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ABSTRACT

Distributed Protective Circuit and Thermal Analysis-based

Optimal Design for Energy Storage System

Park In Su
Advisor : Prof. Guem-bae Cho, Ph.D.
Department of Electrical Engineering

Graduate School of Chosun University

According to increased request of the energy storage system(ESS), this
approach newly investigates an interesting topic on distributed protective
circuit and battery management system(BMS) for high efficiency ESS.

There are three key issues for studying above topic. First, the ESS that
consists of 280 high-energy cylindrical cells(INR18650-29E) connected in
series/parallel. Particularly, to avoid cell's voltage/state-of-charge(SOC)
difference in the ESS, two level-based screening process via information
on Ah-counting-based discharge capacity and internal resistance by direct
current internal resistance(DCIR) and hybrid pulse power characterization
(HPPC). Screening—based ESS(14S20P) can provide a simplified equivalent
electrical circuit modeling including open-—circuit voltage(OCV), RC-ladder,
and series resistance. Based on this modeling, it is possible to implement
SOC/state-of-health(SOH) estimations for knowing ESS’s internal charge
and health status. For this goal, this research finally selected adaptive

methods such as extended Kalman filter(EKF) and dual extended Kalman
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filter(DEKF) for SOC/SOH estimations respectively. For validation of the
SOC/SOH estimations, Ah-counting and off-line discharge capacity were
considered as reference values. All SOC/SOH estimations results of the
EKF/DEKF satisfy the specification within £5%. The thermal analysis of
the ESS additionally investigated for checking inner thermal status due
to ESS frequent discharging/charging and external temperatures.

The distributed protective circuit is additionally investigated to protect
ESS’s inner fault that result in low performance on the ESS and its
risky. For this, in the ESS, a low cost and high efficiency distributed
protective circuit using a parallel operation algorithm is loaded.

Three key issues such as screening—based ESS design, BMS(modeling,
SOC/SOH estimations, inner thermal analysis), and distributed protective

circuit will be helpful for accomplishing high—fidelity and stable ESS.

Collection @ chosun



A&

A A3

A.

50w A

=
=

ot ols #sl, A7y A

A AAe ATt B

B!
o
G

-

!

of o

4% 2§

o] Alzel 7k Fofo] A ujE

s

Far ITH3-101.

7}&

=
[}

A 1] ~ "l (energy storage system; ESS)e] #4] o]

ESS 9]
AA A

-

tEag =

baoh el by 2

S

2u

ol
=

nlo] A & 712] = (microgrid)

214 A ol 1] 7] o

(smart-grid)e] o]

<9

ol

—_
fie)

Ho

_(H

of A AARE AUAAGAF] obd = BYsEA R olfE v

SFKW)Z ATA A H 8]

FAAIRE, 217

S

il

e

X

{
)
Njo
o

Mo

ESSe] A 2 7ol

ki3

-
[¢)

ARG thy] aLg &l 7t

el

o

AA L =
= ESSY 4

44

vl €] 2] 2] A] 2~ €l (battery management system; BMS) 2]

ki3

_(H

=
3

A ALl (state-of -charge; SOC)2} =784 Bl (state-of ~health; SOH) ZUHH 7|&

ol 3} 9]/} el (state-of -power; SOP), of U X H (state-of-energy ; SOE),

1=}
T

=]

F8

|

—_
fite)

4

A%

el

T
d 5

A

e

oltH11-15]. wiEf 22l A

o7

Collection @ chosun



A1 (state—of-balance; SOB)S %= wiElg] &g

€]

A e (state—of-safety; SOS), I

oo & M 5 Fw T o o o I o o o — 1
ok T o & w2 ® L "o o T oy B o
Ak L]ﬁ o g Wﬂ ojp i N O _ 2 o oT <v = ~
B R EER T 5 TR AR T gm 3
iod = = 2 BT o 3 I il %
i = 8 8 o e = = %0 Mo W = 1k 2
— 5 & 9 o & 2 o X o T T X S
OL 0 [ r =) T ;o.._ Jl pary —~ —_ [
,_MQW._ ;&E e E XL — 4] ‘;Inwﬂ Lﬁ ]0 o o Et ‘mﬂ o \U,Hl 50
R S B ~ % N o B om T ) o : <
T < o 4 ® X7 z M oo do T U 5T g
R g 5 T E g P o of © T _ . = o .
2 £ | o R m S o RE T B0 =
oo o = 5 A w T N2 X 0N W oﬁ o X R k5,
A 5o D SN m eyl = . -
B A~SR 8T TU5AE S P HE L TR E S o
" = RS L ¥ ] = woR R
X o = = = BT TR = Ko RO oR
bjo Porx o = = = o 1H T Ko (- PN e XO
o T oo W g X o v il = % 2R gl HoH
s2 PR i wped P EFaLueByyg
= — - o N o '
e E TSy ZLLTET T® e LT ou 35
. T ,_ﬂow._ — ,U| = o oy o 7' o 7 ﬂAIL ~o O#E mw.o \_ﬂ_v m X
HM I 5o M/E % m _WT,_ Iy Mm i 5 Mm f @Qﬂm m < H_,_Ar. o " © N T H
R S LB oo T T A
Aoz W o BEGR T oWy P e ®
e - U LA oW L A T T -
TRt g®@ Sg ME _ Tga J¥TIFLQ gl
F g oy T TR TR R o oma P DN
ﬂﬁ&i@@%@r@%&J%%erob.@%Jﬂ oy M
ol Ao o K " mT_ N of EATIY ! mr ) T i my o o M_ﬁ o T o = T
o i . & me %o an N o -~ L, ° %0 "W M# o L bl Mo o W
TS T B % . Rom oy — WY e T o e 4 < mﬁ AL
- S R ﬁﬂWﬂ%@@ﬂ#;@A
T B8 F eI E kg B ow g Py R
— I\, 0 ‘a \Wﬂ Zﬁ HT
f D) oo N o =0 —
T = N N CH [ = T T %
= P ey — OC dﬂ - Jo ‘Wﬂ ™ ) ol = —_ My
2 o o 1011_ o M ™o T =) eV R i T i X ™oy — o CICH iy
P e PE s e T g T E TN B WY P E
T U oM T R BFwE T R R oW

