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optimal control problem was established based on the current and
Lithium-lon battery temperature balancing constraints and examines the effect of cell aging in the
State of charge model of the SoC balancing system. The sequential quadratic programming

method was used to solve the mathematical priority at the sample extraction
times that determines the optimal duty of PWM to the balancing balances.
Cell balance The SoC balancing results for the cells were compared between the case
State of health where all the cells in the string are new and the case where the cells in the
string have different chemical ages, showing the difference in the balance
control and temperature control of the cells in the string during the SoC
balancing process. The application of the SoC balancing method for the cells
in the string propopsed in this paperenables the cells in the string to operate
more safely. Hence, the battery life of the cells can be extended.
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TU KHOA tng véi mire do gia hoa cia céc cell, bai toan diéu khién toi wu dugc thiét

lap dua trén cac rang budc vé dong can bang, nhiét do va xét dén su gia
Pin Lithium-lon hoa cua cac cell. Phuong phap SQP duoc sir dung dé giai bai toan téi wu
Trang théi dién tich tai cac thoi diém trich mau nhim xé4c dinh d6 rong xung PWM téi wu dua

dén cac mach can bang. Két qua can bang SoC cho céc cell duge so sanh
gitta truong hop tat ca cac cell trong chudi déu méi va truong hop cac cell
trong chudi co mirc d¢ gia hoa khac nhau cho thay sy khac biét trong viéc
Trang thai suc khoe kiém soat dong can b.':flng va nhiét d6 cua cac cell trong chudi trong qua
trinh can bang SoC. Viéc ung dung phuong phép can bang SoC cho cac
cell trong chudi dugc dé xuét trong bai bao nay cho phép cac cell trong
chudi van hanh an toan hon, tudi cell cia cell pin dugc kéo dai hon.
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1. Gioi thigu

Cac hé¢ thong luu trit ning lugng dung pin Lithium lon (BESS) thuong dugc tao thanh tur
nhi€u t€ bao (cell) hoac cac md dun te bao (modul cell) méc noi tiep nham cung cap du cong suat
va dién ap cho phu tai. Hai thong so trang thai quan trong trong hé thong BESS 1a trang thai dién
tich (SoC- state of charge) va trang thai strc khoe (SoH — state of health). SoC la luong dién tich

con lai trong cell, hay kha nang cung cép nang luong cho tai, SoH la tham s dic trung cho sirc
khoe cua cell. Hai tham sé SoC va SoH duogc dinh nghia boi cac biéu thue (1) sau day [1], [2]:

Sock) =% (")100%, SoH(k) = 5 1909 (1)

Qrate

Trong d6 Q" (k) la murc sac hlen tai, Q™ 1a muc sac toi da c6 thé. Gia tri ciia SoC thay doi
trong khoang tir 0% dén 100%. Khi cell pin da duoc sir dung trong mét thoi gian nhat dinh, dung
luong thuc té Q% (k) s& giam so véi Q%€ dan dén SoH giam.

