached a predetermined depth of
discharge (DOD). This method ensures that none of the cells
in either Sting A or String B Will be over-discharged, and is
an inherent advantage of the invention.

poWer from the other string through the DC-AC converter

26 and the Finish Charger 61. Finish charging, discharging,

hours discharged from the string immediately prior to the
charge in progress. Other conditions for determining When
practice of the invention.
FIG. 6 shoWs the con?guration of the system after the
conditions for ending the ?nish charge of battery String A
have been met. At this time, String B is someWhat dis
charged from having poWered the load While also ?nish

charging is accomplished With a separate AC-poWered bat
tery charger 61 Which eliminates the need for the DC-DC
converter 30. In charge mode this alternative operates in the
same Way as the example shoWn in FIGS. 3, 4 and 5; charge
continues until current and voltage measurements on each

source 10.

predetermined conditions is met: a) the current tapers beloW
a minimum preset level; or b) the string being ?nish charged
(String A in this example) has been overcharged by a small
preset amount, generally in the range of 10% of the ampere

Furthermore, there may be instances Where it is desirable to
manage one string more often than other strings. Also, With
a sufficient number of strings, one string could be ?nish

charged by a second string While the remaining strings

each string.

is ?nish charged in process B, by poWer from string B, as
voltage from String B is up-converted or boosted by the

charged) on alternating cycles of the system, a multi-string
embodiment could ?rst manage string A, and then manage
a different string on each succeeding cycle until all strings
had been managed, before managing string Afor the second

invention, ?nish charging is currently accomplished utiliZ
55

ing the generator 10. Under this circumstance, any poWer
produced from sunlight striking the PV array cannot be
utiliZed, since the ?nish charging process must be controlled

After discharge is seemed complete, the system returns to
the process A con?guration of FIG. 4. HoWever, after both
battery strings have been charged and the system sWitches to
the embodiment of FIG. 5, sWitch 44 closes contact 44b and
sWitch 42 remains at contact 42a, Which lets the other String
ApoWer load 60 and ?nish charge String B. In this manner,
each string of the battery is ?nish charged on a regular,

With AC-to-DC converter 20. Also, the battery can be made
“smart” in relation to the loads and the solar incidence that
are expected for the solar hybrid system. These three items
in combination mean that the utiliZation of the solar energy
can be maximiZed and that operation of the generator can be

repetitive, basis.

on the generator. In addition to the bene?t regarding the
generator, the fact that generator use is decoupled from

minimiZed. This operating strategy results in reduced fuel

consumption by the generator and less required maintenance

While the embodiments of this invention shoW tWo bat

tery strings A and B, it should be understood that the
invention may be practiced With any number of parallel
battery strings. With more than tWo battery strings, the

65

?nish charging means that the latter Will be conducted more

regularly, With the result that battery life is expected to be
extended.
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As another example of the utility of our invention, the
method illustrated in FIGS. 3, 4 and 6 (or alternatively that
shoWn in FIG. 7) can be used to equaliZe the battery if such
proves necessary. Since this invention involves frequent and

test. The model did not include a simulator for a solar PV

array since the availability of solar energy is unpredictable
and therefore difficult to model. Rather, the model Was for a

complete ?nish charging, it is thought that equalization Will

generic electric system of the type illustrated for processes
A, B and C in FIGS. 4, 5 and 6. The system modeled thus

be unnecessary. HoWever, in the event that equalization is

included a tWo-string battery, a poWer converter, a fossil fuel

found necessary, or if the system needs are such that ?nish

generator, and a ?xed unvarying load. The softWare for the

charging cannot be conducted frequently, then the methods

model Was set up so as to simulate operation in just the Way

illustrated in FIGS. 5 or 7 can be used. In the case Where

described above for FIGS. 4, 5 and 6. The simulations

equaliZation is desired, the battery Would be charged to
regulation voltage; the charge Would be terminated as dis

10

cussed above. Then, at a time When the loads to be supplied

by the battery are expected to be small for a long period of
time, the con?guration shoWn in FIG. 5 (or that of FIG. 7)
could be used to supply the small current required for
equaliZation from one string(s) to the other string in the
battery, While the other string(s) Would also be used to
supply the load. The various strings in the battery Would be