Z}
2}

ol

258 ESS]

°©

I ESSe]

k)
yul

]

o
R4

3H(voltage sag)®

e

atH, olz <

w37t E7h]s

-

A A, ESS9]

=

Collection @ chosun



A &S B g RE3 R dado] dFEL Utk 53], °e A
o g 2 2ol wet 27t AoEE Edol(tray) 2 A 2El(system)e] 7]E
RE2HE A ESSe Hd& 3t EAE X 53] Z(distributed protective
circuit) o] #eHS Ea&f o7]x] & ESSY o] AE S AL WA Eof Fhut,

Ay, ESSe 284 &5 e @9 A A" " o]9 xawy 7|yl
ESS AA(A b AY/SOC L wh), ESSe| WH3H ZUHY 7e3 2
SHgE wrge gaA, 19
g B33 2 AAV B5H o
@ujojof gt

ﬂtl

Collection @ chosun



=~

\lok

=
e ESSe 49

sa
o w‘ rTE 3w
o X B i
o ol oF = X o
o ™ o W |
T B ﬂx %Enx 5 Wy @Qz B o R
i @%;loaoﬂm mduﬂo@weaﬁ%goﬁ}
o =K . oo ,U| &o ,OI e Jl Ny O KO K E mw.o uro
T : ur@oyd1 = = w o g BN
T M ﬂ,w‘hwv %gg.%qomag
d.laﬂz__ auaﬂﬂzwq(uw @@%Mﬂmﬂ%%ﬁ%%
— ) — ) iy N juy
&Mﬂ é@é1mﬁ @om%mmeﬂ@mﬂﬂ
I “E oTe mimc41m;;a§
o B T o= o o fo o & 5 o N S
o %o S g do M . & wo wr
o I do p I T o R "’ MM ™ 5K oy m-ﬂ_ X el N 2 g
= o o SﬁLé%iNﬂﬂHuﬁ
s B L ﬂﬁﬂmegwnﬂog. E}ﬁx%o#ﬁiéi
S F ﬂ%l_uﬂuour .7x@aﬁ§%%wﬂ
ol 5 0 = T T B2 g e W L o= ® Gl
o E%%ziﬂ} E o K ﬂ.ﬂxmﬁa
=K o ,U| = ‘lﬁ r ﬂ fils) 10.; X ~ T = Jl _ZT XL
B LAEH%HA@ o B2 oo BB
_ o BN <0 T o= W T e o o PR T %o o’
J.ﬁ _L —~ Z..ﬁ ;Iw_./l X ) hi N Z_U N @) X o
z X o T T w B B X 2R
= un & il b o filg t%i#ﬂ,cﬂA
i ] Y ot = No 55 "
T n T o P! —o - = S o o = Hu @) =~
2 &) fo T ﬂ m JXI \HIL A 1 U ~u N &o o
T 1) oA w G AR = g Y hogacl)
° Lt u il EREY o) P Eo & X0 mx e K
0T - ofi R = =V N o 5 o] w R B T
N = 5 .ﬁ ) ~ TS 0 M o [ & W s Z_U
m ° o =Y il ) o N - o T K1
L UT_ . MM oF o ®B° o = @ =) H.f N an ﬂ ™ Of
By %mﬂﬁmﬂgoﬂoo# T ﬂﬁ%%ﬂwﬂm1
s B F TITC e ¥ 5 @ 1/_xag_7
~ # w = PR { o O = N 8 cy
~ ooz < ~ m o = X 1f T F o ] = =5
— < ol %O > = - T D — =K
5 — T % N oy = ey = N n "
5 . R R D 2o ™ ~ Mo s ~ 0N
h o = °F Lo w3 < T 5 w 22
_E o o -, D ‘mwl ~ UT ~  Be — s
T T T o % N o ) o ™ oo = % 2
e o N % aB ™ o m X Ak 3
jze) AT = (=] —_— o —_— S S.L HT
o W5 F o 9 = N —~ T = o 2
P Z W N o & 2 9 e
I ﬂAl M faN] XL Eo ‘mwl Eo EE W &o ﬂu =)
.ﬂnqadh&vot%w
X X T % o7
M~ o o ¢
o < iy
) o#

C .
ollection @ chosun



39 o
‘;L/K

o|t}. ESS W

5
=g
s

Al
=

ol
=

B33 7 A7

€]

iy

3.

th. ESS&

B

PN
T

& A%

H33|2

"K

Al RSV A&

Collection @ chosun



& 2] F3Hrenewable

f
A A Al A4

TrAel <]
=2ooAl

1

[
pud

T
s

o] &4
o o
A
CEFOE X

=

=

=

R

b2 )