Trong qué trinh hoat dong, bit budc cac cell trong chudi ndi tiép phai c6 SoC bing nhau tai
moi thoi diém. Viée mét can bing SoC cia cac cell méic ndi tiép co thé dan dén qua xa/qua nap,
giam tudi tho, tang nhiét cyc doan. Gén day, mot sb cong trinh da sir dung phan hoi SoC cua cell
dé diéu khién can bang cell mot cach hiéu qua hon [1], [2]. Cach tiép cin nay t6t hon vi SoC
phan anh chinh xac hon ning lugng con lai trong cell. Tuy nhién, phuong phap nay yéu ciu phai
udc lugng SoC cua cac cell do SoC khong thé do dugce truc tiép [3] - [6]. Mot sb cong trinh da
sir dung duong cong hodi quy dé ude luong SoC ciia cac cell nham giam bot ganh ning tinh toan
khi phai u6c lugng SoC. Mot cach tiép can ddng thoi ude lwong dong qua cell va SoC da duoc dé
xudt nham giam thiéu nhu cau lap dat cam bién dong dién dugc dua ra trong tai liéu [7] - [10].
Tat ca nhitng nghién ctru ¢ trén noi chung van chua kiém soat dugc qua trinh ting nhiét cua cell
trong qua trinh cin bang ddng thoi voi ché d6 xac/xa va chwa xét dén su anh hudng cia qué trinh
gia hoa. Chinh vi vy viéc cin bang SoC cua cac cell trong chudi mét cach hidu qua va t6t hon
nén di cung vdi viéc kiém soat nhiét do va c6 xét dén su gia hoa cua cac cell, day 1a mot bai toan
déy thach thac trong thoi diém hién tai. Cac mach can bz:ing tich cuc st dung tu dién va cudn
cam, cung voi cac chuyén mach, dé truyén niang luong dién tir cell co ning luong cao hon sang
cell c6 nang luong thép hon, tuy khong gay lang phi nang lugng dién nhung cac thuit toan can
bang phirc tap kho trién khai duoc trén cac mach nay [11]. Phuong phép sir dung cac mach can
bang dya trén bd chuyén ddi cho phép kiém soat duoc cac dong can bang gitra cac cell lién ké
theo cac thuét toan phirc tap hon, thudt toan phirc tap khong nhiing cho phép kiém soat dong cén
bang theo dong nap/xa ma con cho phép kiém soat dong can bang [12] - [16].

Bai bao nay trinh bay phuong phap diéu khién can bang SoC tich cuc tdi wu cho céac cell trong
chudi duoc thuc hién bang mach chuyén d6i CuK hai chiéu. Gia thiét SoC va SoH di duoc udc
luong bang cac cong trinh nghién ciru trudc ddy cua nhom tac gia [17], bai toan diéu khién tbi wu
can bang cell tich cuc trong bai bao nay duoc thiét 1ap dua trén cac rang budc vé dong can bang
qua cell, nhiét do va co xét dén sy anh hudng ctia su gia hoa thong qua tham s6 SoH trong mo
hinh dong hoc ctia h¢ théng can be‘ing cell.

Nbi dung cia bai bao dugc cau tric nhu sau. Phan 2 mo ta phuong phap nghién ctru mé hinh
trang thai hé thdng can bang cell tich cuc sir dung bd chuyén ddi Cuk, thanh 1ap bai toan diéu
khién tdi wu cén tich tich cuc c6 xét dén tac dung cua gia hoa. Két qua thao ludn duoc trinh bay
trong phan 3, phan 4 1a két luan.

2. Phwong phap nghién ciru

Gia thiét mot BESS duoc tao boi mot chudi gdbm N cell pin Lithium lon méc ndi tiép, dugc can
bang sir dung phuong phéap cell to cell lién ké voi N — 1 mach cén bang; mach can bang duoc thiét ké
dua trén nguyén 1y cia mach chuyén d6i CuK hai chiéu [14], [15] nhu mé ta trén Hinh 1. Tin hiéu
diéu khién N — 1 mach cén bang la xung PWM (pulse width modulation) véi d6 rong xung la dai
luong diéu khién. Trong nghién ciru nay, tan sb xung PWM duoc giit 1a hang s6 f; = 20kHz.
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Mach cin béng thiri,i = 1,2,..,N, lam nhiém vu cin bﬁng tich cuc SoC cho 02 cell lién ké i va
i + 1, co hai cugn cam L;q, L;,, tu dién C; va 02 MOSFET (metal-oxide—semiconductor field-effect
transistor). Hai MOSFET duoc diéu khién bang xung PWM c6 d6 rong xung lan luot 1a d;; va d;,,
tai mot thoi diém chi ¢6 01 MOSFET mé, khi MOSFET 1 mé bang d;;, ning luong dién duoc
truyen tir cel i t6i cell i + 1, khi MOSFET 2 mo bang d;, thi ning luong dién duoc truyén theo
chidu nguoc lai tir i + 1 dén i [16], [17]. Gia thiét ring hé théng dugc mé hinh héa trén mién roi
rac vai chu ky trich mau 1a AT. Goi ¢;(k) 1a SoC cua cell tha i tai thoi diémk, i =1,2,..,N, thi
SoC cua cell i tai thoi diém tiép theo k + 1 1a:

