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57 ABSTRACT

A system for balancing charge between a plurality of storage
battery cells within a storage battery. The battery balancing
system may sense changes, possibly caused by environmental
influences, in the overall resonant frequency of charge bal-
ancing circuits contained within the battery balancing system
and compensate for the change in resonant frequency. Fur-
ther, the system may correct battery cell voltages monitored
by a controller that may include errors due to intrinsic circuit
problems, such as parasitic voltage, to reflect an actual volt-
age of a battery cell.

24 Claims, 13 Drawing Sheets

I Battery Charge Controller 300 ] 210
____________________ e
: [ Charge Balancer 310 MA :
| 220 P! M |
e .
¢ 20 c7 T A : F1
| AAA | 312
Pl e1r | ez 4 14/ 3 VVV 7
I |
I | AAA v
| + + D W L. A B TN
: : | T~ 3 v R3-R7 | ;“
I | I ! —| |L< "
| 2 4
: 224 : 1 :
I
R Ly Sl FTTTTTTS Syt
1 : ! D1 | Logic —
1 1 ‘ R2 ! Ground
] H : \\J'\ \'\: ] '
i L K N i
| 1 C3 |
! LN Qt | Share Bus
| Do } | W
I I
e
: : /H CELL DRIVE A ;A CELL MONITOR AN
| 220 | 318 318 —ANA—e
PN ! 320 320 AW
| ; AAA
1 1T~~~ A4S T 7T T —— = \AAZ
I VAT 4 !
[I] |
! + + |t ' —r—-ll — 1 X M O\ O—1
I L I
| e G 3¢
| | e i S - |
: R L1 L ]
' : 5 — D \\
| : — . w20 e
: : : 32\0‘\ L I Ground
| H [N <. T S
' - | G
: P e
I ADDITIONAL } ro ;
| CELLS v A -] Ag:’;;'&#:'-"
R, AP, GELL DRIVE O CELL MONITOR




US 7,786,701 B2

Sheet 1 of 13

Aug. 31, 2010

U.S. Patent

—_———— e e e e —_— e e -

(125 < o€l 4] 0slL
(lonuos wojshs waysig
punoig) o} “6-a) josuo) |od3uon

suonesunNWWon P Jo)Sse > damod

wa)sAs jo1uo0) 3jij|eles

0Ll

wie)sAs
Aiayeg

v

|

1115

(Ied
lejos “B-9)
22inog
Jomod

18V J0ldd

NINLVEIJNTL

>0zl




US 7,786,701 B2

Sheet 2 of 13

Aug. 31, 2010

U.S. Patent

_
_
_
_
_
_
|
[
\+ 0eT
_
_
_

Joug \\

1aouejeg
abieyn

I
I

I

I

I

. f

I

(1]:74 _
I

I

I

I

!

L

¢ "Old

00z wajsAg Bujouejeg [

01z Aageg

0Ll

woalsAs
Aayeg

00¢

13V J0Oldd

FANLVYIdNEL

S92UaN[JU| |BJUBWUOIIAUT

~ 02l




US 7,786,701 B2

Sheet 3 of 13

Aug. 31, 2010

U.S. Patent

HOLINOW 17130 O

JAINQ 773D _
s1inoy10 |
s1139 _
A wnoiviaay L | * TvNolLIaaV _
1 H “
i . _
[ . _
I ' |
v::M._w _ " I
—_ abo |
—— washs oze __L [M e o » |
@ N !
l
f
ittt A I I It 1 - ! [
_ | —]——¢ o _ |
_ | ! | Nl _
L _ Mn_w _ | n__v ! _Ilolln _ + + _
W t _ ! b _
o | o o L !
[
0ze !
0z¢ — ¢ | $ I} NN
sie 81g | 027 "
_
| |
B |
_
sng aieyg ! | |
[ |
[ h
punoig “ ! |
— 21601 | | [
—— wajsAs r _ P Y « o _
[ | \
_ I _ yzz _
I
+ [ _ _ _
B |
_
_
! ! + + _
[
L L0 “ “ ez _
o o~ “ W
[ 0zz “
0L¢ 495uejeg abieyn " _ _
llllllllllllllllllllllllllllllllll L _—— e e
||||||||| \\.
b Y]
vE "Old oiz | 00g allonuo abieyo fispeg |




US 7,786,701 B2

Sheet 4 of 13

Aug. 31, 2010

U.S. Patent

wa)sig
[oluon 0€€ S10JIUON [[9D
4’ T ._wr_ao thh w._._,_n_u_._o
H N
1 '\I A
I\Il m| ||||||||||||||||| |
Sp—— YA | m— “
av HH " _
/] a 60 80 P “
- — _ : et 4 D0} JOYUOW
- ,—1- _ \ |
_ _ . . A _ I
—/ i / I
I
XN | \ HIS W/7 "
" 6 | 9Le
| 0€€ 10JIUCK 113D 8y |
T T T T T oo CCTTCl o ____ INMA T35 CF 7
A _ Ls |
I
NN I LD 9 " “
sng aleys I // €0
I I
punoig “ // !
= 21607 | 1a e "
waysig ) ¢ F *— k/
fm———————— a ~— g | N
" . ’ I 144
. ¥ I
m \\_ _ 4 [ —
| 442 AN L !
e a1l Vil 92 — o1
N aan I M A +
e L 2o | |
| zzz
L LD I v/
0 S W
I
I

a€ "oOld

0L 19ouefeg abieysn

0zt



US 7,786,701 B2

Sheet 5 0of 13

Aug. 31, 2010

U.S. Patent

_ _
_ _
| _ #
_ - R E ) |
_ ' TYNOLLIaaY _
1 “ 1 "
oL¢ LTy H N
Jasuejeg “ |_| _
abieys ol _ + _ |
L I
(1]54 » [ |
opuopy ¢ — — —e _ “
Aaneg _ . . _
[1]5% ) ' |
- seoueleg | I.I__.I| |
- ~— abieys P+ _ +
L1 _ _
! [
! [
INOA _ |
sng Emﬁm\ wl _ el
(1] %4 | 1 _ _ |
+ 1asuejeg _ _
- ® abieyn _ _ _ _
_ [
ooy L _ "
Jajonuos | ) 1 | |
Aouanbeiq | — | . . a
i Jsauejeg _ |
® abaeys | + _ + _ 1022
_ |
| I

@~

b | )

00¢ J9jj03u0) abieyn Mopeg _

v "Old



US 7,786,701 B2

Sheet 6 of 13

Aug. 31, 2010

U.S. Patent

S "9Old

0zs 0LS 005
‘pouiad }20[2 J1aaAu09 s}naIo
B8ALIP 3IN2JI2 Bulouejeq 10 pouad jjey g—] Burouejeq pauiquod
J0 9,06 0} [enba jas yorqAly saunwialap 40 Aouanbaiy jueuosai
s| pouad Jjey yoeqéh|4 doo payoo aseyd jualino asuag
ooy
J3]joJ3uo)
Asuanbaig aauqg
A
\
\
\
\
N\
N
N
N
%20|9 RN

aAuQ Buiduejeg

sng aleys

1]1)4
Jajjonuo)n
Kouanbaig

aauQg




US 7,786,701 B2

Sheet 7 of 13

Aug. 31, 2010

U.S. Patent

‘aatieuuopad

rundo saaswyse pue Aousnhay
BIULHOSSI BU 1B USAUP 81 IINORY 3y} juod
Y XL = AL mun yoop Bupuerg