7¥ 3 glen, ol
A A A <)

portfolio standard; RPS)ol] 2]

z 5

Nroﬂmﬂrmxm%%mﬂ%
L o ¥ TR
:M:. ~ P oso 2 ook ma X
DI -
— = X
e ﬂ;%ﬂ% = %ﬂ;wm
\JI )
- d o mh o) o % W n o g
IS L g Byt
M_u T Mo Coor ol \M./w FEE]
SR Tk BT v sls
SEEEN ST .. <
HSaww ® L X g ® £ 8 i
£S Mo oy ~— o vy T = ME
K ,_I_A_ur‘._ s ~ ,mﬂ 50 m SERIO
ST TR n - _
o ° R R g
‘A..# = O < Hm _ Oﬁ R Y, z
T - < %0 - ©
o OM iL X N — 3 A Bl d <
o Wo i T A R <1 m
W T N - ™ 2
ET. i+ F R o E ﬂﬂ A !
O oy N G ] - oy T x ~N
P T 2T My ,
A TR g 5 B oo . = 558
= X }w — nm:._ X g & 227
L ® g 2GS i £k
DT_ — T VA..# % .UI oyl . mﬁmm
Lt < - ~ 1 8% 2
A# ﬂw.u” H_,A E N — ﬁ.z._ wo 1 Klr mmm
~ H go W Mo B T2 g3 82
N = S <t ﬂAFO ] “ P mmm
w Moo X
< wa RO £28
o o Sgs
— T 0 2 1,;/_.1_ < ol @0 m Eoa
- 0 [y~ = Mo JL o
=K o 3 T
- Xw ﬁ P N D og -
" oo Wox 5
e < BT B R o
oW T o T o
aﬁﬂ._ﬂ;w% & o [
"R A Ire o — =
TRT W W N oo D W | )
oo e N " T TS

Concept map of the ESS

Fig. 2-1.

Collection @ chosun



oo

4
4

Kk

IH

m.
1
R
“m.m_xl b
IhE] fio
[ty <
- = 3 &
K0 10 | 1 m.m
Y= : — ma >
;nvvv ._nﬂ. .M.u_
I-F I (3
%0 Ko |
B
| .
ol m X
Ti
=y
J B
K 20
e
2 H
Da
M..A._ K m.n
nr
L1}
a
7 =
o 30 gm
= = |wnr | ET
£3 |=
= .
e Al el SN
Wﬂ _uAm_v.l. x_o H05F
&0 RO %
Mk rE i =
[
TE
oo 1 oo
& 10 =

Peak Power Supply

Smoothing Power Shift

Fig. 2-2. Application fields of the ESS

Stabilize Power Generation

Fol ol =]

S

ESS+= A

ahek. meA,

Aol Tbs

k
it
el

iod

2 AGFFAA7 HatE Ak ESSell 2 &)

1A H9ch ESSe] g ezt

- =]
5 °

o7} 7}

ESS<]

-
L

ot 19 2-2

Y

of #3stE3H(load leveling)-§, AAYNAA S Loz AEst Hr Fujd

el A

o

1
L

Al &8 t]-S-(seamless

|9~

Ago]

A7)

N A A,

PR, A A

S

1=}
5

sl mheh WA,

, A8 F4d o= v ESSe At

=

GFC, automatic generation control; AGC), A]7Fth

’

A X 8] 2~ (governor free control;

O e

S
A =2 WhS-(time of use;

A 7FZA  system marginal pricing; SMP)

S
pud

=
S

La (A

i

s,

(uninterruptible power supply; UPS)2. 2 A}-&7}

il

d

TOU), BI&%

Collection @ chosun



Table 2-1.

Several purposes, functions and its benefits of the ESS
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Table 3-1.

Cell specification of the INR18650-29E

Item

Specification

3.1 Nominal Capacity

2,850 mAh (0.2C, 2.50 V discharge)

3.1.1 Typical Capacity

2,850 mAh (0.2C, 2.50 V discharge)

3.1.2 Minimum Capacity

2,750 mAh (0.2C, 2.50 V discharge)

3.2 Charging Voltage 420 £+ 005 V
3.3 Nominal Voltage 3.65 V(0.2C discharge)
CcC-Cv

3.4 Charging Method

(constant voltage with limited current)

3.5 Charging Current

Standard charge: 1,375 mA

3.6 Charging Time

Standard charge: 3hours

3.7 Max. Charging Current

2,750 mA(not for cyclelife)

3.8 Max. Discharging Current

2,750 mAh(continuous discharge)
8,250 mAh(not for continuous discharge)

3.9 Discharging Cut-off Voltage

250 V

3.10 Cell Weight(max. (g))

48 g

3.11 Cell Dimension

Diameter(max.) : 18.40 mm
Hight(max.) @ 65.00 mm

3.12 Operating Temperature Charge : 0 to 45C
(Cell Surface Temperature) Discharge :© -20 to 60C
1 year : -20~25C
3.13 Storage Temperature 3 months : -20~45T
1 month : -20~60T
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Fig. 3-2. Discharge curves of the INR18650-29E

€ /Collection @ chosun



< gl
“

o,

a7} 2 ofof

540

2. 238 7IH A E R YA AFA

CLNET o

of 48 » >
- _ - - -
‘EE ﬁo < AOA AOA T w.
= (%] X N S S
H;.E o D0 N 5 ° S
JIL n,‘.VL > S W 3 m
X o o a 3 3 3 K
= o : 3 5 3 g
P o5y | E Sl Bk :
© 3R | ?
h RS 3 : : g
1 ARy : : : :
o X gy oMW £
s B R
¢ T PR W
= W X R %
o L W o N N ~
o~ 2_ 5 a u
) ,Ll.._ X mm nP iy 2
v 24 ¥ 3¢ 3 , 3
T - 2R =3 nm I E
oy 5
T w3 T NERL IS E
EE ﬂAIL ‘mﬂ ﬂAIL m m W N W
T _;Imﬂ o = o Y N
ERE R fo| @ :
I= ! (4} -
oo ~  Be
> B % o o o
O# Z.o Nﬁ JO M
ol R =y e
up o W ] .
=W X0 17_Aﬂ.M 1 M/ ) : ” MW
e g ¢ , -y, | Y S
N Z ° e : ”,m.D 73 =t =
L o B $ ,,‘ > e I1f [ N
oo 2 o B & =l |8 ,, E 36 | B
T oo X M- % ,v...ﬂq\ﬁs ‘s Q 5
= = &8 " fm 2
W m % OL = O i) H
T N S v O S
X O )N Q !
Bo B BK iy

