514 # 5. 2210-2218
202545 A 31 H

(LN 7N
High Voltage Engineering

Vol.51, No.5: 2210-2218
May 31, 2025

DOI: 10.13336/1.1003-6520.hve.20250180

SiEeEEIRE R 2T

TR

WIRHR 2RI S 8

TEE I, pERE?
(1. FleRFam T2 AbdFHERAFAE ) RZAAETHESAEEELET, L7 100084;
2. PRV ERT, F3 461002; 3. fidbd ) KFE REREA T KBRS T4, LT 102206)

W OFE: MBS RG L RINE . Ikt IER G R R R, 2 S2 PR LU L (R
PRI N A TR VERERE R, S A R S A AR BE T L AR MHIRFRREZE . TP R R 7 i (IR S BRI
FEELEEI 1 g AT O R A A B R RE R — SR T, oA AL 1 2 UEORT mf RE e R AL T AU I A R R

HRTEAE A O ) LA ik e FL A 38 BT RHER &

PERE R BN A IR, HSLI8 =0 SR mifd e S0 Bk

BN Tk AR A, SBOCERAE S Jm T U A SR e TR RE . BRIk, 120 th T et U B R AW 7 T
FIUMERERS I L SRR 2 75 T IOAR R SHOR . A SOE PRI J2 S 1 RS2 DL A B R
RE M RE B U s i RE P A AR BT TR RS, DUHI SR U FE N )2 A, (el R s i e R P 2

PGB RS AL R T

KU PR mfERE A, R, PRk

Challenges and Reflection on Dielectric Materials for High-energy-density Film
Capacitor Application
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Abstract: Film capacitors are important in high-tech fields such as power transmission and transformation systems,
electric vehicles, and pulse power systems. Currently, the performance of capacitors is limited by the biaxially oriented
polypropylene film, which leads to low energy storage density, poor temperature resistance, few charge and discharge cy-
cles, and short lifespan of capacitors. This seriously affects the further improvement of the performance of metallized film
capacitors and cannot meet the demands of high-energy-density metallized film capacitors in many fields. However, the
key issues, including limited improvement in the comprehensive performance of dielectric materials for high-energy-
density capacitors, and the difficulty in the industrial production of high-energy-density dielectric polymer materials from
the small-sized samples produced in a laboratory, make it difficult to verify the comprehensive performance of metalized
film capacitors. Therefore, several important perspectives and advice, including materials composite technology, materials
chemical modification, and coating layers modification as well as the energy storage performance enhancement of dielec-
tric films and high-energy-density capacitors design, are proposed in this article to guide the future research direction and
promote the development of advanced dielectric materials for high-energy-density film capacitor application in China.
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Table 1 Main electrical and thermal properties of common

polymer dielectric films!!-4
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Fig.2 Schematic diagram of the preparation of dielectric

composites and corresponding issue

~8—PP
sk ~—4—2%-PMMA@BT/PP
=—»=5%-PMMA@BT/PP
~—v—10%-PMMA@BT/PP
—o—10%-PMMA@BT/PP
] 4L —t15%-PMMA@BT/PP
I Pk ke ke kA Ak ok k ok ke k ke k|
D [#e-e-eeeteeeeeeessseeeiis
I HLH B &
(b) 5 38 5 4 v % HORL &5 8 B [ SR
+< [y TN o W ] TRy S i Tl Sy O I O Ol O
WAk o ielnleleedelioogrdologogrdolpdododod
- ---8-0-0-0-0-0-0-0-0-0-0-0-0-0-8-0-0-0-8
......................................................................... o
L Lol L L1l L Lol L Lo
Un 102 10° 10° 10° 10°
SZ/Hz
(a) BRER UK 4 45 52 4 LA o SFURHIR S
- 5 X A L SR BRI
@ER
aPP 42%-PMMA@BT/PP
Su | »5%-PMMA@BT/PP v 10%-BT/PP
Ly ©10%-PMMA@BT/PP  »15%-PMMA@BT/PP
E, i
s e o pr
Uht J@ Une
&
o
e _
P 1 E,=448 MV/m
ht e o —p_
@IEJ(DIL | l N ,B 12.01
=256 MWm EE=3wm EE—IZ;6210MV/m
ols%s 50 £=9.15 p=12.
E,=326 MV/m E, =378 MV/m
: f=8.63 | '.B=1|1'1(.) L
E, o 150 200 250 300 350 400 450 500
REEBIRE: L, <L, HFWRE:ESE, B 17 58 E/(MV-m )
T F B B UL > U, (b)%@%ﬂ/i@@%@i{&%ﬁﬂﬁﬁ%
(c) AW A R 76 %38 A R R e o B -
E 1 REWHEN BT S K3 RROVERGRE A B FUIEEHE R R S A R
Fig.1 Difficulties in designing dielectric polymer materials B, g omE oo K012

