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Dynamic modeling and model predictive control study of direct

cooling thermal management system for batteries

WANG Jiafeng?, XU Xiangguo! ¥ *

(1.Institute of Refrigeration and Cryogenics, Key Laboratory of Refrigeration and Cryogenic Technology of
Zhejiang Province,Zhejiang University Hangzhou 310027,China;2.Ningbo Science and Innovation
Center,Zhejiang University, Ningbo, 315100, China;3.Center for Balance Architecture,Zhejiang University,
Hangzhou 310027,China)

Abstract The battery thermal management system based on refrigerant direct cooling is characterized by multiple
disturbances, strong coupling and nonlinearity, and it is difficult to regulate the temperature effectively with traditional PID
control. In this paper, a dynamic step-down model of the direct cooling thermal management system is established based on
the first nature principle, and its linearized model is verified using experimental data. Based on this model, a linear time-varying
model predictive control (Model Predictive Control) strategy is designed and compared with PID control under two operating
conditions, battery cooling and WLTC driving cycle. The results show that under the condition of constant battery heat
generation, the stabilization time of comparing the battery temperature from 50°C to 30°C is 262 seconds for the MPC control
strategy, while it is 952 seconds for the PID control strategy, and at the same time, the MPC saves 5.57% of energy consumption.
In the WLTC condition, the temperature fluctuation of the PID control is large, with a maximum deviation of 2.9°C, while the
MPC is able to respond quickly to the heat load change and stabilize the control temperature at 30°C. The standard deviation
of temperature change of the two control strategies is 1.7°C and 0.06°C, respectively. In summary, the MPC strategy is superior
to PID control in terms of temperature regulation speed, energy efficiency and robustness.

Keywords battery thermal management; cooling based on refrigerant; refrigeration system modeling; model predictive control



BT BHBCERC. MRes . EEE. 1§
WAk, BB T I B AE LB R
(2y, SR, BT A S NCRT A BH P A B v
P YL 7E 70 RTS8 R TR T = T e SR AR
ANRE SN T E,  FRR W] R s, B
K, TG SRz 1 2 A = . Rt
— BN S IAE I R4 (Battery thermal
management system, BTMS) X T A & 374
()= R A AT B OC B JURN T2 A% FH ) it
PE BRI R H . AR T
HIR AT CER). BT H% BTMS H 674
FURHAR IR A R ) A, B B R
oI ERE IR, RIS 52 m IR
HIE RS, T HAZ 07 SRR 1 A RIE A E 1K
AR R CE &, I E W BTMS 0l N2
—ARHIA AL

H T R RV B R 8N 1 Bl g LT B A A
BRR, KIEINERIIR A B0 B
RGAFAERIN LA FIUER R R, o4
AIF 55 FL T AV B AR 4 R F AR G T A
71, L5 #1434 4+ ( Proportional-Integral-
Derivative Control, PID) il HiHgB-101, AR5
Hil, pPgg R L& 02, (H AL G O AN ] g
Gt o FEEEH] H bR A RSN, PID #54Hi
BB 425 1] X 428 i) 7 3 () AT AT R B 4250 7
T, A A RS, REETVETIFAE B N =
A ) AR i L SRR e e i e e T O 1 T
ANV, R TR A S ReFetil, the
RES ST N & PNINREN i b R kbR
LR PR B

FETH: HEXBRRAEGIH (51976181), ki
R FEAFI Y 55 P % W5 4 (2022FZ7X01-09) . (The
project was supposed by National Natural Science
Foundation of China(No.51976181)
University Basic Scientific Research Business
Expenses Special Fund (No.2022FZZX01-09))