Fig. 3-3. Two experimental setups for obtaining various experimental results

Collection @ chosun



1(DC power
7]

A

He

}o] H

°©

=2 A

]

)

239

171 (electric load) 2 T+ QUth.

g A(LiMn20y/LiFePOs) 2 oY A] A 4A]

3Z
=

A g o] 2

s

EEEEEE

EERE

PC(personal computer)=

B
nF

e

X

A %S GPIB(general purpose

3 <l PCell A

=

o

2 SAE Fa Hee] AlolEH

=

=

3

F RS23

“

st} ko] AFAME 13} &2 RS232 FAlo] A&

=
T

“

<

2

°l-8

=

1= 992 GPIB

Table 3-2. Detailed specification of two experimental setups

SB-30S PLC

o

fu

B | «
Ml == " TR
do| Mo | B M T | | EAF
o) | B
< < < g
< WAW WE IR =
e R T ™ N
e Yo TR SR~ &= & !
SRS e e R 8T g2
RO S o X~ Slo 8 7
3= g L 1~ 2
© =l TN AN Slo Sl 82
S L s L T ReA
o o ,
o
- = S
| B3| 3B
S g o° By 20 o
w3 2| <|Sa L5 88
28 S| zReIE SE
MS$ 3 = P
o
lag} ) mU
Nl | XN g
o G R
- R | g R
~ D
S "R | °
(]
|
No X

e 54

71 9lel

[e)

T

=]

]

1l

7

interface bus)E %3l

A

2E!

=

597 ek

2, 715
s H<l

=

=

01% @¢= GPIB

-

L

TR

, WSl PCe] 53 Afo]F A|F

N

B

oH
ol

il
R

Collection @ chosun



T =0 %3.9sv
Nl MmN

Capacity Resistance

4V Battery Cells 1% Screening Process 2" Screening Process Complete Screening!!

Fig. 3-4. Two-level based screening process
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Fig. 3-5. Flowchart of two-level based screening process
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Fig. 3-16. Time & Measurement updates of the EKF
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dsocC [ At
=, SOCx = SOCk -1 +—-ix 1 (3.30)
dt Cn Cn
dVoiy i Voig At At
= — ... Vi =(1l-————) Vi - “IK -
dt Coir  Coif - Rpigy Dif &= ( Coifr -RDyf) P Kt Coifr et (3.31)
I 0 Al
SOC SOCk - =
{ Klzo A { . ‘1+ Qn ik - (3.32)
Voir Cou - Rogr | VP k1] | AL
Coigr
Vr = hk(OCV Vi) — Vs = OCV —Voigr1 — Vo2 — Vs (3.33)
ok Ohsoc(SOC)
—= aSOC where OCV = hsoc(SOC), hsoc = focv™ (3.34)
OxK 0 1
Init Variables
Py R0 Qg X,
- |
v Print SOC,(+)
Measure Input Current(l)
and Terminal Voltage(V) \_,{—\

Calculate Priori Values
SOC(-). \/Diff,K(_)’ P(=)

A

‘ Decide region ‘ Calculate Q.

v A

| Reinfinite | | Calculate R, |
* * Calculate Posteriori Values
| K =0 | [ calculate K, | SOCK): Vo . Pid)
K™ K

| | A

Fig. 3-20. Flowchart of the EKF
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4. NUR AFA2Y AHA

BoERY] oduA A ~ES dEE A(NRISS0-29E)e] AW dAxFoR
TAEH derr ol diMS fiME ¢ dEd Ao daA HA #H
olg Ao B3 Bavt otk

Subcells Network
Schematic View
T E 5
Battery Cell
-— o~ =z
7 AR 8
Thermal Model
( Ambient )
Kea Kia Kaa Kua KAE
el Foina)
ioT Ka K K KT Ke T

Fig. 3-21. Thermal network model (isothermal object) of unit cell

Energy Balance in a Battery

ﬁzEen_E

dt g + Ein o Eout

loss

Energy Energy Energy Input Output
Accumulation Generation Loss Energy Energy
Rate Rate Rate Rate Rate

i Ejn:> - t _— = E
Eger. dt out

e

Fig. 3-22. Thermal network model(isothermal object) of unit cell(NREL)-1

loss
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A o] isothermal object 7]¥t thermal network modelS U
LR XE Holshs dAFgeRr qHIP o, 23Ty
[e]

7k e Ao wdddE Fl AR duge AT &9 A G
4

K
il

A dE s s 98] NRELAA A8 dsiAe] wgae 19 3-229 2
o] bl At
Heat Transfer in a Battery
(Assumption: isothermal ~ very high thermal conductivity)
drT,
me dts = Heatgen - hA(Ts - Ta ) i e(SA(T: - Ta4 ) — QExt_conduciion
Rate of Rate of Convection Radiation Conduction
Temp Internal Heat Heat Rate Heat Rate Heat Rate
Change Generation
_ Heat generated (Heat,,,)
t ; in a battery consists of:
mCp de * Electrochemical reactions
Heat dt * Phase changes
gen

* Mixing effects
* Joule heating
l D Bernardi, E Pawlikowski and | Newman
! Flectrochem Soc 1985 Volume 132 Issue 1
4 4
hA(Ts - Ta ) + eSA(Ts . Ta ) i QExt_canducrion
\ J
Y .
S - = Ambient Tem
Method of heat rejection/addition for thermal control Ta P

Fig. 3-23. Thermal network model(isothermal object) of unit cel(NREL)-2

T, = Battery Temp

c2
C2 157 I~
Cc1 I Cc3
Riz
E Ri Ris c3 / \
a —w— C1 L] c8 ¢4
£ ~J |
§ Do /
Ris e
c7 \\\ ;/ Cc5
c8 Cé