Fig.3 Correlation relationship between fillers content and
kBl amE R EE BE/EH, XEHTENIE relative dielectric constant, breakdown strength in
BHASINATER S0 AR R RIR AR, 295008 BaTiO3/PP composites dielectrics!'?!



SEEEL MRR: SR A S A BRI R BBk S B 2213

R N BRI TR SN AR N IER, 3t
AN R R FARFE . $ETH AL, KBRS
AT RHERETERERI R . JCH R ERIETHLIER
TSR LR R PR, 5 R 0 4ER0 1
LS BURAHEL, 2 4ESS I TCHLANK v AT
CASRBLERREIE, B wT ARy A A=, S R
TR RETT IR, 3t — D IRTH R AN B R
YaR NS, HERENR, 2 4EBHE I ENIR
TR % G e ORI B AT 5 1k — 2D R o TIERL
SERTR A ANE DU A OV 2L, JEHLIRORER T Y
AT BT OGE H SRR R AR R, T 6k
59 FCHUSFORE B K A o 2R T R 10 51 RS 1 [T 2R B
R, NIMTHGE L&A AR — PRI T e 4i 2%
Gl

MNTEAIRERR, FHESEDN TR
MRS Ry 7R EEAVIHTA T . SHHANL
REMRAMLL, BT AYUETEA > 5 BT )
A, AR ERRTTE ST D mIEE T
T ARIATE T A AR — MR G B R
LAy b S5 Y B Uo7, B v B TR B RERI A
B AN R o e 5| 01 R 3 1
FEREVFRNIERS, BE i 01 B ) e T 1R e
FHRTP AL, s R & BB REPERE -
(RN HLA- A /N 207 M B e P A A 8 mT T
BT 2R A REMI AT RAR I, BET PN A Bk
HOR IS AT N AR ek BE A RO 08200,
MRS DT Z NS T, R
SRR, &N TERSYIEAE NI
BAIERAT AR TN TRMEEEM RS T
s, HADIE A LA 7B ik
R TR G BREE, )30 L 55 AN B E H
WRLLH, MG IR A GRS . RN AR R
EYRE AT AL RN SR e A 7y, SRR S
VIR ZE S e R 6 Gt k2 L A i T G i
VEBE. BT AR SRR AL o 10 5 R R0
REZEST, VEEMIPA D AR HFESDEEN. X
THVAIEEMEAHE G R, BREGHRARE
WL G5 AT RIS T, (A48 25 0 5 RS R S K,
BEA 5 FHE SR ART RLEL KUK 2(0)).