8 3o Axuanbas; sy jsnipy paasag

F40MNO Yums [ IISOW ot st
ey oo Busueeg ey jo pouad ge - A
Aousnbai) a0URLOSBY Bt 1B pouad el - X

........ x| ek
wdino ST ,
s soresedwon J i
M SNIN
HoL 14 %] Lo
IONUON \
\\m \ 909
7N / /m
Y / / w
. % ..,m i
; xw § %
: —— e Mi?f S
m 019 809 N (43
FANN - ¥09
;' zo9
— S A NO 4900
,,,,,, ! 340 : mamocﬁmm//

009

V9 "9Old




US 7,786,701 B2

Sheet 8 of 13

Aug. 31, 2010

U.S. Patent

MOO10 JARIQ @3LsnNrav 11Nd IHL 40 %

= 2TOAD ATVH MOVEATd %

=2/(ZL+ 1)
29
}
L] _ _ l [ L LI (zL) 2 ¥ANIL
zz9
L u U | L (LL) L NIWIL
029
o 1Nd1No
| I . L] i HOLVEVIINOD
m IDVLI0A
_— L e L LA N L\ L LN QTOHSINHL
l 1NdLNo
Snd FAVHS
D019 IAINA
| _ | _ | [340 | No [340 ] NO [ ONIONYIVE

g9 "9Oid



US 7,786,701 B2

Sheet 9 of 13

Aug. 31, 2010

U.S. Patent

swicgl = | 186 am pi=ip 104
1-.2=1
S | JUBISUOD BLl] SWBISAS Bl puy

m,.m.h L e

i
‘1euno) uonenbe sousleyip U IO

T7X¥>0

‘9040 JuUN Ipisuy e dooj pasop
U jo sajod uaiym pasjueent st AaRIS

S-D-1 (Ox
S E YR
$1welshs
aL Jo uonound Jsgsuel| doo pasoin sy
R

s} JoyeiBajut ay jo uonenbe soussayp Bu ]
A pousd ay} jo uojsuen 7 - (Z)|
x| potiad 8y} jo usiojsues 7 - (2

@A

V4
oLl

L "9Old

soresBayuy

Z-lesy

Z-Areuibelu|



US 7,786,701 B2

Sheet 10 of 13

Aug. 31, 2010

U.S. Patent

ySoUag -~
g£s8ieg - —
Zsaueg ——
| SoUaG -

dilneicners

o
zom
sz
o8
1 90z
uz

T

{¢1) vonenba Jo vonemwTs [y amBty

8 "OId

80-3056666'6

§0-3066666°1

S0-3005668'6

P0-3C00966'8
A

000°001 0G0k
00005 00g
0000} 001
000"t 141

N {su)
WEISLOD
awiL

3 3O UONRRRg (7 AqeL

S€°659 91
19°12¢ Gl
£8'eol 4
18°l8 el
S60V ¢l
FA Q4 11
€201 0L
11's 6
567 8
LTl L
£90 9
{sa)
WIBISUO) W
aur]

N JO BOLIURY B S8 URISU0d St T1d -f 9jqe]

1035666666 000°000'}
90-1056666'6 000°004
S0-3005666'6 000°0L
F0-3T00566'6 0004
£073991066'6 001
20-3862915'6 ol
L0-390Z1CE'g b

A N

S JO HONOR[RS 1] A[qRL




US 7,786,701 B2

Sheet 11 of 13

Aug. 31, 2010

U.S. Patent

asualayiq abieys Lapeg

walsAs 4
|of3uon 0€E SIONUON 12D
.> ......................................... Jayjo wioyy ma_..nu.—._o
i N
- —
p— ........ _.! ||||||| || ||||||||| -
— ] b ! T |
av 1 | !
-/ “ 60 80 .- “
- — _ x\ \R 4 e} 0] JOYUON
- —1) ! _ ‘
~/ _ / _
XN _ HIs _
I Y | 9 I
" 0€E JONUON 119D | 8N |
||||||||||||||| —_——d
e i M el f $77130
A [ | T TvNoLLlaav
| ]
\ | | "
sng aleysg _ | ;
I
punois " | n
— a1fbo | | n
—7— LW3}SAS | n F[ P .
||||||||||| ! | N
_ | vez
| | | _
rie _ aleys—y dy "
_ | + +
I
[4%> " " zzz
| “
_ [
| !
I
| !

V6 "9Old

(0¢¢ waysAs Buopuow Aq usas sy)
0L ¢ 4192uejeg abieyn

ﬂ\

N\

0ze



US 7,786,701 B2

Sheet 12 of 13

Aug. 31, 2010

U.S. Patent

wajsig
|oJjuog
A
{ N
- —
- —
g [ <
av H’
—
- —
—

0€¢ sI0)UOl |19

e Jayjo wody sindino

\\ [ {)90]2 JO}UO
Y

y
|
1
|
I
J

)
B

I
| XnW | 64
_ W10 | Ogedonuowmsy | 8
" H/S N " Lo , f sT13o
_ » _ 06 _ ; TvNolLiaay
N z06 | '
| srasseus AN ;
punois 006 H
— 21601 ]
—— WasAg f7 * .
A e
_ _
yLe aieys Ty d7y
s RV e + +
Zie M 144
4 Wt
(0ge waysAs Buuojiuow Aq uaas sy) N
0zz

g6 "9OIld

0L¢ 19ouejeg abieyy



US 7,786,701 B2

Sheet 13 of 13

Aug. 31, 2010

U.S. Patent

199 Aisyjeq jseq

800§

oL "9OId

wa)sAs [oljuod
0} ||199 A Hoday

V%

8001

sanjea 13-y pue

d™y ‘Bae A ‘uown A

jualnd ayj uo paseq
199~ A @2indwion

7

9001

snq
aleys ayj woaj Bae A
ainseaw Jo andwosn

¢l199 Aispeq jse

1130 Aiapjeg
e 10} uow A
JUILIND aunsesyy

Yool

200}

0004



US 7,786,701 B2

1

COMPENSATION FOR PARASITIC
RESISTANCE IN BATTERY MONITORING

RELATED APPLICATIONS

This application is a continuation-in-part of U.S. applica-
tion Ser. No. 11/443,151, filed May 31, 2006, entitled “BAT-
TERY BALANCING INCLUDING RESONANT FRE-
QUENCY COMPENSATION;,” by the same inventive entity
of the instant non-provisional application, all of which is
herein incorporated by reference.

BACKGROUND OF THE INVENTION

The present invention relates to a device and method for
balancing charge between a plurality of storage batteries, and
more specifically, to a battery balancing system that compen-
sates for changes in the resonant frequency of charge balanc-
ing circuits in order to maintain optimal system performance
and to deliver accurate measured characteristics.

DESCRIPTION OF PRIOR ART

Electronic monitoring and control applications require
continuously supplied power from one or more reliable
sources. These sources may generate power (e.g., solar cells,
fossil fuel engines, hydroelectric, etc.) or may provide stored
power when generated power is not available. If power is
supplied from a combination of sources, the flow of energy
supplied from these sources must be managed seamlessly.
Power spikes or losses often risk an unrecoverable loss of
system control, resulting in damage to equipment or possibly
life-threatening situations.