and Central

T ] DR oA R AR A SR S A, SRl
VREEAR ] H AR AR B IBCE 4% A &, A T
P&, 10 EER I AR VE I, R R U R R,
T ) R A N SRR A S A
VA BEANTE] H A5 AR i AL i A A, BT
TR G R KNS SRS RACIRFE , B 2R
e s 1 ) R PR A 0T B o JE ST T SE TR A Y
Fe VTR TS ) ) B — 28, A 2 2 i
IRE R LT AL 18], ST | A HhZE Y
RARE LRGP RE, Liu Ying 250514t T —
Fofr 25 -G FEL I AL A1 PR B TOUIN 4% 1] R 4t « X 9T
I R I 24 B B A R ALY, Tl S IR
T HLSEZEL P 72 IR 34.6% M TR RUR, S
W R R RS REAL ST 2 92.7%, EMT
1£4;¢ PID #2415 1% . Wang Haidan Z516] $2H!—
i IR SR C O 8 i A T 28 20 110 A 7 0 42
e, R RN TR R A X, ST
RAEHFSE ) P SEIEAT . RS REW, 5
PIZEHIZAHEL, PATTREDN 32 H AR MPC 7] BAY
ZIHEFE 20.27%, LLEFIE A E HARK) MPC A LAY
Rt 13.33%. H 2 BT H5CHE K3 T A2 5 22K
EHARAE S, S T T ) S R K
A%, T FLAE A 9 Rl ) T TR A A 1 2
AR, A S W I I F LR A, SRS nTI4E
£ P ELATLER AN A 9K 3h 37 FL Tt R A AR EE T
AR, Bt 7 Hh A E R G MPC 5 il S

H5 PI #H SREE AEA [ B 2 FXf L, $2
T E I IR BE A I RR s Pan Chaofeng 25:(18]
PR T ol T R P I AR AR R 04 ) £ it
WA P FRARAG W o 12 SR T T = 4ERR BT
ST REMR AL, R o BRR AL TR T
IBE, FEE AR TR AR S 4. 1
HEERRN, gyttt MPC REE
X TR BB SN I RERE, RERIRTHEA 21.2%. Guo



Rong S50 | —FhAE T2 ALK MPC &
T HIRARE RS, ESEREY, 5
BT IF AN LG 51428 1l ) SHEmE AH L, 2 S0 AE A
B N8 77.83%0EFE.  EIRIRA R
F G AR TN s 1) 7 PR A B rh A
T3 B AR A B RO AN R AR AR A,
WA IR FEARAL, T BV G0 A FAH AR e it
P ISR, AAAEE L R AR BN T A AR,
Hong 4520038 jot 2 56 7t 5 AS [3] 1l ¥4 77 97 28 X6 HL
It LA P BRI ORI, 5 R T
FEIRHIVA T ¥R A6 0 s A 0, 104 SR 2 1A
AT, AL ALLF IR R, Bk
VU 7 R 35 BF T] , AT bR B v Al A 57 4%
RAHUBRASIER, 25 b, AHEGRGA FIA A B R
4t, B RE B RGN ARL T RS0 4 M) 7
TS o BV T B R G0 I IR A5 BT T AT Ak
TR HY B, AN SR T 5 — P T ) A A
EHRGEM, FEAERRE TAE SRR AL )G
W TH SR M I AR RS AR SO 4% 1 50925, S5 4% 48 PID 4%
) 208 B KT L b P P R TR AN ) Ptk
TR D b I PR % S5 T TR
1 EihAEERGEREN

1% H Jth P T VA R 45 R e R 4 L H itk
LA, T IEAR A AR F T I 16 | A2
AT A SR A R, RN RN 1,

el SHAEE

KR
RHEERL Oepta
O

B EA

PT1

Feit

il YRS

OO0

PT2

RERET

iR

Bl 1 B EARERERE AN
Fig.1 Refrigerant-based battery thermal
management system test bed structure

RGN TAER B Z IR EAEHL 1 KRN
AR AR SRS A TR, HE H vl e A1) 74 5]
BRIMAER AR, WA E KA BN, 16
P I 185 90 i TR N Rt LA AR R A SA  T
LRI B AR S HEN R AL, TR E B A A 06
2

ARSI (AT O RS R 1R 6,06
BRETEE IR 1, N THBEERERE, YR
G IR RN BRRA eSS I AR =
ANE SRR, NIREA BRSO R AT, KA
TR VA SN F) 3 B AT IR B e A, A EIKIR
# A4 20L/min, AN 32°C.
1.1 ESeHFarSmEy

A I R G BRI R A AT
e RGNl KR, RNl BT R
SRENVEABIE R B Ak NS B LR,
DRT ) FH AR A AR AL kAT S AR LA ) 2
5], RARRASKE T S0k R,

JE AR 48 o R AN R 4 AR A o i, LA A
TN

m= ncom/60V(:omnvpe,o (1)

k Pc k=1 VUcom,i

= (XS TR — 1y comt
hei = heo + Pe P [(pe) 1] " (2)