2 WEREMRIRE

27 BSUE M R SN & W R A SR R £
PRk REPERESRTH BARA I T BL,  E B I

RBEW D TIEE. FREMEER S MaE, WK
4 7R I KA A5 BT A AT I T RE S L
B 2R IREE IR RAERIE RN IR AL A2,
Wizt e X TREWr s SuEmn s, vl
TEAL R EREL MR T, RS+ E5ET
NEEARFE RS . Pt IR R P 2 5 B
Rell, BRI AR B R R S R A A L
WH RIS B R AT R iR AR, BR ) ER
TAEREGVAHPTRE, By S et
AR L2122, AL, ESrFaikgrh 9] AR R
V)57 BELSE e () Z IR 4, ] A R PR ) 56 6 e BT
BNReSs, HEmIRAHm AR SR T RIE RS
YA S, HEREA SRR BAAEEEXR
a3 B R 4RI G e AR R 0 B e LA PRk EE A
s . X T REMBEN R FHSOEN S, "
I R AR AR R T IR A A K o
g ErEtE. N TRAREEYNS, ERRKC
J&(polyvinylidene fluoride, PVDF) K4rf4EH 5| AN
RRRE B 2 BER 3 LR HUA, W =5 £ Mi(trifluoroethene,
TrFE). & =% £ % (chlorotrifluoroethylene, CTFE)
75 84 i (hexafluoropropylene, HFP)%%, AEMZIC
FERFEIEMEER, {# PVDF LYK KRS, [
REEDTIRACE, B3 5 AR A SR
M BT R AR AL o SRTIT, T AR B A AL 1) [ B
ANT]E G e b 5| B R AR I B AIG,  HAR RS
WDAE SR TN 3 S XS v A o R A R g 5| R R AR
afH AR ERAE L AR, T B AL I FE AN T R AR ALY
hn, gk AR T E G BRI B G . LA REEE
rerla fiff BE S 75 SR IS 0, B v e A e AR T P
ff) % Bt W f% (polyimide , PI) A1 5 Bf Bt W fi%
(polyetherimide, PEI)5|#2 [ ) iz FyFE221, RELIL
¥ FH A g B AR 25 B R i AT T ) —
I ELA T e S 22 ) 1 L PR e B A, LB
BALIREE AT ik 300 CLA k. f T PL KRArF45H
F B AR A HES e, DR T B E A L
FEE B, AISCELN PR FEE S5 M o . JoHe
BEE AR EE R RIFIAL 88 22 ST S ORI R e, AR
S5 5 BRI K - Ry 46 M RN A8 20 VE R 1) O Bk
BUHIE) “ IR SBW AT I, A AR —
[ Y73 R 7T s i = 1 17/ 4 | AL
ZHffRetERe. BAAM S, ETEESETM A
T AR R R B SR A R T FH U CRIR
TG B AN S — R R ), SR BENLAR AR SZ



2214 i LR AR

2025, 51(5)

e A IRy IRt i R S =i N X7 N e 2oy A E
RFF RN R EYERE N E BB R, IR
BRI F 2. . HOMO-LUMO figRi%%
HL PS5 MRFE,  DASE I 43130 1 R A 1 45
TSGR . EITRAAEE E T, AT LR X
MR e 4 ek RE AN % e M RE S i I oA 55 5 O 45 44
K&, MR SRS F B R X P s X
NIRRT T A IR KN T 3 S g i e 3ok
T2, IR T XSS -PERESC R IR, AL T
T I Aa Ak REVE RETR A T 9T it Lk 2627, R
e R A L, SREERE Y e fh T 401 = 55 rh kg 1 51
N, ST KA THERIZRME, SN TR
Eot, IR R R EAIATIA 210 C UL
b, SRR H TR TR B B T ik A LAY
. SFFRAVENFERSSMNSUEN S, @
AR R AV HEA TR R T A BRI 4, AT FEAR A4
AP E ARG AR S U EE : [RIE S A A
AIVERIRBEBE,  BREIER 772 R A A TR
iz, RETIEIE SR, 2 SO RE R HrE
RE AR T8, SZ B ) 2% BE 1] e A B A8 B %t ] Ry
AT BRI 4%, BRI 2% (4 5N B AR AT LA PR il K 43
THEMCIER, $ETHA AR e T T R A e
P, (E RS HBR X 4% F P 570t 2 ] e FR A1) B PTG S
71, #mEERA RN BER R, AR TAEReNE
RERIE— B4t Rk, ZCHEMIZ A 7 2RI RE
FEI R — bR, DA RS YA R AL
FE AN B (K R4 T, 38 1T KR 50 A o
it RE AR T BE .