Fig. 3-24. Thermal network model(lumped capacitance) of the module
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Lumped Capacitance Thermal Model for
Vehicle Simulations

* For vehicle simulation, the thermal model needs to be linked to
the battery model for temperature dependency

* A 2-node lumped thermal model (case + homogenous core) with
simple heat convection is developed for ADVISOR vehicle
simulator A.A. Pesaran/ Journal of Power Sources 110 (2002) 377-382

45
= Sertes HEV
> L > ) 10 CFM airflow
— S 40l 4US06 cyetes Lead/Acid

Air Flowe :

Inkt Ton L £
3
-
H
g 35f

Cross Secti 5
for HT low [ o
Ty, oo PR
: E o NiMH
- o
g 25 - /,f
- e
v
20 i i L 1
1 n o 500 1000 1500 2000 2500
Te — Tuir e oy Time [5]

Qess case =
Rt '
Qess_gen — Qesscase

0 MessCp ess

i/pA\” .
Bforced = u(%) . T > esssettmp e = dr

0.5Qcss case Where h= {

Tyr = Ty +———
Tiyix Cp air

hoay = 4, Tess < ess_settmp

Fig. 3-25. Thermal network model(lumped capacitance) of the module(NREL)
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/A WS 3| 2R}
= o] A5 A7 4z
L AE a#ste] £44 di4l shunt resistorg 483t v&S& 7435
al FRhs SR S/ Beses dAE fe DC contactor ¥ MOSFET
. MOSFET®] 4% w2 7|t =g Abgste] S3/4d B

H37]5S 4383t DC contactor 7+%o] H% tho]e =& F7}
=l

M
Hz ol

Battery (+)

Control Board

BB

1 : Battery (-
ry (-)

Pmmhs

Teearearrmarnnnd ; FET PCM FET i
PCM Part ol R e

Fig. 3-26. Hardware structure with protection circuit module(PCM)

Hall sensor . Shunt resistor DC contactor MOSFET
Fig. 3-27. Several components in the PCM hardware structure
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Fig. 3-31. Experimental test for checking PCM operation considering a rated

current of 45A
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32 =g 9 AojgagFe V)
et o] of oA AGA2E Aot FAls
494 2 CAN20 F47d2 Mgy &gy dfdss =0l
2] 9 ID configuration TS F/I2 Fdsih

CmEE S®A FLEL 2N ESEH
== e - e T 2
T =9 &40 0] |[CANZ.BA Data Frame Z'0/:8 ID:610 fl0/E{ 81 FF 89 3B 80 64 88 18
CAN2.BA Data Frame Z10/:8 ID:611 {0/ E{=0E 2C BE 43 BE h& A8 08
1 CANz.0A Ririote i [106:10: LBl Cihz.on Data Frame 0] :8 G0/ E{:0F 16 12 Pa 00 48 01 B8
CAN2.0A Remote Fr.. 0611 °
E cAN2.0A Remote Fr.. 0612 °
W >
o= =
[BAAFE 21D =CEh : CAN2 _BA/B Both CAN: 5@B_0BK BPS ==X| ID:@AM ==}/ Mask ID:800 -
[cAN O O[E] =& |5 221 : CAN GIOIE 4 AJE =
'[caN clolel &8 2¢h : GANZ.OA Remote Frame 2Z/0[:0 [D:618 P
[CAN CO|E =&l =g : CANZ.ON Remote Frame = 0[:0 [D:611 =
[cAN C0|E &4 =Eh : CAN2.BA Remote Frame =2 0|:8 [D:612
BT COM4  UART: 115200 BPS _ CANZ2.OA/B Both  CAN: 500.00K B8PS __ID:000 Mask ID:00¢

Fig. 3-32. Parallel connection of several energy storage system and its
CAN2.0 communication implementation
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Fig. 3-33. BMS Protocol V1.3 EMS 14S

ON

P 1 7 4 : Pack address

» 5

2 3

4 5 6 7

» 6
» 7

Master Wake up Function

Slave Wake up Function

Select(Master or Slave)

1. BMS CAN Communication Parameters.
- CAN2.0A(CAN2 08 available)
- Baudrate - 500kbit
- Usage ID rangs - Ox6x0 - 0x6x2
- RTR{Remote Transmission Request)

2. CAN Message list

Fig. 3-34. Dip

switch setting

CAN Name e Data | o aling unit Max | Default Description
D Byte Type WUpper byte = b, Lower byte = Lb)
Total Voltage | 10t2! Voltage Ub a u1s 01 v o 65535 0 Total Voltage=(Ub*256+Lb)*0.1
Total Voltage_tb 1
Current S o s16 01 A 32768 | 32767 0 t=(Ub*256+ b0 1 )
— Current b 3
Reserved Reserved 4
Reserved Reserved 5
Reserved Reserved 6
Reserved Reserved 7
MinceR Mg cell Vottager ity 9 ule 0001 v o 65535 0 Min Cell Voltage=Ub#256-+ Lb)*0.001
Voltage Min Cell Voltage_Lb 1
Average Call, || dverge ol Vonage: b = uis 0001 v o 65535 o Aberage Cell Voltage=Ub#256-+ Lb}#0.001
- Voltage Average Cell Voltage (b 3
M Cel Max Cell Voltage Ub b uie 0001 v o 65535 o Max Cell Voltage=Ub#256-+Lb)*0001
Voltage Max Cell Voltage Lb B
SO SOC(State Of Charge) 6 us 1 o 100 0 SOC = 0%~100%(0x00~0x64)
BMS Status | BMs status 7 bt Gisable/enable o S o
bt Min Cefl Temp, Ub 2 s16 01 < 20 120 0 Min Cell Temp. =Ub*256+Lb)*0.1 (0x8000~0x00~0X7FFF)
Min Cell Temp_Lb. 1
Juersge.Cdl, || iAveiage Coll Tafmp 2 s16 01 i< 20 120 0 | Aberage Cell Temp =Ub*2562Lb)*0.1 (0XBO00~0x00~OXTFFR)
. Average Cell Temp._Lb. 3
Max Cell Max Cell Temp._Ub 2 - N N
Nm T I = s16 01 c 20 120 0 | Max Cell Temp.=Ub#256+Lb}*0.1 (0xB000~0X00~0XTFFF)
SoC SOC(state OF Charge) B Us 1 % o 100 0 SOC = 0%~ 100%(0x00~0x64)
BMS Status BMS Status 7 bit disable/enable [ 1 [i]
* BMS Status
Data Name unit Min | Max | Default Descrption
order BMS Status FET_Status.
7bit Normal Filag Jisable/enable o T 0 Normal Mods Tharge FET = ON , Discharge FET = ON
6bit OVP_Flag disable/enable 0 1 0 OVP Mode (Over Voltage faul) Charge FET = OFF , Discharge FET = ON
Sbit OVp_Flag disable/enable o T o UVP Mode (Under Voltage fault) Charge FET = OFF, Discharge FET = OFF
abit OTP_flag disable/enable 0 1 0 Over Temperature fault Charge FET = OFF, Discharge FET = OFF
ot OCP_Fiag Jisable/enable 0 T T Over Current fault Charge FET = OFF , Discharge FET = OFF
2bit Comm Err_Flag disable/enable 0 1 0 Sub BMS| Error flag Charge FET = OFF, Discharge FET = OFF
1bit Reserved
bit Reserved
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Fig. 3-35.