Would have been possible had the method of the invention
15

equaliZed in sequence in subsequent discharge/charge
cycles, as described above. The main difference betWeen
?nish charging as described in the ?rst and second examples

20

above, and equaliZation, is that ?nish charging Would be
accomplished on all the strings every feW days, Whereas
equaliZation Would be conducted on 6-monthly or yearly
basis. The invention can be particularly advantageous for
solar hybrid systems, FIG. 8, if equaliZation does prove to be
required, since it is during this process that a signi?cant

30

used, as compared to situations Where it is not.
A group of experiments to demonstrate the bene?ts that
may be realiZed from practice of this invention Were per
formed With the equipment shoWn in FIG. 10. This consisted

life of the battery Would be longer When the invention is

of tWo strings of modules, String A and String B, each With
tWo Trojan T105 6 V battery modules With a rated capacity
of 225 ampere-hours. The tWo strings Were connected via

may be used With process E, or alternatively process D

might be used. According to this approach, process A (bulk

semiconductor sWitches 42c and 44c to a 12—15 V, 40 amp
35

sWitches 22c, 24c, 42a and 44a closed. When charge Would
be deemed complete, sWitches 22c and 24c Would be opened

battery charger acting as an AC-to-DC converter 20; via
semiconductor sWitches 42d and 44a' to a bank of resistors
connected to ground, Which thereby acted as load 60, so as
provide a sink for current of 26 to 30 amps, depending on

and sWitches 22d and 24d Would be closed, so that the tWo

string voltage; and via semiconductor sWitches 42f and 44f

strings together Would be discharged to poWer the load,
according to process C. After the end of the discharge

charging Would be much more likely to be implemented for
a system With the invention than Without, because of the
loWer usage of the generator that the invention makes
possible. As a result, the simulations indicate that battery
capacity is more likely to be maintained for long periods
Without equaliZation, as compared to the case Without the
invention. Those skilled in the art Would conclude that the

ef?ciency, such as Zinc/bromine (stripping) and nickel/
cadmium (erase memory), then the circuit shoWn in FIG. 8
charging) Would be conducted as described above With

not been used. Had a solar array been included the model,
such as illustrated in FIG. 8, there Would have been less fuel
consumption and an even greater decrease in the run time of
the generator, as compared to the situation Without our
invention. It can be inferred from the modeling that ?nish

25

amount of solar energy must otherWise be throWn aWay.

Furthermore, if batteries are used that periodically require
a complete discharge in order to maintain their maximum

shoWed that operations of the equipment included according
to the invention meant that the generator ran for signi?cantly
less time, 28% less according to one set of inputs, than

40

to a 12 V DC to 15.5 V DC converter to provide poWer for

period, the battery Would normally be recharged according

?nish charging from one string to the other. In FIG. 10, the

to process A. During a period of relative battery inactivity,

sWitches are shoWn for process B of the invention. The
semiconductor sWitches Were actuated by means of a battery

either battery string may be completely discharged in pro

Alternatively, not shoWn in FIG. 8, the energy from dis

system controller, like that shoWn schematically as 80 in
FIG. 10, Which consisted of a personal computer equipped
With a data acquisition board. The data acquisition board
could, upon instruction from the softWare Written to practice

charging the string being completely discharged can be used

the invention, provide digital signals to actuate the semi

cess D or process E by utiliZing the DC-DC converter to take

energy from the string being completely discharged and

45

converting it to a voltage at Which it can poWer the load.

to charge the other string, if the load is not requiring poWer
from the battery at the time. When the string is completely
discharged, as measured by controller 80, that string Will be
recharged by AC source 10 during the next charge cycle of
the battery strings. As an alternative circuit to that shoWn in
FIG. 8, the invention may provide a resistor Which may be

conductor sWitches, thereby alloWing operation according to
50

the method as described above.