3 ARERMERARRE

FIH ER RS A BRI 2 Sus i BB
B3RS R 5 2SI = RN T A4 ARSI
JEE, SRR T B H 25 2% 1 20 26 A e E 28 /b 7 22
150 mm FE A1 500 m KFIEEEGPHML, B A R
SPRIBOR R T SRR (L B AR )
¥z, HedamEnEsuEsER, ek
1310 e o 2 R P (B R FRAIC . LA, BEE it REAE
TR ) RESIERIAYI TR, @A
FEE(<S o) ) 1) 46 %o TR R i R 85 8 TR 22 0
B SR, VR RE BB 2 25 B AE T YR
EE XM BT, S S0 EE & TR
KA. Bk, FOR SREms s LU B 5 A 2 R T
7 e R B Pl 25 8 4H 2B T A

8% s

F R

BRESHIE
K4 REVIENFU TSN SIER R
Fig.4 Schematic diagram of the chemical modification of

polymer dielectrics
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Fig.5 Schematic diagram of the surface coating strategies of

polymer dielectrics
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Table 2 Maximum energy density of new capacitors

Feins  AEWF FERAER/em’  HEEEEKY  REEEE/(J om™)

1 13.7 343 39 3.0
2 13.7 34.5 4.0 32
3 13.6 34.5 39 3.1
4 13.6 34.4 4.1 33
5 13.6 342 4.0 32
6 13.7 343 39 3.0
7 135 34.6 39 2.9
8 13.6 34.4 4.2 34
9 135 343 4.1 34
10 13.4 34.6 4.1 32
FHME 13.6 34.4 4.0 32

R3O OHT R A SRR A i R A

Table 3  Cycle life test data of novel film capacitors

FEMCRIR A ERARL AN ERBHE B FaVii Gl

ik /% TR0 RV REE%
0 0 0 2.1 99.3
100 0.231 03 22 99.3
500 0.208 03 2.1 99.3
1000 —0.007 0.1 2.6 99.1
5000 0.108 03 2.1 99.3
10 000 —0.077 0.2 2.8 99.1
17 000 0.880 0.1 2.6 99.1
22 000 0316 0.2 2.1 99.3
27 000 —0.262 0.2 2.5 99.2
32 000 —0.247 0.2 22 99.3
37 000 -0.239 0.2 29 99.0
42 000 —0.247 0.3 23 99.2
47 000 —0.231 0.3 2.8 99.0
50 000 —0.247 0.3 2.6 99.1
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A TOEROR, R AW A FERAAN SR
HLH B TS 400 B RS WK T S5 v 51K
VERED, 2Emn SEER AL s S . Rk 5 A 6
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FERFRTIAK B R, (BAESEE TOL05 T ] Sl
fili e o FE I B K.
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Table 4 Schematic correlation relationship between the
breakdown strength and maximum energy storage density of

linear dielectric film

Fa MIXA RS %ﬁiﬁ? ' A%ﬂﬂ% _
(kV-mm™) fiti BE % BE/(J-cm3)
1 2.0 600 3.18
2 2.0 650 373
3 2.0 700 433
4 2.0 750 4.98

RS BB A L S 8 LN i RE R R ORI
KREARER
Table 5 Schematic correlation relationship between the rela-
tive dielectric constant and energy storage density under the

specified operating condition of linear dielectric film

KOS TAEgE dHEE Tfff % Bi/f ? %

B A KVemm ) (kVemm) fGRERE L, flREE R/
(J-em™) (J-em™)

1 2.0 400 600 1.41 3.18

2 4.0 400 (500, 600) 2.82 <3.18

3 6.0 400 (500, 600) 4.23 <3.18

K6 A UM BEAR XA B O e S B R R 2 B
Fig.6 Schematic correlation relationship between relative
dielectric constant and energy storage parameters of

dielectric film
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