BMS CAN interface V1
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Adddy 2 uFd

A AYE2E A AZA2E

a9 4-12 oke] Ay AAE FE AdEE 9%d Ao AudExoem
S FAE oA AGA ~=(14S20P) & YERTE F 28071191 INR18650-29E
| AHgEH HE 14S, B3 20PE FAEC AAE odyA AFA A
of EAZE sleA Fetr] el £ 4-19 A¥xAs EdE T4

Z}
WS st 1Y 4-2+ 14S520P9] A k9] (constant power; CP) ZZEF
7_(__'
AN E

O

)

il

q
e}
S, shY % AR J SOCE tehdrk %

wAglol 14520P A\ A AFA Aol &8&HE ST 5 A

_4

Table 4-1. Experimental condition of the energy storage system

Charge condition Discharge condition

- Method : CC-CV - Method : CP
- Charge voltage : 56 V(SOC 80%) - Discharge power : 2500 W
- Charge current : 25 A - Cutoff voltage : 2.8 V
- Cutoff voltage under 1.5 A

Capacity Other condition
- CP(2500 W) discharge time : 53m55s " Room temperature : 23°C
- Capacity(Wh) : (2500 Wh/3600 s)*3235 s

= 2246 Wh

Fig. 4-1. Screening-based energy storage system (14S20P)
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Fig. 4-2. Discharging/charging current, voltage, power and Ah-counting

based SOC (CP protocol) of the energy storage system(14S20P)
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Fig. 4-7. Matlab/Simulink-based simulation for SOC estimation(EKF)
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S-Function
User-definable block. Blocks can be written in C, MATLAB
(Level-1), and Fortran and must conform to S-function
standards. The variables t, x, u, and flag are automatically
passed to the S-function by Simulink. You can specify
additional parameters in the 'S—-function parameters”® field. If the
S—-function block requires additional source files for building
generated code, specify the filenames in the "'S—-function
modules’ field. Enter the filenames only. do not use extensions
or full pathnames., e.g., enter 'src srcl’, not 'src.c srcl.c’.

Parameters

S—function name: ekfrisoctl

S—-function parameters: 0.1695 7000 0.13 9360 1 0.3
Series resistor, 1
S—function modules: ' Diffusion capacitor,
Diffusion resistor,
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Fig. 4-8. S—function parameters of the Matlab/Simulink-based simulation for

SOCestimation(EKF)
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Fig. 4-12. Flowchart of the DEKF
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Fig. 4-14. DEKF-based SOC/SOH estimations of the ESS(45C)
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Fig. 4-17. Line connection for temperature sensing for thermal analysis of

the energy storage system
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Fig. 4-18. Temperatures comparison between inner module and outer case of

the energy storage system(experiment vs simulation)
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18650 cell FE modeling(view 1)

18650 cell FE modeling(view 1 detail)

18650 cell FE modeling(view 2)

18650 cell FE modeling(view 2 detail)
Fig. 4-23. 18650 cell FE modeling in the energy storage system(14S20P)
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Table 4-2. Materials information of the energy storage system(14S20P)

Mateial | DS | Mgy | Polssons | Expansion | PRI | Conduciviy | ety
[GPa] [J/kg-T] [MPa]
INR18650-29E | 2,479 200 0.29 1.10E-05 877.3 3.10E+00 215
PC Resin 2,200 72 0.17 5.50E-07 760.0 1.40E+00 58
EGI-N8 1,700 200 0.29 2.36E-05 1,800.0 1.12E+02 152
SP48M 2,145 1.25 0.28 1.03E-04 1,136.0 8.00E-02 80
Nickel 8,500 210 0.31 1.70E-05 460.0 4.30E+01 317
UNS C70600 8,950 140 0.34 1.65E-05 383.0 4.01E+02 250
Air 1.17 200 0.29 - 1,006.0 2.20E-02 -

Table 4-3. Duration time and maximum heat generation(discharge/charge)

Discharge Charge
Item
125 A 1.65 A 0.25 A 0.75 A
Duration Time 7,950[sec] 5,970[sec] 32,000[sec] 15,000[sec]
Max. Heat Generation 6,420[W/m’] 11,236 [W/m’] 262[W/m’] 2,206[ W/m’]
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Fig. 4-25. Parameters(Ah-counting based discharge capacity and OCV-HPPC

based internal resistance) extraction for thermal analysis
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Fig. 4-26. Heat generation considering 1.25 A(discharge), 1.65 A(discharge),
0.25 A(charge) and 0.75 A(charge)