Storage batteries are often used as back-up power when
generated power is not available. The individual cells of some
types of batteries, for example Lithium Ion batteries, may
become unbalanced over continuous use. While these batter-
ies may continue to function, the cell unbalancing may cause
performance problems and lessen the overall lifespan of the
battery. As a result, battery balancing systems are often
employed to equalize the energy stored in the battery cells so
that performance may be maximized.

Problems may occur, however, as state of the art battery
balancing systems age. Analog components employed in the
circuits that monitor and redistribute energy amongst the
individual battery cells may experience changes in their over-
all response time due to age, temperature fluctuations, elec-
tromagnetic damage, etc. These circuits are usually designed
driven at a constant drive frequency that corresponds to the
resonant frequency of the circuit as manufactured. As a result,
the “evolving” resonant frequency of the circuit no longer
matches the original frequency as the circuit is used, and the
overall performance of the circuit declines. The system may
further experience disturbances due to non-ideal component
behavior intrinsic to the circuit itself. These disturbances may
include parasitic resistance that adversely affects the accu-
racy of cell voltages monitored by a microprocessor coupled
to the balancing system, which may in turn impact overall
system performance. More specifically, inaccurate measured
voltages may result in incorrect control execution, false
alarms and possibly even damage to the system.

What is therefore needed is a battery balancing system that
is able to account for resonant frequency changes in circuit
components by automatically altering the drive frequency to
match the current resonant frequency of the system. Further,
the system should also be able to compensate for problematic
system and/or circuit behavior that may lead to errors in
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2

monitored system variables by allowing a controller to adjust
an errant measured value to an actual value.

SUMMARY OF INVENTION

The present invention includes a device, method and sys-
tem for balancing the energy level of a plurality of coupled
battery cells, and for determining an actual system character-
istic from a monitored system characteristic by adjusting for
error-causing factors.

In a first example of the present invention, a controller
utilizing a phase-locked loop (PLL) is coupled to a battery
balancing system in order to continually optimize battery
balancing performance. The battery balancing system may be
composed of a plurality of battery balancing circuits, wherein
an individual balancing circuit may be coupled to each battery
to be balanced. Each battery may further be composed of a
plurality of a battery cells.

The battery balancing circuits may conduct current to and
from the batteries in order to achieve a balanced energy level
between the batteries. The battery balancing circuits, which
may be composed at least in part of a forward converter with
a resonant fly-back reset circuit, are driven by a battery bal-
ancing drive clock. The clock frequency drives the various
components of the balancing circuit in a stepwise fashion to
allow the charging and discharging ofthe various components
in order to provide the balancing effect.

The aforementioned battery balancing circuits may all be
coupled to a common bus, or “share bus,” that allows the
PLL-based controller to receive a combined resonant signal
from the battery balancing circuits. The controller may then
measure the combined fly-back time of the balancing circuits
in order to determine an appropriate operating frequency for
the battery balancing drive clock, which is supplied back to
each battery balancing circuit. In this manner, the balancing
circuits may be driven at a frequency that matches their cur-
rent resonant frequency, helping to assure optimum perfor-
mance in the balancing of stored battery energy.

Further, the system may account for “real world” charac-
teristics not encountered in ideal circuit design. These “real
world” factors may include parasitic resistances created by
various electronic components in the battery balancing sys-
tem. While this resistance may not substantially impact the
battery balancing functionality, voltages monitored by a
microprocessor coupled to the battery balancing system may
be altered to a degree where false readings become problem-
atic to functionality performed by the microprocessor such as
system control, calibration, optimization and telemetry
reporting. The present invention, in at least one embodiment,
may use either measured or calculated share bus voltage to
adjust measured voltages to account for system disturbances
such as parasitic resistance, allowing actual cell voltages to be
determined.

DESCRIPTION OF DRAWINGS

The invention will be further understood from the follow-
ing detailed description of a preferred embodiment, taken in
conjunction with appended drawings, in which:

FIG. 1 discloses prior art including an exemplary applica-
tion wherein at least one embodiment of the present invention
may be applied.

FIG. 2 discloses prior art including an example of the effect
of environmental influences on exemplary known balancing
circuits.

FIG. 3A discloses a battery balancing system usable with at
least one embodiment of the present invention.
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FIG. 3B discloses a battery balancing system including a
monitoring circuit usable with at least one embodiment of the
present invention.

FIG. 4 discloses a diagram of a battery balancing system
combined with a drive frequency controller in accordance
with at least one embodiment of the present invention.

FIG. 5 discloses a functional flow diagram of a frequency
drive controller in accordance with at least one embodiment
of the present invention.

FIG. 6A discloses an exemplary drive clock derivation
including waveforms created during system operation in
accordance with at least one embodiment of the present
invention.

FIG. 6B discloses an alternative implementation of the
adjusted drive clock derivation including various waveforms
created during operation in accordance with at least one
embodiment of the present invention.

FIG. 7 discloses an exemplary mathematical depiction of a
transfer function describing the functionality of at least one
embodiment of the present invention.

FIG. 8 discloses exemplary tables and graphs of calculated
results regarding phase locked loop performance in accor-
dance with at least one embodiment of the present invention.

FIG. 9A discloses an exemplary cell monitoring circuit
diagram in accordance with at least one embodiment of the
present invention.

FIG. 9B discloses an alternative exemplary cell monitoring
circuit diagram in accordance with at least one embodiment
of the present invention.

FIG. 10 discloses an exemplary flow chart describing a
process in accordance with at least one embodiment of the
present invention.

DESCRIPTION OF PREFERRED EMBODIMENT

While the invention has been described in preferred
embodiments, various changes can be made therein without
departing from the spirit and scope of the invention, as
described in the appended claims.

1. Exemplary Application Including a Charge Regulation Sys-
tem.

An exemplary application of power management involving
a combination of sources is shown in FIG. 1. Satellite 100
may rely almost exclusively on power generated by solar cells
160 in order to power at least master control system 130 and
communications system 140. These systems control all
aspects of the satellite, and therefore, need to be continuously
powered. However, instances may occur when the solar cells
160 of the satellite are obstructed, for example, due to an
eclipse effect caused by the satellite’s position in Earth’s
orbit. In these cases, battery system 170 may be relied upon to
maintain power to the satellites systems in order to control
positioning, communications or any other important pro-
cesses within satellite 100.

As further disclosed in FIG. 1, environmental influences
120 may alter the operation of a control system such as
described above. More specifically, time (e.g., the aging of
analog electronic components within the control system),
temperature fluctuations, electromagnetic damage (not pic-
tured), etc. may alter the response time of a control system.
Environmental influences 120 may be especially pronounced
in satellite control applications, wherein an electronic control
system must operate over long periods of time without any
repairs, while under extreme temperature conditions.

FIG. 2 discloses a more specific example of the effect of
influences like aging and extreme temperature on power con-
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trol circuitry. Battery system 170 may include a subsystem for
balancing the charge among batteries in a multi-cell battery
system. Battery balancing system 200 is especially important
when large multi-cell banks of rechargeable batteries, for
example Lithium lon batteries, are employed to supply power
when generation sources 160 are unavailable. Over time, the
relative energy levels between individual cells of a multi-cell
battery may become unequal. While the batteries may con-
tinue to provide stored power, the overall performance and
projected life of the battery cells may be impacted by the
charge imbalance.