dyq EC, d,, dy_11 ECy_, dy-12

T .
LEL LB
L1,1 Ll.Z LN—1,1 LN—l,Z

e T o - - W)

dy, FC2 dys

Hinh 1. M6 hinh hé thong can bang tich cuc cho chudi gom N cell pin Lithium lon mdc ndi tiép
sur dung cau hinh cdn bang cell to cell lien ké s dung mach bien doi Cuk hai chiéu
itk + 1) = ¢;(k) — Agg, (k) — Ags (k) 2)
trong do Ags(k) 1a lugng SoC tang 1én hay gidm di do qua trinh xac/xa, Agg, (k) la lugng SoC
C(?II i nhan duoc tir hodc truyén di dén hai cell 1an cin 1a cell i — 1 va cell i + 1 duoc xac dinh
bang cong thuc (3) va (4) sau day:
Ac, (k) = (AT I(K)AT ©)

Qla(k) - SOHi(k)Qrate
(5 —)

voi Is(k) 1a dong dién qua cell, I;(k) < 0 khi nap, I5(k) > 0 khi xa; Qf (k) 1a dung luong thuc té
cua cell tai thoi diém k, dung luong nay duge xac dinh tir tham s6 SoH cua cell i tai thoi diem k 1a
. rate
SoH; (k) theo cong thitc Q& (k) =L |y = 12 N véi Q7 1a dung luong danh dinh.
Agg, (k) = —Agg, (k) + Acg, ;1 (k) 4)
Vi AgEt’i(k) 1a lwong SoC cell i truyén dén cac cell 1an can i —1 va i+ 1; AgEm,(k) la lugng
SoC ma cell i nhan dwogc tir hai cell 1an can i —1 va i+ 1; cic dai lugng AgEm.(k) va

AgET'i(k) dugc xac dinh bang cong thirc (5) sau day:

( Agg, (k) =0, i=1 .
I, (K)AT 1, (R)AT o 5
{ACEt,i(k) = W!ACEM(I( =07 i=23,..,.N—1

Agg (k) =0, i=N
voi Iy, (k) valy,, (k) lan luot 1a cac dong dién qua cac cudn cam L;y, L, cua mach can bang tha
i, duge xac dinh bang cong thic (6):

( TVd?
%ﬂ = <Pi,1(di,1) celli - celli+1
)i — i,1
Liz — 2
L_# =9 i,1(di,2) celli+1—-celli (6)
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Ts(Ve, — Virr)dEy

= (Piz(dm) celli »celli+1
2L;, , ,
ILi,Z = T V'+1d.22
| _% 2 ' ,(diz) celli+1 - celli
1

trong d6 V; la dign ap trén cell th i, V¢, la dién &p trén tu C;, Ts = 1/f; 1a chu ky cua xung
PWM. Hai ham (pi,l(di,l) va <Pi,z(di,1) mo ta trang thai cua cell i nap cho cell i + 1, ham
@', (di2) va ¢';,(d;z) bidu dién trang thai cell i + 1 nap cho cell i. Phuong trinh truyén nhigt
cuacell i, i = 1,2,.., N trong diy duoc biéu dién bang cong thic (7) sau day [18]:

. 20CV;(k) . docv;(k)
R N 0N i2 (K)R, + yAT RO (0N @
T AT lCL( )Ry + YATgmp C AT
T;(k + 1) = T;(k)e mep + mep -1)

e
yA - ic () 2GS

V6i i¢, (k) 1a dong dign di qua céc cell trong day duoc xac dinh biang cong thuc (8):
icl = —§01,1(d1,1) - §01,1(d1,2) —I,(kT), i=1
ici = Qi (di,l) —Pi1 (di,l) + ‘Pg,z (diz) — <PL{,1 (di,z) —I;(kT), i=23,..,N-1 ®)
icN = <P(N—1),1(dN—1,1) - ¢;V—1,1(dN—1,2) —I;(kT), i=N
"’gj(Vk(;‘) 12 dao ham riéng caa OCV cell theo nhiét do cell, véi y 13 hé s6
trao doi nhiét tuong duong, A 1a dién tich bé mat cua cell, m 1a khoi lugng cua cell, ¢, 1a nhiét
dung riéng cua cell, Ty 1a nhiét do mdi truong xung quanh cua goi pin. Dinh nghia cac véc to
nhu céng thic (9) va cac ma tran & cong thirc (10) dén cong thic (15):
s(k) = [51(k) 62 (k) -+ sn(R)]"