Table 4-4. Boundary condition of the case in the energy storage system

Boundary Condition
Part Note
Ambient Temperature | Convection Coefficient

Case 25°C 25 W/m>-T

Collection @ chosun



z
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Fig. 4-27. Location for boundary condition of the case in the ESS

Table 4-5. Various analysis cases via 1.25 A(discharge), 1.65 A(discharge),
0.25 A(charge) and 0.75 A(charge)

Analysis Case Characteristic Analysis Type Result
Case #1-1 Heat Transfer Temperature
Discharged 1.25 A
Case #1-2 Thermal Expansion Deformation, Stress
Case #2-1 Heat Transfer Temperature
Discharged 1.65 A
Case #2-2 Thermal Expansion Deformation, Stress
Case #3-1 Heat Transfer Temperature
Charged 0.25 A
Case #3-2 Thermal Expansion Deformation, Stress
Case #4-1 Heat Transfer Temperature
Charged 0.75 A
Case #4-2 Thermal Expansion Deformation, Stress
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Fig. 4-28. Various points for temperature sensing(3D and 2D)
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Fig. 4-29. Time history of temperature result for discharge 1.25 A

Temperature Result of Discharge 1.25 A
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Fig. 4-30. Temperature results of discharge 1.25 A considering several

materials in the energy storage system
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Fig. 4-31. Maximum heat generation, temperature distribution(case)

considering various time, maximum von-mises stress and maximum

deformation under discharge current(1.25 A discharge)
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Fig. 4-32. Maximum heat generation(30 min, 1.25 A discharge,
29.04C)(Enlarged)
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Fig. 4-33. Temperature distribution(case)(30 min, 1.25 A discharge,
25.10C)(Enlarged)
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Fig. 4-34. Maximum von-mises stress(1.25 A discharge)(Enlarged)
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Fig. 4-35. Maximum deformation(1.25 A discharge)(Enlarged)
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Table 4-6. Maximum deformation and von-mises stress considering various

analysis cases(discharge 1.25 A)

Analysis Case Max. ][)rifgﬁmatlon Max. VOFI\;II\I/DI;?eS Stress Note
Battery 0.054 54.40
Holder 0.054 81.52
Plate tap 0.054 83.47
Bus bar 0.053 66.50
Case Rear 0.054 62.41
Case Front 0.013 29.47
PCB Panel 0.031 64.74
Time History of Temperature Result for Discharge 1.65A

45 —T1

40 —T2

% 35 —a
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Fig. 4-36. Time history of temperature result for discharge 1.65 A
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Fig. 4-37. Temperature results of discharge 1.65 A considering several

materials in the energy storage system
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Fig. 4-38. Maximum heat generation, temperature distribution(case)
considering various time, maximum von-mises stress and maximum

deformation under discharge current(1.65 A discharge)
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Fig. 4-39. Maximum heat generation(30 min, 1.65 A discharge,
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Fig. 4-40. Temperature distribution(case)(30 min, 1.65 A discharge,
26.40C)(Enlarged)
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Fig. 4-41. Maximum von-mises stress(1.65 A discharge)(Enlarged)
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Fig. 4-42. Maximum deformation(1.65 A discharge)(Enlarged)
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Table 4-7. Maximum deformation and von-mises stress considering various

analysis cases(discharge 1.65 A)

Analysis Case Max. ][)rgfgﬁmation Max. VoEll\;Il\lf)Iaijes Stress Note

Battery 0.073 74.55
Holder 0.074 111.44
Plate tap 0.073 114.50
Bus bar 0.072 91.21
Case Rear 0.073 79.46
Case Front 0.017 37.99
PCB Panel 0.038 87.73

Time History of Temperature Result for Charge 0.25A
45

—T1
E 40 —T 2
—_—T3
g 55
E —T4
2 30
E —T5
— 25 —T G
pu—
20 : . T . T T
1] 900 1,800 2,700 3,600 4,500 5,400 —TE

Time[sec] e T

Fig. 4-43. Time history of temperature result for charge 0.25 A

Temperature Result of Charge 0.25 A

AbLLLN

Battery Holder Flate tap  Bus bar  Case Rear Case Front PCB Pannel

Temperature["C]
ma
=1

—
=]
1

Fig. 4-44. Temperature results of charge 0.25 A considering several

materials in the energy storage system
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Fig. 4-45. Maximum heat generation considering various time under

discharge current(0.25 A charge)
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Temperature distribution(case) Temperature distribution(case) Temperature distribution(case)
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Fig. 4-46. Temperature distribution(case) considering various time, maximum

von-mises stress and maximum deformation under discharge current(0.25 A charge)
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Fig. 4-47. Maximum heat generation(30 min, 0.25 A charge,
25.20C)(Enlarged)
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Fig. 4-48. Temperature distribution(case)(30 min, 0.25 A charge,
25.00C)(Enlarged)
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Fig. 4-49. Maximum von-mises stress(0.25 A charge)(Enlarged)
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Fig. 4-50. Maximum deformation(0.25 A charge)(Enlarged)
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Table 4-8. Maximum deformation and von-mises stress considering various

analysis cases(charge 0.25 A)

Analysis Case Max. ][)rifgﬁmatlon Max. VOFI\;II\I/DI;?eS Stress Note
Battery 0.004 4.30
Holder 0.004 6.45
Plate tap 0.004 6.45
Bus bar 0.004 5.14
Case Rear 0.004 6.13
Case Front 0.001 2.86
PCB Panel 0.003 5.29
Time History of Temperature Result for Charge 0.75A

45 —_1

E 40 —T2

g 35 —T

= —T4

Eé 30 — —_Ts

= a5 | —_—T6

—T7
20 T T T T T T

i} 900 1,800 2,700 3,600 4,500 5,400 —T8
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Fig. 4-51. Time history of temperature result for charge 0.75 A

Temperature Result of Charge 0.75 A
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&
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Fig. 4-52. Temperature results of charge 0.75 A considering several

materials in the energy storage system
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Fig. 4-53. Maximum heat generation considering various time under

discharge current(0.75 A charge)
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Fig. 4-54. Temperature distribution(case) considering various time, maximum

von-mises stress and maximum deformation under discharge current(0.75 A charge)

(*ICollection @ chosun



midas NFX#

zsneson
Ak
s +2.5000 1 e-+008

k.