* 1B ERESH

Tab.1 Experimental bench equipment parameters

W& et ZH
JE4EL TRTVE R 48 AL HE& 24cc/rev, %14 1500-6000rpm
Bk EFIRAR e A% £ 208mm, % 78mm, 5 66mm
A b AR M2 AR £ 650mm, % 220mm, & 3mm
LI K TG ik HLL KB 1.65mm
T AL = 180mm, E1% 89mm, A& 0.9L
R A fip =X = 100mm, E1% 70mm, && 0.7L
Rt BREM 430 REEN £ 500mm, & 300mm, & 20mm
T FERRR HER 13W/mK, £ 500mm, 3 300mm, & 3mm
# KL GATMS-R5H5A0 #VE FEHL BUE R 400-710V, 74 & 2kW-8kW
H
PJIEA PTC n# v FETHA 200W, K 100mm, % 20mm, & 6mm

1.2 iR E AR R

300
B T P N B R LTSI, 3 "
REE ST TAZ T i
200
dTbat =
PoatChatAvatLe dt = Qpat ~ 150}
+ae,oCeLe(Tbat - Te,w) (3) < 100 }
310 S0t
— i
251 0 " L .
0 100 200 300 400 500
2t T /C
ple
=0 Bl b R A BB IR R AR R
i Bl 2 PTC - A T
0
) Fig. 2 Change rule of PTC monolithic heating amount
0 . - . -
0 100 200T “’SUU 400 500 S AE Sz b 2 A PTC BB ( Positive
ptc
Bl a FBELRE IR A AL B Temperature Coefficient) JII# 7 A5ALL L ith & # U,

PTC I (s i, M TAER, RESEER
FERITH g ok, A BHBE R AR 2 (a),
MR B R LR (270°CO B, HBE S SR BT,
AR R AT AR, A AR REIR AL A 2(b),
SR RIS PTC N# 7 #Ama RERY (T 72, H

PH SRR AR P AR IR N



R(Tptc) = 51160'098(Tptc—100) )

MR = HoE T DATHS R A PTC I
R AR BRI AR, ik 2 (b)
Whie = & (5)

© R(Tpee)
S U6 Pl L R R BROR R B R IR

1, PR A AE T LIRS
What = Nthc (6)

13 AR H s FRE

N T BEEHRGERL, RO AR S v ks
Bt E R PRI, X a4 X R
ATHRATXS BN, BRI 0T P A A (O PR X AT
EPSHUER; ERAGSWAHX A TR, fERE.

B SPE T R AR A AT A, Oy TR,

KA T R

D HlAFIEARAGS, REEHERRAAER, 2
WS Al ] A A5

2) 2 R LV AR PN ) T

3) REANAHX P AR R L — 2

4) KA BIRETLFR R A AR X, EIPITAH X
VRRTE E AR AN S J A A, R 3

5) AR AR P22 B R HLABGE 2 B R R
%;

60 HHillv4 7 R 5 Lt EL VA BRIV B g4 A
WRE LA B, shEspIEJ R LS, it

PRI Bl &5 v 4 R 5 R RO«

JoT B E T R
ape r aue rPer
: 2= 7
ot oz @)
il RIEWE
a(pe,rhe,r - pe) a(pe,rue,rhe,r) _
+ =
at dz
4
D_ri i(Te,w - Te,r) (8)
e AR E BE e BT T R

0Te w
pwcw w a aelcel(TeW Te,r)
+ae,w e,w(Te,w - Tbat) (9)

PR ARAAR Y S F S AR, 2% 30 R B0RT e B AR
ERTE, SERTENT:
1
Y= (10)

T—x\ /P
1+ (59 (B)s
TEALRER T, AR ISR 53159 21 1~ 35 25 B

HIEEER, A

- 1
y:

o fx i° y(x)dx 11)

FEHELIH P AR A AT X, X o B ST RE ST 1EL
B RERE BT T AR E B O, RIS BV AR K AR
DX HPIRE T

VR IV TR A X5 & 5718 7

dpe
AeLe— - =+ Ao(pe — peg) dt =0 (12)

PRV 7P AH X fE
e ~ Peg eg)d_te

Ac(peh

dpch. dP,
+&%(dt dJ

m(he,i - he,g) + ae,iCe,r,Le (Te,w Te) (13)

SREWIEES

7 B RE 5148 7 RE I VA 7R AR 2

AR T

dTew

pe,wce,wAe,WW = ae,iCe,i(Te - Te,w)