Battery balancing system 200 may include an exemplary
charge balancer 230 coupled to each battery cell 220. Battery
cell 220 may be made up of one or more individual battery
cells connected in parallel. Overall system feedback error 250
may be used as an input to charge balancer 230. These errors
may subsequently be used to drive charge balancer 230 to a
desired voltage, with an ultimate goal of driving the error to
zero. Charge balancer 230, which is essentially a voltage
regulator, operates in current limit mode until the battery cell
220 voltage is equal to the error voltage, and consequently all
battery cells 220 are charged to the same voltage.

Referring to FIG. 3 A, an alternative charge balancer 310 is
presented. Charge balancer 310 is a more advanced forward
converter with a resonant fly-back reset circuit usable with at
least one embodiment of the present invention. The forward/
resonant fly-back cell balancing converter 310 may be used in
the lithium-ion cell balancing system 200 with continuous
drive for all cells 220. The exemplary charge balancer 310
circuit shown may comprise transformer T1 having primary
winding T1A, secondary winding T1B, power MOSFET Q1,
resistor R2, share bus resistor network R3-R7, diode D1,
capacitors C1-C3 and C6-C7, and share bus fuse F1. The
forward/resonant fly-back cell balancing converter may be
connected to plus terminal 222 and minus terminal 224 of a
battery cell 220, plus terminal 312 and minus terminal 314 of
the share bus, cell drive 316, and cell monitor 318. The inputs
to the forward/resonant fly-back cell balancing converter may
be a cell voltage applied between cell plus terminal 222 and
cell minus terminal 224, a first drive voltage applied to cell
drive 316, and a share bus voltage applied between share bus
plus terminal 312 and share bus minus terminal 314 of the
common share bus. Tap 1 of primary winding T1A of trans-
former T1 may be connected to cell plus terminal 222
(coupled to battery cell 220), tap 2 of primary winding T1A
may be connected with cell minus terminal 224 of battery cell
220 via power MOSFET Q1. Cell drive 316 may be coupled
into the gate of power MOSFET Q1. Tap 3 of secondary
winding T1B ofthe transformer T1 may be connected to share
bus plus terminal 312 via share bus resistor network R3-R7
and the share bus fuse F1, and tap 4 of secondary winding
T1B of transformer T1 may be connected to the share bus
minus terminal 314. In addition, capacitors C1 and C2 bridge
the cell plus terminal 222 and cell minus terminal 224 of cell
220, capacitor C3 bridges the gate (G) of transistor Q1 and
cell drive 316, capacitors C6 and C7 bridge the source (S) and
drain (D) of transistor Q1, and Resistor R2 and diode D1
bridge the source (S) and gate (G) of transistor Q1.

Charge balancer 310 operates by comparing the relative
voltage levels of battery cells 220, and compensating battery
cells 220 with a lower charge with energy from the higher
voltage battery cells. For example, if each battery cell 220
normally maintains a charge of approximately 4 volts, and
there is one battery cell that has a charge lower than 4 volts,
current may flow from the 4 volt batteries to the lower voltage
batteries until all batteries are at approximately the same
voltage level. This would be a simple circuit if the battery cell
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plus terminals 222 were each coupled to the share bus through
aresistor, and the battery cell minus terminals 220 were each
coupled to ground. In multicell battery 210, however, the
battery cells 220 are connected in series, and therefore, the
low sides of the individual cells are not tied to ground. None-
theless, the same effect may be achieved through transformer
coupling. The gate (G) of each transistor Q1 may be driven by
a square wave (e.g., approximately 100 KHz) with 50% duty
cycle. When each transistor Q1 turns on (when the gate drive
is +), the voltage across each transformer T1 secondary T1B
is equal to the cell voltage. Ifthe cell voltages are all equal, the
secondary voltages are equal, and no compensating current
flows through resistors R3-R7. During the off half-cycle, the
waveform “flies back,” producing a half-cycle of a sine wave
that also appears on the share bus. Alternatively, if all of the
cell voltages are not equal, secondary T1B voltages still
match the cell voltages. Compensating current now flows in
the through resistors R3-R7, from the highest to lowest cells.
Transformers T1 are bidirectional, allowing balancing to
occur. The net result is virtually identical to the simple case
described above.

FIG. 3A further discloses multiple potential sources of
inductive and capacitive response fluctuation (indicated by
drawing reference 320) that may contribute to the resulting
resonant frequency of charge regulation circuit 310. In these
circuits, at least transformer T1 and capacitors C1, C2, C3,C6
and C7 may be influenced by age, temperature, electronic
field damage, etc., which in turn may alter the resonant fre-
quency of the circuit from what was determined at design
and/or manufacture. In this representation, the size of the
letter “L.”” or “C” indicating each of the aforementioned com-
ponents represents their relative contribution to the overall
resonant frequency of the circuit. Capacitors C1 and C2, in at
least one example, are each 100 uf, while C6 and C7 can each
be 0.005 pf. The values of C1 and C2 are not particularly
important. Their function is to provide good bypassing by
providing a very low impedance at the frequency of opera-
tion. C1 and C2 can be tantalum electrolytic capacitors, with
very low ESR (effective series resistance), typically 0.1 ohms
each. On the other hand, the values of C6 and C7 are very
important. These capacitors can be Negative-Positive-Zero
(NPO) devices selected for stability and low temperature
coefficient. As a result, the contribution of capacitors C6 and
C7 may be substantial in determining the resonant frequency.
Ina system containing multiple charge regulation circuits 310
(e.g., 24 charge balancing circuits for each of 24 cells), the
departure from resonant frequency may be exacerbated by the
unequal contribution of these components as described
above. As a result, a solution is required that can integrate
with the above exemplary charge regulation circuits in order
to maximize the beneficial effect of said circuit while taking
into account the possibility of a changing resonant frequency
in the circuit due to external influences.

FIG. 3B includes at least charge balancer 310 as disclosed
in FIG. 3A coupled to cell monitoring circuit 330. Cell moni-
tor 330 may be utilized to record the voltage in battery cell
220 for conversion into a digital format readable by a control
system (for example, by power control system 150 in FIG. 1).
Cell monitor 330 may be composed of a sample and hold
circuit (S/H) coupled to the T1B coil of transformer T1
through resistor R8. The S/H circuit includes a field effect
transistor, or FET, (not pictured) that may be driven by a
monitor clock (described in detail with regard to FIG. 5).
When the monitor clock is high, the FET is turned on and the
S/H circuit begins sampling. A capacitor is charged to the
voltage level of T1, which is equal to the real-time voltage of
battery cell 220. The monitor clock may then go low, and the
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voltage is then held by the S/H circuit. The captured voltage
is passed by a low pass filter, composed of resistor R9 and
capacitors C8 and C9, to a multiplexer (MUX). The MUX
may sequentially sample the captured voltages of all charge
balancers 310 through cell monitoring circuits 330. Each
analog voltage is fed to an analog to digital converter (A/D),
which converts the voltage into a digital value which may be
read by a control system, giving the control system an updated
measurement of the voltage in each battery cell 220. There
may be a cell monitor circuit 330 coupled to each charge
balancer 310 within battery system 200, and all cell monitors
330 may be coupled to the MUX, which forwards the voltage
reading from each battery cell 220 to the A/D for conversion.