Fig. 4-55. Maximum heat generation(30 min, 0.75 A charge,
26.50C )(Enlarged)
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Fig. 4-56. Temperature distribution(case)(30 min, 0.75 A charge,
25.30C)(Enlarged)
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Fig. 4-57. Maximum von-mises stress(0.75 A charge)(Enlarged)
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Fig. 4-58. Maximum deformation(0.75 A charge)(Enlarged)
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Table 4-9. Maximum deformation and von-mises stress considering various

analysis cases(charge 0.75 A)

Analysis Case Max. ][)Iifgﬁmation Max. VOH\;II\I/faiSes Stress Note
Battery 0.027 26.54
Holder 0.027 40.25
Plate tap 0.027 40.70
Bus bar 0.027 32.44
Case Rear 0.027 35.72
Case Front 0.006 16.57
PCB Panel 0.018 31.60
— 92 —
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Table 4-10. Maximum temperature values of 15 points(T1-T15)

Collection @ chosun

Max. Temperature [°C]
Item Discharge Charge Evaluation
125 A 1.65 A 025 A 0.75 A
Tl 36.3 40.9 25.8 30.3 Reasonable
T2 36.0 40.5 25.8 30.1 Reasonable
T3 35.0 39.2 25.7 29.5 Reasonable
T4 38.5 43.5 26.0 31.5 Reasonable
TS 38.0 43.0 26.0 312 Reasonable
T6 36.7 41.3 259 30.5 Reasonable
T7 38.4 43.4 26.0 31.5 Reasonable
T8 37.9 42.9 26.0 312 Reasonable
T9 36.6 41.2 259 30.5 Reasonable
T10 36.7 41.4 259 30.6 Reasonable
T11 36.4 41.0 25.8 304 Reasonable
T12 35.2 39.4 25.7 29.7 Reasonable
T13 25.6 25.8 25.0 253 Reasonable
T14 25.9 26.0 25.1 25.7 Reasonable
T15 25.5 25.6 25.0 25.2 Reasonable
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3 Al INR18650-29E4] o

=
S

2]

NAA AFA =7

1.25 A¢t 1.65 A

KR
.

A

Eb ieh %

=]

025 A%t 0.75 A

2O
— =

s

B
Gl

I
—_

&

bt

H] < (specific heat), € 7%= $(heat

s}
o}

[e)
g

v e 2jvt busbar7l 7H
conductivity)®] =7] ujzo] &
A 165 A4 7}

o] A

spA) ehett,

=

AHCTE

How, I g

s

o
Hir

{Jo
-~

H Ak HHAE L bolt7} A2
te 22 k& 0.07 mm PRe R m)

S

=

Al 165 AellA 7Hd & Fhel

KR
T

Bl 7w Aol 2

1=}
T

front case=

H=

114MPa 7}#o =

==X
1
Aok

S
©

ik A

il
7}

3}o
=

o 0o
= =2

TR

o]

1A

= =
= 3

} = (yield strength)

a4 o

7}

114 MPa ©]

o] 45T

=

ol

A sH=

% gasgion,

<

(o3}
A

ox
fie)

B

el
op

R

Collection @ chosun



A7 Al =5 (SP48MD) 9

?fef oA

[e)
G h=

H33e AT

=K

.ZTI

il

Ao A s 25 Z(MOSFET) Wae

7
o}

TH

BES o | T4

=
=

1 & 2]

#H

e (A o

2]

K
o
N
o
o

fie)
e
>

M

2g)

A sk i A A Al

3

B
R

= O
=495

I

(e}

= 8l

/23]—

4

o}
~;

22

—_
file)

Jo

< SOCol| u}
AAE AdA A

4-11

2 vhEheh,

A 2~ (SPA8M)

2}

Fig. 4-59. Energy storage system(SP48M)
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Fig. 4-60. PCM and BMS in the energy storage system(SP48M)

Table 4-11. Final SOC status according to SOC level description

Status Description

100% SOC Level : > 81%

80% SOC Level : 61 ~ 80%
60% SOC Level : 41 ~ 60%
40% SOC Level : 21 ~ 40%
20% SOC Level : 0 ~ 20%
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Table 4-12. SP48M specification

Spec
Item Note
SP48-29E-57M
Nominal Voltage 51.8V
Nominal Capacity 50 Ah
Operation voltage 42~56 VDC SOC 80%
Cell voltage max. cut-off 42V
Cell voltage min. cut-off 27V
Cell voltage shutdown 25V Deep Discharge
Standard charge current 15 A
Continuous discharge current 25 A
Max. discharge current 33 A (1.2sec)
Short circuit protection 200 A (400us)
Operating temperature -20 ~ 45T
Communication CAN
Parallel connection 8 EA
Self-discharge rate per month <3% shutdown mode
Operating mode consumption 3 W
Shutdown mode consumption 10 pA
Connection terminal M6 screw
Weight About 25 Kg

Dimension(WHD mm)

433 X 88 X 455

Cell

Lithium—-ion Samsung SDI
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Fig. 4-61. Block diagram of the energy storage system(SP48M)
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