+a’e oCew(Tbat - Tew) (14’)

i A SRR AR AR B R A AT LR 2,500
EREIMER )R, BRGERE
Xe = Zg 'fe(Xe, Ue) (15)
WEZEX, = [Le, P, To s Toarl» HIAZE Hu, =
[, hejs Qoar], FHZ AN
Ae11 Qey12 0 0
Z, = Qe21  Qe22 0 0 (16)

0 0 @33 O
0 0 0 Gess
0
m(he,i - he,g) + ae,rce,rLe (Te,w - Te)
ae,rCe,r(Te - Te,w) + ae,wce,w(Tbat - e,w)
Qbat + ae,wCe,w(Tbat - Te,w)

Z AT REW R
Ae11 = Ae(pe - pe,g)

f, = an



w AL (6pe(Pe,h) 10pe(Pe, h) dhe (F)
elz = Zerel 5P, 2 0h, dP,

Qg1 = Ae (pehe - pe,gh&g)

d(oghg) . d(pih)
Ae 22 = d;g) : Ye dp 1-v7.)-1
e e

a33 = PewCewAew
Q44 = PoatChatAbat
FIPE, WRyEpiE. feRETIETRE, AREREH
FHPCRESTTREEAT LU R
X, =27 (x.,up) (18)
REAEEK: = [Le, P] AE B = [, hegl
HorpzZ FIf 505N

Ac11

7 _[ ac,12]
¢ laco

Ac22

(19)

0
fc - [m(hc,i - hc,l) + ac,rCc,rLc(Tc,water - Tc,r)] (20)
ZAMTTERLR

ac11 = Ac(l - Vc)(pc,l - pc,g)
a _AllfPJRJ%) lm%U%thhdﬂ%
clz = Skl ap. 2 Oh, dP,
Aco1 = Ac(1 - Vc) (pc,lhc,l - pc,ghc,g)

d(pghg) d(pfhl)
QAc22 = dPp. dPp, A1-v)-1

Yct+

* 2 MARHKREKK

Tab 2 Heat transfer coefficient correlations

g e ok
Qe Aej = C1C0% - qeony + C3B04F, -
aCOHV[ZZ]
Nu- 2
®e o, Uco Nu = 0.023Re%8pPro4 q; = 7
[

arDj

A Nu === = 4.118ReQPr;/?123)

PR VE LRGN S, K it LV AR A DU By
TR | VU (K — Al PSR B R AT A3 28
B RELRE () R G Bl A 1 AR

(s 2)G)-()

2D

R 3 RERx MRESY

Tab 3 Model parameters at steady point x,

WAL &E (=l
L. 0.35m
P. 986kPa
Le 0.361m
P, 396.2kPa

That 35.6765°C

Tew 28.9048°C

TR B RA T RGNS, HEERE
KRIGI. desbh, BT RGP AT LA,
AN TR G T LR A A FINYE ], X 2 Sk
IR BE R B OV T R G BR 5, N T S i il
N7 1] 25 (R SR AR B, FERRSE mloeo AL RS R R 472k
PEALALEE, 508 ST LR 3, &1 U5, MPC
TR A] DL R A

{x@+n=Aum+Bm@+d@)

y (k) = Cx (k)

x (k) = [Le, Py Loy Poy Toar Tew]s u(k) =m, &
AR ENHA A ERE, dk) = Qpa®/
G, W, y(k) = Tpaer HHARE AR
B, Hr A RRESERE; B 2RI, C 2
FRE, 3N

(22)

[ 09631 —-12¢™®  —8814e7® -2.059%¢™° -5199¢® —1589%¢77]
—5.986¢* 0.9805 —1432  —3.334e”3 8444e72  —0.2581
4=| 1351e™®  —4416e7'' 09998 520371 —2448e7¢ —4.254e7C
—34.72 1.135¢73 8379 0.9869 62.88 109.3
—7.792e7%  4.526e~1° —1.644 9.2e77 0.9775 0.01017
8.887¢73 3.707e™®  6.849¢72  4.644e™>  2.949¢7!  8.166e72
2.201
3.575¢°
B= 3.237e73
—8.317e*
—2.213 J
—-113.1