Trong cong thic (7),

T
u, (k) = [d11 dyq dN—l,l] (9)
u,(k) = [d12 dy, dN—l,Z]T
T(k) = [Ty(k) T,(k) - Ty(]"
I;(k) = [I;(k)AT  I;(k)AT Is(k)AT]T
B(k) -1 0 0 Pi2(dia) (d: ) %0
B, (k) —[ 0 Bl -1 0 |80 = {eutan #(h) 10)
J 0, §0i,1(di.1) =0
0 0 0 Bn-1(k)
[Bi(k) 0 0 - 0] ' o) (11)
1 pk) O of wl.? (;; , 9i2(diz) £0
B,(k)=] o 1 B3k 0] Bilk) =1 %2
0, (Pz{,z(di,z) =0
L o 0 0 1]
T
@i (u (k) = [(P1,1(d1,1)AT (P2,1(d2,1)AT ‘PN—1,1(dN—1,1)AT]
! ! ! T 12
‘Pz(uz(k)) = [‘P1,2(d1,2)AT (Pz,z(dz,z)AT ‘PN—1,2(dN—1,2)AT] ( )
i 02900
e mep 0 0
) 80CV, (k)
YA-ic (k) 9
Eq(k) = 0 R . (13)
0
ity 22t
0 0 0 e mep ]
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[ ig‘l(k)RO + yATamb
. a0CV, (k)
A —ic, (k) WIAGE (1k)

igz(k)RO + yATamb

0 0
_ 00U,k 14
B, (k) = YA - lcz(k)wzlg)) (14)
0
0 0 lcz‘N(k)RO + yATamb
30CVy (0

YA —lcy (k) =57 %y

T(k) = [Ty(k) To,(k) - Ty@OI

80CV4 (k) 80CV (k) a0cvy (k)
vAic,(® _rA=icy (0 R A (o
O, 29,1, NN (15)

P(k) = |e mCp -1 e mCp -1 .. e mep -1

Cubi cung, tir cac phuong trinh (2), (7) cing v0i cac ma tran dugc dinh nghia ¢ cdc cong thuc
(9) - (15), phuong trinh sai phan dong hoc phi tuyén dong hoc cua toan by hé thong can bang cell
cho goi pin dung phan hoi SoC nhu (16).

sk +1) = ¢(k) + (BL(kATIp1 (w1 () + B (kAT (w:()) + 15(K)) (@7GK)) " (16)
T(k+1) =E{(K)T(k)+ E,(k)?(k)
vei Q4(k) = [Qf (k) QF(k) .. Qu(k)]". .

Phuong trinh dong hoc sai phan roi rac (16) mé ta quan hé gitra cac dau ra mo hinh 1a SoC va
nhiét d6 cua céc cell trong day pin tai thoi diém ké tiép theo vé6i cac du vao 1a dong dién qua cell
pin va xung diéu khién ctia cic mach can bang tai thoi diém hién tai.

Muc tiéu cua diéu khién téi uu can bang cell tich cuc 1a khi chénh léch SoC giita bét cu cap
cell lién ké nao vuot qua mot gia tri & ¢ nho cho trudc ndo d6 thi thuat toan diéu khién cin bang
cell dugce kich hoat. Thuat toan nay xac dinh cac tin hiu uy (k) va u, (k) t6i wu, sau do dua toi
cac mach diéu khién can bang lam cho SoC cuia cac cell can bang tré lai trong gigi han cho phép,
hay thoa mén diéu kién (17)

[SoC; — SoCipq| <€, i=12,..,N—1 an

VGi moi gia tri tily ¥ ciia dong dién qua cac cell nam trong gigi han van hanh icpi, < ic; <

icmax i = 1,2,..,N, va ddng thoi giit cho nhiét do cua cell khong vuot qué gidi han ting nhiét
cho phép, hay thoa mén diéu kién (18)