II. Implementation of Resonant Frequency Compensation in
Accordance with at Least One Embodiment of the Present
Invention.

Referring now to FIG. 4, the present invention may inte-
grate with the exemplary balancing circuits previously dis-
closed in order to enhance the overall performance of the
battery balancing system 200. FIG. 4 discloses an exemplary
layout in accordance with at least one embodiment of the
present invention. Similar to the previous examples, battery
210 is composed of a plurality of battery cells 220. Battery
cells 220 may each be coupled to a charge balancing circuit
310, such as the circuit depicted in detail in FIG. 3. Each
charge balancing circuit is further coupled to a share bus, and
may in some cases include telemetry outputs (indicated as
“T” in FIG. 4) which may be used to relay specific informa-
tion about the condition of a battery cell to a central controller
(e.g., master control system 130, ground control via commu-
nication system 140, etc.). These diagnostic telemetry outputs
may also be supplemented by additional monitoring equip-
ment 410 that may be implemented to aid in maintaining the
battery system.

Drive frequency controller 400 is coupled to at least the
share bus and each charge balancer 310. This controller
receives an input of overall resonant frequency from the share
bus, and uses this input to determine a current drive frequency
for charge balancers 310. In this way, the system of the
present invention may, in at least one embodiment, account
for changes in charge balancer 310 circuit performance due to
any or all of the aforementioned environmental influences
120. A current or actual resonant frequency is read from the
share bus, and this frequency is used to drive the charge
balancers 310. In this way, battery balancing system 200 may
function at an optimal level regardless of the environmental
influences affecting the battery system 170.

FIG. 5 discloses a functional representation of drive fre-
quency controller 400. Drive frequency controller 400 may
receive a waveform from charge balancers 310 as an input,
which in actuality is an output waveform created by the fly-
back regulators that make up balancing circuits 310. The
controller uses this information to output a balancing circuit
drive clock back to charge balancers 310, and monitor clock
to drive cell monitors 330. More specifically, in an exemplary
first step drive frequency controller 400 may sense a real-time
combined resonant frequency of all balancing circuits 310
coupled to the share bus in step 500. Additional detail regard-
ing example waveforms seen by, and created in, drive fre-
quency controller 400 is disclosed in FIG. 6A.

An exemplary output waveform for these circuits may be
seen in FIG. 6A. A balancing drive clock, whose output
waveform is currently driving the system, is seen at the top of
the graph at 600. This is the current driving waveform for the
balancing circuits before correction. The waveform created
by the output of balancing circuits 310 on the share bus is seen
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at 602. Here the waveform may be divided into two phases
that drive the exemplary forward/resonant fly-back cell bal-
ancing converter 310 in FIG. 3. Starting at 604, the transistor
(for example Q1 in FIG. 3) is switched on. This is indicated in
FIG. 6 by the “ON” label in the waveform of balancing drive
clock 600. In this phase the primary coil T1A of transformer
T1 charges. At 608 the first half of the period ends and the
transistor is turned off. This duration is represented by “Ty” in
FIG. 6A.

The transformer is now “OFF” in accordance with the
waveform of balancing drive clock 600. The fly-back effect
begins at 608, wherein the primary coil discharges, forcing a
similar effect in the secondary coil T1B of transformer T1.
The fly-back effect completes at 610 where the output 602 of
charge balancers 310 again crosses the zero line 612 of the
graph. The duration of the fly-back behavior has been indi-
cated as “Tx” in FIG. 6A. There is a noticeable difference
between Ty and Tx, demonstrating that the current driving
frequency and the resonant frequency of the system are not
equal. This difference is also seen in comparator output 614.
At least one objective of drive frequency controller 400 is to
continually update the drive frequency so that the difference
between the balancing drive clock frequency and the resonant
frequency approaches zero, or in other words, so that Ty=Tx.

An exemplary waveform for monitor clock 606 is also
shown in FIG. 6 A. This signal is used to drive the S/D device
as previously described with respect to monitoring circuits
330. Monitor clock 606 may have the same frequency as
balancing drive clock 600. The leading edge of this waveform
may be located approximately the 10% point of the “on time”
of balance clock 600, and the trailing edge may be located
approximately at the 50% point. In at least one embodiment
of the present invention, monitor clock 606 is adjusted simi-
larly to the balance clock 600 to approximate the actual reso-
nant frequency of charge balancers 310.

Referring to FIG. 6B, an alternative example of the deri-
vation of an adjusted balancing drive clock is shown. A high-
speed digital comparator (e.g., an Analog Devices AD8561)
may compare the share bus voltage to a threshold voltage. The
threshold voltage may be a fixed voltage (e.g. =7 VDC), or it
may be derived as part of the process. The comparator circuit
may be anegative peak detector that has the advantage that the
threshold voltage follows the negative peak. The comparator
output may be “0” when the share bus voltage is above the
threshold voltage, and switches to “1” when the share bus
voltage drops below the threshold voltage. An exemplary
comparator output is shown in FIG. 6B at 620. In at least one
case, the midpoint of comparator output may occur at the time
of the negative peak of the fly-back signal. The comparator
output signal may then in turn be supplied to a ASIC or other
device capable of processing the signal. In an exemplary
ASIC, two timers may be used. The first timer (timer 1)
measures a duration from the start of the drive clock OFF
period until the leading edge of comparator output signal
(when the comparator switches to “1”) by counting the num-
ber of time periods (e.g., 24 MHz clocks cycles). An example
of the duration recorded by T1 is shown at 622. The second
timer (timer 2) measures a duration from the start of the drive
clock OFF time until the comparator switches back to “0”
(share bus output voltage rises above threshold voltage), an
example of which is further shown in FIG. 6B at 624. The
average of the first timer (t1) and the second timer (t2), which
is (t1+t2)/2, may be performed digitally in the ASIC, and
equals one quarter of the full adjusted drive clock.

Returning to FIG. 5, drive frequency controller 400 may
employ a phase locked loop (PLL) architecture in step 510 to
equate the fly-back half period time measured from the input
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waveform to the output balancing circuit drive clock. A PLL
principally contains a phase detector a VCO and an amplifier.
The phase detector is a device that compares two input fre-
quencies, generating an output that is a measure of their phase
difference. If, for example, the two input frequencies are not
equal, the phase detector may provide a periodic output at the
difference frequency. The phase error signal, after being
amplified, causes the VCO frequency to deviate in the direc-
tion of the input frequency. If conditions are correct, the VCO
frequency will quickly “lock™ on to the input frequency,
maintaining a matching relationship to the input signal.

III. Mathematical Simulation and Derivation of Require-
ments fora PLL as Implemented in at Least One Embodiment
of the Present Invention.

A mathematical time discrete form of a PLL usable in at
least one embodiment of the present invention is shown in
FIG. 7. In discrete time systems, the signals are sampled at a
constant rate. When the input x(t) is observed every T seconds
we get the series X,,=x(t,,) wherein t,=t-n. Then the output is
also a series y,=y(t,). In the discrete case, the integral in the
equation:

YOO Hox(x)dt

is replaced by the difference equation:

M

Yn=Vn_1+%, and

@

Solving the difference equations on a digital computer or,
for example, in an FPGA, is relatively straightforward since it
requires simple iterative substitution. On the other hand, solv-
ing time continuous equations may be very difficult. It is for
this reason that time continuous problems are often trans-
formed to time discrete problems in order to simplify the
solutions using a digital computer and/or an FPGA.