c=[0 0 0 0 1 0]
1.4 SEEGUEIE
ZIRES G K H #4759 R134a, il 55 &
KRR )P S I G RS B £0.25%
JEFE D, A TR IR E R S % — R R R



RS I AN E FE 9+0.2°C, +1kPa), Jf
FEIEZERL Al as . K IR 288 885 S A B — 1

N TR IZEME AR, ARSCHEAT T R AN
SR HA IR, DU ) it R Y B SR
BEIMA R BRI HK (2 ZREK=1:1 AR
¥R 32°C, JihE 20L/min, HLHRIEN 3.6kW,
¥4 7 Fe i B 950, JH I i HLEE S 1 B ER AR AL, 25
BIE (7 AL 5 SRR B A AL IR HE R L, 15440
R AL (PTC N ) BRI T BUAA S 1-3
CI BT 2 J9+0.2°C) MIEAGHCFEY), Hep s
MEWE 3 Frow.

PICHTEH

{3

el

with

/RN )
ALt B

B 3 FyatEaE

Fig 3 Equivalent battery structure diagram

& 4, 7£ 500 P2 AE EHFHLFEE M 3000rpm 1
IME| 4000rpm, EAEHUMTIIE R, BALET A IR
JEAETE 2 A, AR R EER, ARES
TR, HIA RGNS R, SR B E
KT R#GE, HIREEZH TR, 18 750 B E4iM1
()35 FA% A 3520rpm, T2 it ) R A 2
FIF PTC INFA LU, PTC A I H Ry vk
SE T HR PR BEIR T BTG OR, Rk fd T
T PR R AR A4 AR ) ¥4 AU AE 55, F it
I AR AR E A

fE 1500 FPAL, K H 4L B ER PG &
2500rpm, REGHlA R, FEEGAGE S TR,
LB S A R ) R K TG, BT TR -
Tt, £ 1650 #R R 4a ML # I [5] 3310rpm, S
R AL R e FR IR SRR ARSI M F

44
42
40 f
O 38
~ 36}
&t
32Fr \ 4
, } .
ol UM et
28 : : : i
0 500 1000 1500 2000
t/s
(a) HhIR EB T b
5
55 0% 10
Akt —— (I
A Dol - - - - STGHUE
sE
@ 4.5
[a W
gt
35t
3 , , , ,
0 500 1000 1500 2000
t/s
(b) Z&K &7 NT L
6
Lo
& — P
' ". - - - IR
105} i
=]
Ay
~ 1
Ay
095F
0.9 : : : i
0 500 1000 1500 2000
t/s
(o) Witk AR AT L
0.04
— {7 P
e -- - SR
T, 0.035F
e
~
~
S 003F
S
=
o TR e
2 0.025f b
et

0.02 * + .
C 500 1000 1500 2000

t/s
(d) HAF R E RN L

4 [ELEHLES R BR 2 10 AR G B 2k %) L



Fig 4 Comparison of system response curves for step
change in compressor speed
bk b R WA R S8 B R 2 N T
10%, i W20 FAR AL 2R ¢ 10 T Ao B
FEL L PR TN R, R P T BT TR T 4
| SRS o

2 EHIREE

2.1PID #=H RER %I

PID Fii] CELG-BAST Bl o4 1)) S —Fh e i
SAGHERISNS, T N T Dbz RSt PID %
g E TR IR (BOE (E S SEPME 2 18] 2
5O SRE RS S, WRARG R EHIARIH
bro HZOARBEE. B0 foriEs =mnH
o FEBLUH P AR R IHIE R L R B (KD R
FERB (KDL B 2E (Ko, DL S RS
RORHE LR . PID f2i] S i it S8 il
5 H bl B 2 R B s 5 R T IR g L e, s
PR AR R, TR B B VE B H
br. PID $Z )82 RIk s an (25) Fios:

t

u(t) = Kp(Tbat —Trer) + K f (Tpar — Trep)dt
0

(23)

K, Tree NS HIERIE, ()N EAHL
H, Kp F LB R0 KRG R AL Ka 00 R AL
2.2 MPC =l SR B8 1t

St Rt L VA AR B 2R 0 11 Sl 2 T R I AR R
PE, ASCEH T —FEET (MPCO FFEHI 5#nE . MPC
) W — R AT AR P SN, B R T RS AR
KIVENAAT N, FREARIIIZHIBNIE. MPC %55
% 1) 24 T 42 ) 20 A7 3 T SR A — N FR BN 3 31 i
DA ] R IRAT . A RAEI ZIHE T RG24