IT; = Tamp| < Tiimie, 1 = 1.2,..,N (18)

Ham muc tiéu dugce xay dung dua trén viéc xem xét cac yeu to ky thuat sau: chénh 1éch dong
nap tir cell i dén cell i + 1 va tir cell i + 1 dén i 1a nho nhét; chénh léch giita SoC cua céc cell va
SoC trung binh giita cac cell 1a nhé nhét; chénh léch nhiét do gitra cac cell va nhiét 6 moi truong
12 nho nhat nhu cong thirc (19) sau déy:

min J(g(k), uy (k), u,(k)) =
7_11 qj [‘P] 1(“1(")) @j, z(uz(k))] +Zz 1pz[€‘i(k +1) - Mq(k + 1)]2 +

ZN 17 [T (k + 1) Tamb]
v6i dong hoc phi tuyén cia cac ham ¢;(k + 1) va T;(k + 1), i = 1,2,.. N dugc mé ta & phuwong
ZIL‘V:1 ci(k)
Erva—

(19)

trinh (16), SoC trung binh cua cac cells trong diy duoc xéc dinh la M.(k) =
4P (;) va 1;(1/°€) 1a céc hé sé trong sé ciia 03 yéu té k§ thuat.
Do 16n dong dién qua cell can dugc han ché theo SoH, do d6 cong thirc han ché dong dugc

dua thém vao bai toan didu khién t6i wu nhu sau, gidi han dong dién qua cell s& dugc diéu chinh
lai theo SoH dé han ché su nguy hai cho cell.
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Iemax (k) = icmax U7 (k) I3 (k) ... I#ax(k);’r (20)
Iemin (k) = lemn [I7(R) 13 (R) .. I (k)]
Vi Imax(k) _ SoHi(K)icmax Imm(k) _ SoHi(B)icmin i=12 N
100 100 ’ By ,
Gidi han tang nhiét cho ting cell phu thudc vao SoH duogc thiet Iap qua biéu thic
T,
Tiimic (k) = 75 [SoH; (k) SoHy (k) .. SoHy ()] @)

Dé giai bai toan toi vu phi tuyén (19) chung t6i sir dung phuong phap SQP.
3. Két qua va thao luan

M6 dun gom 07 cell pin SAMSUNG 22P 16850 mac ndi tiép, cac tham s6 caa mdi cell 1a:
Umin = 3,6V Umax = 42V; Q7€ =2200mAh; m =43,11.10"3kg; [=6510"3m;
d =18.1073m; Scell = 2pi (5) (5+L); knc = 0,9; Cp = 95300ky; ¥ = 893knc. Mach CuK
hai chiéu ¢6 L;; = L;, = 0,1mH ,C = 450uF.

Két qua thi nghiém cho 7 cell pin cling cac tham sd, ciing diéu kién dau méc nbi tiép trong hai
kich ban c6 SoH bang 100% va c6 SoH khac nhau. Cac tham s thiét 1ap gii han rang budc cho
bai toan diéu khién tdi wu can bang SoC cho cac cell duoc chon 1a: dong nap cuc dai cho cell
mMaoi: Icpmaxo = —1A4; dong xa cyc dai cho cell méi: Id,,4x0 = 1,54; dung lugng danh dinh:
Q"€ = 2,2Ah; gi6i han ting nhiét cho phép: Tempyimeo = 10°C. Tién hanh thuc nghiém cho
truong hop cac cell da st dung mot thoi gian voi mirc d6 1do hoa khac nhau tuong ing c6 SoH
lan luot cua cac cell 1a SoH = [95; 90; 85; 95; 75; 70; 97], cac cell bi mat can bﬁng lan luot cd
So(golé SoCO0 = [81; 75; 90; 35; 63; 25; 85].