FIG. 11 shoWs a plot of the string voltages and string
currents versus hour of the day for one 24-hour day of a

seven-day test of the battery system described in the last
paragraph. Throughout the period of the test, the battery Was

connected through sWitch 42 or sWitch 44 to either or neither 55 under automatic control according to the method of our

battery string, that Will then permit complete discharge of

invention. The change from discharging both strings to

the string that is connected.
The bene?ts that can be provided by practice of this
invention have been demonstrated in tWo Ways: by simula

charging both strings can be seen to have occurred at 05:08

tions using a computer model and by measurements on a

60

battery storage system that includes the equipment needed to
practice the invention.

hours, after Which the string voltages Were approximately
equal until the end of charge When regulation voltage Was
reached and the current began to taper. The change from
charging both strings to discharging String B and ?nish
charging string A at 12:01 hours can be clearly seen.

The invention Was simulated With a computer model

During the ?nish charge of String A Which continued for

using the characteristics of one of the lead-acid battery types

approximately three and one half hours until 15:35 hours,
10% more capacity had been returned over that discharged
from String A in the preceding discharge, the current con
tinued to taper doWn, indicating that the String A had not

that has been incorporated into developmental solar hybrid
systems, and using the fuel consumption characteristics of a
generator that has been used in a solar hybrid system ?eld

65

US 6,353,304 B1
14

13
been fully recharged in the preceding bulk charge period.

We claim:

The change to discharging both strings at 15:35 hours is also
obvious in FIG. 7, With the currents ?oWing from String A

and String B trending toWards being equal through the

1. In an electric system for supplying uninterrupted elec
tric poWer to a load, the system having at least tWo battery
strings and a primary AC poWer source, a method of

discharge period. The discharge Was continued until the tWo
strings had collectively been discharged to 50% of the

mary source ef?ciently comprising:

nominal capacity, according to the method taught by the
present invention. The discharge Was complete at approxi
mately 19:00 hours.
An investigation and evaluation of plots similar to that
shoWn in FIG. 11 for other days in the test, and for other tests

optimally managing the battery strings and using the pri
poWering the load and charging all battery strings With the
primary AC source;

managing one battery string While the load is poWered by
10

that Were performed, indicates that similar or identical
results Were obtained for other cycles and other tests. The

advantages of our method for optimally charging and dis
charging batteries is obvious from these results.

The applicability of these advantages to solar hybrid

15

systems, Which typically use lead-acid batteries as the
energy storage element, Would be obvious to those skilled in
the art. HoWever, there are other systems that either are

required to or Would bene?t from operation for long periods
or continuously at an intermediate state of charge. For such

20

systems, the invention alloWs for optimal charging and
discharging even Within the limitations of the customer’s

poWering the load and charging all battery strings using
the primary AC source; and
managing one of the other battery strings While the load
is poWered by at least one remaining battery string and
Without using the primary AC source.
2. The electric system of claim 1 Wherein during the
managing steps, the at least one battery string Which is
providing poWer to the load is also providing poWer to the

battery string being managed.

needs for discharge poWer or the timely availability of poWer

3. The electric system of claim 2 Wherein the at least one

for recharge.
For lead-acid batteries, completing charges With a ?nish

at least one other charged battery string and Without
using the primary AC source;
poWering the load With at least one battery string, Without
using the primary AC source;

25

battery string consists of all battery strings except the battery

ing charge relatively frequently is advantageous in extend

string being managed.

ing the life of the batteries. For other types of batteries, for
example Zinc/bromine batteries or certain nickel/cadmium

strings are formed from either lead-acid or nickel/cadmium

4. The electric system of claim 2 Wherein the battery

batteries, fully discharging individual strings relatively fre
quently is necessary. This currently recogniZed bene?t can
not be quanti?ed at present. Nevertheless, as discussed
above, the method of our invention can be used for optimal
charging and discharging of batteries based on chemistries
other than lead-acid.
The particular siZes and equipment discussed above are
cited merely to illustrate a particular embodiment of this
invention. It is contemplated that the use of the invention

30

5. The electric system of claim 4 Wherein the battery
strings are lead-acid, and during an infrequent managing
step, at least one battery string that poWers the load equaliZes

the other battery string.
35

may involve components having different siZes, capacities,
and shapes as long as the principle of optimally charging and
discharging the battery even When the poWer requirements
of the application do not alone permit this is folloWed. For
example, a 20 MW battery system in Puerto Rico, With 6
strings of 1000 cells in a series in each string, is operated so
as to provide frequency regulation and rapid reserve for that
island’s electric system. In this application, the battery must

batteries, and during the managing step, a battery string is
?nish charged.