In the continuous case a Laplace transform is used to rep-
resent the system and in the discrete case we use Z-transform.
The difference equation (2) has the Z-transform

Yo=¥(0)

1 3)
Y(2)=X(2)- -7

In FIG. 7 we show system 710 in its discrete form. The
closed loop transfer function is:

Yo K @

A= X Tk 21

It is important to observe that while a continuous system is
stable for any K, the same is not true for a time discrete
system. The choice of K is limited by stability consideration.
The stability of a continuous system is determined by the
location of the poles of the closed loop transfer function. A
system will be stable if all poles of the closed loop transfer
function lie strictly in the left hand side of the s-plane. In the
simple case of a single pole system, the pole of the closed loop
system
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is at

which is strictly in the left hand side of the s plane for any
positive T (or any positive K), and hence, is stable for any
K>0.

A time discrete system will be stable if all the poles of its
closed loop Z-transform lie inside the unit circle in the z
plane. In the simple case of a single pole system, the pole of
the closed loop system (see equation (3)) is at z=1-K. As seen
at 700 in FIG. 7, the system will be stable for 0<K<2. For
implementation in an FPGA it is convenient to convert the
Z-transform of equation (4) into a difference equation:

y)=(1-K)y, +K=, and

®

In various embodiments of the present invention, the rela-
tionship between K and the response time may be important.
To demonstrate this relationship, the first step will be to solve
equation (5) for a step response to better understand the
parameter K. From stability consideration we have shown
that |1-KlI<1. If we substitute qg=1-K, and assume a step
function in the input (i.e. x,,=X,, a constant) equation (5)
becomes:

Yo=¥(0)

y(#)=qy,1+(1-g)x; and

Yo=y(0) (6)

The closed form solution of equation (6) is:
M

If we assume zero initial condition (i.e. y(0)=0), we get a
very familiar form:

Y= [¥(0)=%o/ %o

Va0 (1-9) ®

Comparing the step response of the continuous system
=
Yo =x0-(1-eT)

with the step response in equation (8) we can see the similar-
ity as both systems converge “exponentially” to the steady
state value. However, there is an important difference. In the
discrete case, if —1<q<0 the system still converges but with
strong oscillations. It is recommended to avoid that region of
q (and hence K) and choose 0<q<1 or 0<K<1.

Therefore, a small K (near zero) will have a slow response
time while a larger K near 1 will have a faster response time.
If N is defined as the number of iterations (i.e. sampling time
periods) required for the step response to reach 63.21% of
steady state, then K and N are related by the following:

K=l-eN

©

Table 1 in FIG. 8 discloses some typical values for N and K
based on this relationship.

More specifically, the Phase Locked Loop (PLL) for drive
frequency controller 400 runs with a sampling rate T of 10 us.
Table 2 disclosed in FIG. 8 includes the values of K for a
desired PLL time constant. One substantial behavior is that
very small changes in K will have a very significant effect on
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the PLL time constant. This poses computational constraint
that must be evaluated carefully.

The bottom line of all of this math is that we need to
implement equation (8) in, for example, an FPGA with num-
bers (i.e. the variable K) that have a very large range and
require many significant digits in the computation. On the
other hand, the silicon resource may be limited, which means
that the accuracy of the computation must be kept to an
acceptable minimum. The first decision is to use K that is a
binary fraction, K=2"*, The selection of K can now be pre-
sented in terms of M. Table 3 in FIG. 8 discloses exemplary
values of M with respect to K.

Equation (5) can be rewritten as:

_ @Dyt a0

Y T
and for implementation reasons:

*, (11

— Yn-1

oM

Yo =Yp1 t

It is important to note that equation (11) requires no mul-
tiplication only addition, subtraction and a division by a
binary number that is implemented as a simple shift.

The PLL utilized in drive frequency controller 400 oper-
ates at approximately 100 KHz with a processing clock (i.e.
system clock) of 24 MHz. This implies that

24.10°

~ 100108

Yn

In order to have sufficient dynamic range for the frequency of
the balancing oscillator, 9 bits will be used for the integer
portion of'y,,. This implies an output range of 0<y, <511 or a
frequency as low as 47 KHz. The choice of 9 bits imposes no
limitation on the high end of the frequency.

Ifthe PLL circuit requires a time constant of 160 ms, it may
be seen from FIG. 8, table 3, that M of equation (11) must be
14. This implies that n y must have at least 14 bits to represent
the binary fraction otherwise the division in equation (11) will
be truncated. Adding up the 9 bits required for the integer
portion ofy, and the 14 bits required for the fraction we get 23
bit. This translates immediately to 23 bit arithmetic (registers,
add, subtract) in an exemplary case where an FPGA is utilized
to create the functionality of drive frequency controller 400.

However, according to the graph labeled “FIG. 4” dis-
closed in FIG. 8, 9 bits is not sufficient. A simulation was
performed utilizing four different solutions to equation (11).
In all cases 9 bits for the integral part and M=14 was used. The
graph shows the step response of the PLL when the input goes
from 240 to 241 (i.e. small perturbation).

Case 1: (series 4) 14 bits was used for the fraction, total
word size 23 bits

Case 2: (series 3) 15 bits was used for the fraction, total
word size 24 bits

Case 3: (series 2) 17 bits was used for the fraction, total
word size 26 bits

Case 4: (series 1) 20 bits was used for the fraction, total
word size 29 bits

It is evident that when a word size of 23 bits is used the
transient is distorted due to numerical truncation in the com-



US 7,786,701 B2

11

putation. The transient improves as more bits are added, but it
appears that after 29 bits we achieve a sufficiently good
response curve. As a result, for a time constant of 160 ms, 29
bit numbers may be used with 9 bits representing the integral
part and 20 bits representing the binary fraction.

The aforementioned PLL may be implemented in hard-
ware as a custom microchip solution such as ASIC, FPGA,
MCM, or alternatively, may also be run as a software module
in a microprocessor integrated within, or at least coupled to,
battery balancing system 200. The PLL may be utilized to
determine the fly-back frequency time of charge balancer
circuits 310. This time is used to determine 50% of the period
for the balancing circuit drive clock time (as shown in FIG. 5,
step 520). Using this balancing circuit drive clock time, the
charge balancer circuits 310 should be constantly driven at
the most appropriate clock period in view of the natural
resonant frequency of charge balancer circuits 310.

II1. Compensation for Parasitic Resistance in a Battery Moni-
toring System.