90

(o]
o

g
©
o

~
o
~
o

o

o“
I3
<3

(o)

o
[$))
o

B
o

SoC of cells in the pack (%)
N
o

SoC of cells in the pack (%)

w

o
w
o

N

o
N
o

50 100 150 200 250 0 50 100 150 200 250
Samples

o

Samples

a) b)

Hinh 2. Qud trinh cdn bdng SOC t6i wu cho hai trwong hop: a) chuéi cdc cell méi c6 SoH =100% va b)
chudi cdc cell da bi gia héa tuwong ung Voi cac mirc SoH khac nhau

Hinh 2a md t qué trinh can bang SoC tbi wu trong truo‘ng hop céc cell déu 1a méi va co SoH
=100%, qué trinh cin bang dién ra trong khoang thoi gian 180samples (180 phut), khi két thic
qué trinh can bang céc cell ¢ SoC bang nhau va bang trung binh cong ctia cic SoC tai thoi diém
ban d4u (64,8571%). Hinh 2b mo ta dién bién can bang SoC ciia cac cell véi cac mirc 130 hoa
khac nhau (c6 SoH khac nhau), qua trinh can bang dién ra trong khoang thoi gian 152 samples,
ngin hon so véi truong hop cac cell méi. Cac cell can bang véi SoC biang nhau va bang 66,07%,
cao hon mot chat so véi truong hop cac cell méi, dy 1a do anh hudng ciia 02 cell s6 5 va s6 6 ldo
hoa nhiu nhit c6 SoH 1an luot 1 75% va 70%, va do qué trinh nap cho cell s 6 v6i SoC = 25%.
Déi véi cell c6 SoH cang nho thi cing mot dong nap thi c6 SoC cao hon cac cell khac, do vay khi
can bang thi SoC ciia ca pack sé& cao hon.
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Hinh 4. Dién bién tang nhiét do cua timg cell trong hai truong hop: maéi véi SoH =100% va da bi gia héa
twong g Voi cdac mirc SOH nho hon 100% khdc nhau

Hinh 3 mé ta so sanh dién bién ciia SoC cuia timg cell cho hai truong hop méi va di ldo héa

v6i mic SoH khéc nhau. Khi cell c6 SoH < 100% thi qua trinh tang va giam SoC khi nap va khi
x4 s& nhanh hon cell c6 SoH =100% va SoC tai thoi diém két thuc qua trinh can bang thudng 16n
hon. Hinh 4 so sanh din bién ting nhiét d6 cua timg cell trong hai truong hop. Cac dong dién va
nhiét d6 cua céc cell trong ca hai truong hop déu thoa man gidi han rang budc dit ra.

4. Két luan

Bai bdo ndy da trinh bay phuong phap diéu khién cin bang SoC tich cuc t6i uu cho céac cell
pin Lithium Ion trong chudi ndi t1ep dugc thyc hién bang mach chuyen d6i CuK hai chiéu. Véi
muc dich diéu khién qua trinh can bang SoC cho cac cell trong chudi dam bao trong moi truong
hop van hanh, dong va nhi¢t d cua céc cell khdng dugc vuot qua cac gidi han ky thuit cho phép
tuong tmg véi mirc d6 gia hoa cua cac cell. Bai toan diéu khién t6i vu duoc thiét 1ap dua trén cac
rang budc vé dong can bang, nhiét do va xét dén sy anh huong ciia gia hoa trong mé hinh dong
hoc cua hé thdng can bang SoC. Phuong phap SQP duoc sir dung dé giai bai toan tbi wu tai cac
thoi diém trich mdu nhdm xéac dinh do rong xung PWM tdi vu dwa dén cac mach can bang. Qua
trinh thuc nghiém can bang SoC duoc tién hanh cho truong hop tt cac cell trong chudi déu mai
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va truong hop cac cell trong chudi co muirc d6 gia héa khac nhau twong tmg trong kich ban can
bang khi khong xa nap. Két qua cho thiy mic du cac cell c6 cac mirc do gia héa khac nhau, viée
diéu chinh cac dong can bang qua cell da duoc thuc hién t6i wu sao cho cac dong qua cell, nhiét
dd cua céc khong vuot qua cac gia tri cho phép thong qua cac rang bugc duge thay do6i tuong
tmg. Thoi gian can bang cua cac cell s& tré 1én dai hon khi cac cell ¢ SoH cang thap, hay mirc
do gia hoa cang cao.
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