6. The electric system of claim 5 Wherein said infrequent
managing step occurs on the order of semi-annually.
7. The electric system of claim 4 Wherein the managing
step comprises providing poWer from the at least one poWer

producing battery string to the ?nish charge battery string
40

through a DC to DC converter.
8. The electric system of claim 7 Wherein the at least one

poWer producing battery string consists of all battery strings
except the battery string being ?nish charged.
45

be held at an intermediate state of charge for most of the
time. A lead-acid battery has been used as the energy storage

9. The electric system of claim 4 Wherein the managing
step comprises providing poWer from the at least one poWer

producing battery string to the ?nish charge battery string
through a DC to AC converter and an AC-poWered ?nish

charger.

component of the Puerto Rico battery system. The battery in

10. The electric system of claim 9 Wherein the at least one

this situation Would have bene?ted from the method of our

ing and discharging Without interfering With the customer’s

poWer producing battery string consists of all battery strings
except the battery string being ?nish charged.

requirements for discharge and capabilities for recharge.
Clearly, much larger capacity sWitches, and measurement

11. The electric system of claim 1 Wherein the battery
strings are nickel/cadmium or Zinc/bromine, and during

invention, since it Would have alloWed more optimal charg

transducers appropriate to the siZe of the battery Would be
required for this application, but the sWitches and the data

50
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12. The electric system of claim 1 Wherein the primary

Would be managed in the same Way as described above.

source is an AC generator, the system further comprising a

Additional objects, advantages, and novel features of the

photovoltaic array for generating solar-poWered electricity,

invention Will become apparent to those skilled in the art
upon examination of the preceding description or may be

learned by practice of the invention. The applicability of the

infrequent managing steps, the battery string being managed
is completely discharged.

the invention further comprising supplementing both the
60

invention to storage batteries based on other chemistries,
and for other applications in Which there is an opportunity

generator and the poWer-producing battery strings With

solar-poWered electricity.
13. An electric system comprising:

for optimally charging and discharging may also be apparent

an AC source;

upon examination of the folloWing to those skilled in the art.

a load selectively coupled through a sWitch to said AC

The objects and advantages of the invention may be realiZed
and attained as particularly pointed out in the appended
claims.
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source;

at least a pair of battery strings connected in parallel, each
battery string having a ?rst terminal and a second
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terminal, the second terminals being each connected to
common negative;

one battery string; and ?nish charge one battery string
While at least one other battery string provides the

a bi-directional AC-DC converter having an AC port
?nish Charge and POWerS the load
selectively connected to receive electricity from said
14. The electric system of claim 13 Wherein said DC
AC source or to provide an AC output to said load; and 5 converter is a DC-DC converter and the input of said

a DC port selectively connected to receive a DC input
from either of the ?rst terminals of said battery strings

converter is selectively connected through sWitches directly
to either of the ?rst terminals of said battery strings.

or to PrrWrde a DC output to either or Said ?rst
15. The electric system of claim 13 Wherein said DC
terminals;
converter is an AC poWered ?nish charger having a DC
a DC converter having an input connected to selectively 10 output, the input of said ?nish charger being connected to the
receive pOWer frOIIl either One Of Said battery Strings
AC output of said bi-directional converter, either battery
and an Output Selectively Connected to the ?rst terminal
string being selectively connected to the DC input of said

of Said other battery String to PrCWide a ?nish Charge
Sard battery String; and
wherein said system can selectively charge all battery
.

.

.

strings With the AC source; poWer the load from at least

bi-directional converter, the other battery string being selec
tively connected to the DC output of said ?nish charger.
15
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