WA, SRS BB 3 S RAT 28— MEHIEh

MPC 2l S (R 58 & 2> W DL DB AT
W R ELRIAR . R R,
O R A IR AR R S BV N, R
RAMUIVEBLRGIIRERE, DI, AL H ARt BoAs

A RE T IR LR R TS, BTN T IR AR
IR GREREMIBLET, oA SR A B R0k L
(26)-(27) Fim. (2e)RaibBix, (27) k1
A i) BRI 20 TR S A

MPC 42 il SR E AT AR A SR A 2w, 75 R4
4 i B 20 ) F bR P A B AR T, 3 T RS BAIR
A5 (1) R A FEX AR K R G i B AT kAT T
b

REAER NSRS

Np

minj = min D" 1 Toar (k + ) = Toaerer(K) llg, +

I ATbae (k + 1) — ATpagrer(k) llg, (24)
% PR R R MU AAAE — > B R IRVER, it
R FEAFAE — N MR L X, RIS T BR A 2% Al
N B AL RSP K g o
LR

1500r/min < n(k + j|k) < 6000r/min
AT (k + jlK) < 0.1°C/s
{ m(k + jlk) < 0.05kg/s
20°C < Tyae(k + jlK) < 40°C

MPC 7 BEA AL 21 Ck IS 2D KA, 17 5
HFRRAEARKN j 25 N, TE RN E | Fith i
TR 2R DL KA R B S AR AT, K
fR— AN EGENLEE FE) CRLE AR, 75
Tt IR BE 5 2 2 R R (1 O 22 DA B i AR A0 26 (1 i 22
/N BHJE, KA B0 s I e 5 T ) A
HINVEVE N R HL R d i, SREE T —1
KA % EE IR, B SLBRsik.

3 ARSIt

% MPC 2| SEIESRAES 8]y 1 FD, st inf
A 500 5, TR 20 25, FoREG A
H1 A, MPC o5k 20 25 (1) 2 GoR A& 3047 0
HAEREAT ZE BB PR HENE , Toae(k + j1ROAR
5 k I Z I RS, ATy (k + jlk) N5 k I
ZIEHIIR AR R o Ak R B 5 R T R A
LR FNHIIR B, PID BRG], . B &
¥ 2 5% N 0.002,1.059e5,0.119, 1/ B #i A 7F

(25)



Matlab/Simulink 1jj

PG Hiatr, SR8

ode45, iR IEFEFEEPPKRH TS KTk,

mE NS
gl

T IERIXIEE

R IR H AR A2 fE A T E N 3000W T,
B H AT IR TR FE A 50°CHL

%2 HARIRE 30°C,

1k 5Ca)d i, AR FIE 26 AN AN I S g T

MPC {2 il SIS AT BB 2 AN 50°C FRAIRIF AR 2 72 30°C
I RIS E) A 262 AP, 17 PID 5 5

[a] >y 965 5,
P EEMHE . MPC iE

W% 4 8 5 P

X ULH] MPC E4% il FEL L I 7 THT &

PRSI BT, B

5 3 A A R P R B, DT 4 R L L F R

[A]
60
PID
) oo MPC
50
40t
o
_: 0t t=762 t = 1465
2 I 1
F_‘ 1 1
20F ' |
1 1
1 1
10} X |
1 1
1 1
0 C " , . ,
0 500 1000 1500 2000 2500 3000
t/s
K (a) HiE AR L
005
PID
0.045 F - MPC
- 004}
w
hJ: 0.035F
o
- 003
3
£ o025t
00k
0.015

0 500

(b) #l¥4

1000 1500 2000 2500 3000

t/s
T B A

t/s

() FRAaHLFELX L
B 5 BtiREETEEEE

65010
[ PID
o MPC
"o 500 1000 1500 2000 2500 3000
/s
(c) ZBRIESZ
6
L to
PID
o MPC
1.05
s
-
s
095 F
0.9 . , , . , ,
0 500 1000 1500 2000 2500 3000
t/s
(d) Witk 134k
6000
—1
e MPC
5500 F
o5
g 5000
~ 4500}
= 4000}
3500 F
3000 . . . . :
0 500 1000 1500 2000 2500 3000
t/s
(e) HIARFIREREZ
o
35010
PID
3| ———-MPC
25
=) ,""'
T oo
=St
=
I 3
0.5
0 . . . . . ,
0 500 1000 1500 2000 2500 3000



Fig 5 Comparison of battery temperature
regulation processes
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