As previously described with respect to FIG. 3B, cell moni-
toring circuits 330 may be utilized to determine a current
voltage level for battery cells 200 in accordance with at least
one embodiment of the present invention. Each battery cell
220 may have its own monitoring circuit 330, and all of these
monitoring circuits may be multiplexed together. As set forth
above, in an exemplary battery system 170 at least one micro-
processor may monitor and control the voltage of 24 or more
individual battery cells 220. Overall, the cell monitoring sys-
tem of the instant invention may report a measured charge
level in any battery cell 220, at any given time, to the at least
one microprocessor. In response, the at least one micropro-
cessor may be responsible for a multitude of functions such as
generating a balance clock and monitor clock, reporting
telemetry information of monitor voltages and battery voltage
to another local or remote system (e.g., transmitting the
telemetry information to a terrestrial monitoring station), per-
forming automatic internal calibration, supplying power,
on/off control, etc. However, the operation of the system may
be affected by inaccuracy in battery charge monitoring expe-
rienced, for example, due to variations in circuit characteris-
tics caused by the operation of each charge balancer 310. The
cause/effect of this inaccuracy is discussed further with
regard to FIG. 9A.

The charge balancing and monitoring system depicted in
FIG. 9A is similar to the system of FIG. 3B except that charge
balancer 310 is replaced by a simplified representation of the
circuit from the perspective of cell monitor 330. There are at
least two substantial resistance values that may influence the
accuracy of the charge measured for each cell (V_mon): the
share bus resistance value (R_share) and the parasitic resis-
tance value (R_p) that may unavoidably be induced when
using “real world” electrical components. In the cell balanc-
ing process, the share bus voltage is equal to the average
voltage of all of the cells. Each cell may be connected to the
share bus through a resistor (e.g., about 1 ohm) which makes
up the greatest part of R_share. This resistor may be used to
set a “Transfer Ratio” that determines the magnitude of cur-
rent when the cells are not balanced. High voltage cells put
current into the share bus, and low cells receive current from
the share bus. Eventually the cell voltages equalize through
this process.

In addition to the “intentional” R_share resistance, para-
sitic (unintentional) resistance R_p may also be present. Con-
tributors to R_p may include circuit wiring, secondary DC
resistance (DCR) in balancing transformer T1, on-state resis-
tance, or RDS (on), of the transistor Q1, etc. While the use of
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very large capacitors, very large FET’s and/or bigger-gauge
electrical conductors is at least one known solution for reduc-
ing parasitic resistance in a circuit, the use of such corrective
components may be prohibitive due to cost, space, power
conservation requirements, etc., especially when the circuitis
being implemented in an extremely remote application like a
satellite. For balancing, this parasitic resistance basically
increases the 1 ohm summing resistance R_share, which is
not usually a problem for the operation of charge balancer 310
in general. The parasitic resistance may cause a change in the
transfer ratio, which may change the time required to achieve
charge balance, but not the final voltage when balance is
achieved. In fact, the summing resistance may, in some cases,
be reduced, such that the total resistance (the summing resis-
tor plus the parasitic resistance) equals 1 ohm. However, the
parasitic resistance does cause an undesirable error in the
measured monitoring voltage. For instance, a monitor voltage
error for a particular low cell 220 in a 24 cell battery system
170 may be 287 mV or more, which would be undesirable
when trying to render efficient system control.

For each balancing circuit, the monitoring voltage is taken
from the secondary winding of the balancing transformer T1.
The voltage goes through a Sample/Hold circuit, a low-pass
filter, a multiplexer and an A/D Converter as previously dis-
cussed with respect to cell monitor 330. The digitized moni-
toring voltages are then sent to the at least one microprocessor
for analysis. If all of the cells 220 are close to balance, the
balancing currents will be low (e.g., close to zero), and the
monitoring errors will be small. However, if one or more 220
cells are out of balance, the balancing current will be high,
and large errors may occur due to an IR drop caused by the
parasitic resistance R_p. This relationship is graphically
depicted in FIG. 6 at 900. As the difference in charge level
between battery cells 220 increases, so does the current and
parasitic resistance R_p. As a result, the accuracy of moni-
tored cell voltages may decrease.

In order to obtain more accurate measurements, at least one
embodiment of the present invention may include function-
ality to adjust the raw monitored voltages from each battery
cell 220 to account for the error induced by the parasitic
resistance. The monitoring error is equal to the IR drop across
R_p, which is the voltage difference between V_mon and
V_cell:

Rop (12)
V_cell, = V_mon, + (m)(meoni —V_avg)

In an exemplary battery system having a total of “i” of
cells: V_cell, is the actual cell voltage for each cell from 1 to
i, V_mon, is the monitored voltage read by cell monitor 330
for each cell from 1 to i, R_p is the parasitic resistance (e.g.,
typically 0.3 ohm), R_share is the share bus resistance (e.g.,
typically 1.0 ohm) and V_avg is the share bus voltage. To
implement the previously described IR correction, V_avg
may be measured from the share bus. V_mon may be mea-
sured by each cell monitor 330, which is routed through
multiplexer (MUX) to analog/digital converter (A/D). The
digital measurement signal may then be used by the at least
one microprocessor in implementing control, reporting
telemetry, taking corrective actions, etc.

The share bus voltage may be measured or estimated using
various techniques. For example, the total battery voltage
may be measured and then divided by the number of cells.
Alternatively, the average of the individual cell monitor volt-
ages may be computed, or the share bus voltage may be
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measured directly. An example of the direct measurement of
the share bus voltage is disclosed in FIG. 9B. Circuit 900
shows another sample and hold circuit 904 similar to cell
monitor 330 that may couple (e.g., via 902) the share bus to a
multiplexer input. In an exemplary 24-cell battery system
170, a 25th multiplexer input may be used for the share bus.

A blown fuse, in some instances, may also be problematic
when measuring cell voltages. Fuse F1 may be used to dis-
connect a particular cell balancing circuit in the case of a
failed shorted cell, which may be a potential failure mode of
alithium-ion cell. In this event, several amps will flow into the
shorted cell, and fuse F1 will open. (In at least one embodi-
ment of the present invention, the nominal cell voltage may be
4.0 volts, (R1+R2) is 1 ohm, and F1 is a 1 amp fuse.) A fuse
F1 opening effectively disconnects a shorted cell from the
share bus, and allows balancing to proceed normally among
the remaining good cells. For example, a normal 24-cell
battery system 170 may provide 96 volts. If a cell shorts, a
23-cell battery providing 92 volts remains. A properly
designed system may continue to operate with several cells
shorted.

Further, with regard to the previously discussed methods
for estimating the share bus voltage, the first two methods rely
on the computation of an average voltage, which would in
turn require knowledge of the number (N) of participating cell
balancing circuits. In an example situation where one fuse F1
becomes open in a 24-cell battery system 170, N (e.g. the
number of active battery cells 200) is reduced from 24 to 23.
Therefore, to correctly utilize either of these two methods, the
atleast one microprocessor must have knowledge of the num-
ber of active (or open) fuses. Information related to the num-
ber of active cells and/or open fuses may be sent to the at least
one microprocessor via monitoring resources in any of the
aforementioned circuits.

The calculation in equation (12) may be performed on each
measured voltage in a processing device (e.g., ASIC, FGPA,
Controller, etc.) FIG. 10 discloses a flow chart describing the
correction process in accordance with at least one embodi-
ment of the present invention. In step 1000 cell monitor 330
measures V_mon from a battery cell. In the present example,
V_mon may be measured and stored for each cell until all the
cells are measured (step 1002). Alternatively, each V_cell
may be completely calculated before the next raw V_mon
value is measured. V_avg is measured or calculated in step
1004 (e.g., in accordance with the exemplary methods for
obtaining share bus voltage set forth above), and V_cell is
then calculated for each battery cell 220 based on each
V_mon, V_avg, R_p and R_share in step 1006. R_p and
R_share may be estimated for each circuit based on the 1 ohm
share bus resistor and the empirical testing of circuit behavior,
these values may also be measured in real time. In step 1008,
each V_cell may be reported to a control system such as
power control system 150. After all the V_cell values have
been calculated and reported, the process may again be initi-
ated at step 1008.

The present invention improves upon the state of the art by
adding functionality to a power system that was previously
not anticipated. The present invention may improve current
battery balancing systems by allowing essential resources to
continuously function at optimum efficiency regardless of the
impact of “real world” influences on various components
within the system. The present system provides this function-
ality by at least monitoring cell voltage levels and adjusting
these monitored voltage levels to an actual value for use by at
least one processor, which it may utilize these actual voltage
levels for control, optimization, telemetry reporting, etc.
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Accordingly, it will be apparent to persons skilled in the
relevant art that various changes in forma and detail can be
made therein without departing from the spirit and scope of
the invention. The breadth and scope of the present invention
should not be limited by any of the above-described exem-
plary embodiments, but should be defined only in accordance
with the following claims and their equivalents.

The invention claimed is:

1. A device for correcting a monitored battery cell voltage
read from a battery balancing circuit to an actual battery cell
voltage, comprising:

a plurality of balancing circuits, coupled to each of a plu-
rality of coupled battery cells, the plurality of balancing
circuits enabled to conduct current to and from the bat-
tery cells;

a share bus, coupled to at least each of the plurality of
balancing circuits; and

a monitoring circuit, coupled to the battery balancing cir-
cuit, the monitoring circuit configured to:
monitor a battery cell voltage;
monitor a share bus voltage; and
adjust the monitored battery cell voltage to reflect an

actual battery cell voltage based on the share bus
voltage, a share bus resistance and a balancing circuit
parasitic resistance.

2. The device of claim 1, wherein the plurality of coupled
battery cells are serially connected battery banks, each battery
bank being made up of one or more battery cells connected in
parallel.

3. The device of claim 1, wherein the balancing circuits
conduct current from overcharged cells to undercharged cells.

4. The device of claim 1, wherein the monitoring circuits
are coupled to a multiplexer.

5. The device of claim 4, wherein the multiplexer is
coupled to an analog to digital (A/D) converter which con-
verts the monitored battery cell voltage into a digital value.

6. The device of claim 1, wherein the adjusting of the
monitored battery cell voltage is performed by a processing
device.

7. The device of claim 1, wherein the adjusting of the
monitored battery cell voltage for a total of'i cells is governed
by the equation:

Rop
V_cell, = V_mon, + (m)(meoni —V_avg)

Wherein V_cell, is the actual cell voltage for each cell from
1 to i, V_mon, is monitored cell voltage for each cell
from 1 to 1, R is the parasitic resistance, R_share is the
share bus resistance and V_avg is the share bus voltage.

8. The device of claim 7, wherein the share bus voltage is
monitored by at least one of computing an average cell volt-
age or measuring the actual voltage level of the share bus.

9. A method for correcting a monitored battery cell voltage
read from a battery balancing circuit to an actual battery cell
voltage, comprising:

monitoring a battery cell voltage from a plurality of bal-

ancing circuits each coupled to at least a monitoring
circuit, a share bus and a battery cell;

monitoring the share bus voltage; and

adjusting the monitored battery cell voltage to reflect an

actual battery cell voltage based on the share bus volt-
age, a share bus resistance and a balancing circuit para-
sitic resistance.
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10. The method of claim 9, wherein the balancing circuits
conduct current from overcharged cells to undercharged cells.

11. The method of claim 9, wherein the adjusting of the
monitored battery cell voltage is performed by a processing
device.

12. The method of claim 9, wherein the adjusting of the
monitored battery cell voltage for a total of'i cells is governed
by the equation:

R
V_cell, = V_mon, + (R—Lp )(meoni —-V_avg)
_share

Wherein V_cell, is the actual cell voltage for each cell from
1 to i, V_mon, is monitored cell voltage for each cell
from 1 to i, R_p is the parasitic resistance, R_share is the
share bus resistance and V_avg is the share bus voltage.

13. The method of claim 12, wherein the share bus voltage
is monitored by at least one of computing an average cell
voltage or measuring the actual voltage level of the share bus.

14. A system for balancing the energy level of a plurality of
coupled battery cells, comprising:

a battery balancing system including a plurality of balanc-

ing circuits;

the plurality of balancing circuits, coupled to each of a

plurality of coupled battery cells, the plurality of balanc-
ing circuits enabled to conduct current to and from the
battery cells;

a share bus, coupled to at least each of the plurality of

balancing circuits; and

a monitoring circuit, coupled to the battery balancing cir-

cuit, the monitoring circuit configured to:

monitor a battery cell voltage;

monitor a share bus voltage; and

adjust the monitored battery cell voltage to reflect an
actual battery cell voltage based on the share bus
voltage, a share bus resistance and a balancing circuit
parasitic resistance.

15. The system of claim 14, wherein the plurality of
coupled battery cells are serially connected battery banks,
each battery bank being made up of one or more battery cells
connected in parallel.

16. The system of claim 14, wherein the balancing circuits
conduct current from overcharged cells to undercharged cells.

17. The system of claim 14, wherein the monitoring cir-
cuits are coupled to a multiplexer.

18. The system of claim 17, wherein the multiplexer is
coupled to an analog to digital (A/D) converter which con-
verts the monitored battery cell voltage into a digital value.
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19. The system of claim 14, wherein the adjusting of the
monitored battery cell voltage is performed by a processing
device.

20. The system of claim 14, wherein the adjusting of the
monitored battery cell voltage for a total of'i cells is governed
by the equation:

R
V_cell, = V_mon, + (ﬁ)(meoni —V_avg)
_share

Wherein V_cell, is the actual cell voltage for each cell from
1 to i, V_mon, is monitored cell voltage for each cell
from 1 to i, R_p is the parasitic resistance, R_share is the
share bus resistance and V_avg is the share bus voltage.
21. The system of claim 20, wherein the share bus voltage
is monitored by at least one of computing an average cell
voltage or measuring the actual voltage level of the share bus.
22. A computer program product embodied on a computer-
readable medium and configured to cause a processing device
to execute method steps, comprising:
monitoring a battery cell voltage from a plurality of bal-
ancing circuits each coupled to at least a monitoring
circuit, a share bus and a battery cell;
monitoring the share bus voltage; and
adjusting the monitored battery cell voltage to reflect an
actual battery cell voltage based on the share bus volt-
age, a share bus resistance and a balancing circuit para-
sitic resistance.
23. The computer program product of claim 22, wherein
the adjusting of the monitored battery cell voltage for a total
of'i cells is governed by the equation:

V_cell, = V_mon, + (%)

(V_mon, — V_avg)

Wherein V_cell, is the actual cell voltage for each cell from

1 to i, V_mon, is monitored cell voltage for each cell

from 1 to i, R_p is the parasitic resistance, R_share is the

share bus resistance and V_avg is the share bus voltage.

24. The computer program product of claim 23, wherein

the share bus voltage is monitored by at least one of comput-

ing an average cell voltage or measuring the actual voltage
level of the share bus.



