2025 4F 4 A
FA3EE2M

[ DA N e 3

Journal of Northwestern Polytechnical University

Apr. 2025
Vol.43 No.2

https://doi.org/10.1051/ jnwpu/20254320326

ZHE I ERERZES DC-DC T#:F
KESHRRBIZIT

Ak, FH, 24T, KER, 2 ER

(1.lmmj<i% LA TR, VI BGER 610041 ; 2. 94 Tk k2% A shik2¥ke, Bevh 1622 710072;)

3.PHdbEOR R, BEFY P4 710100

O E.AAAMABERGESREABRREEAN S U AR ESE A%, S AREIET AT EXK
M, APRIE S & RAAUA AR S R AW S T M L LIRS 2 & f R P A R0 @
Yot At S BRI AR A R Buck-Boost 350 M B A% kT — A A TELK
WA YL B0 B 45 ) Sk B R A T T 3R A A MR 4 3 A R G K M AR AT RS
K AR B35 R G T A R A A RAT A3, S B4 THAE A AT 5045 5 3% R 424
B ARIET RAGEE W RN R TR @ Afe RIS F BISIE T 242 5 k09 A 20k

x &
RES %S TMT76 CERERAERD : A

BEA Bk W i P R B XURR T H BRAGBR
TARTAE A 2 a9 i 28 AR HE R Ry 1 T A
M i R T AR G )AL, ff  H e
P ZIRBEUR, REWS A R0k A I %8 UM RIS B Wik
T, Ff R R G AT AEPEAS R R Ih 28 5 AR 3 s S )
R SRR A A I R AR

AL RGN 2 CHLY B R
R AN — Bl PR R R GE ., BEE 2K
PLBAR Y &, ALY FH e A R T 2 DB o
VR i R G A RE T, v I B BE L R GE A A
Btz D Bk BUYiRE i M T A R S
A G IR L s 20 80 R R A
HLR G L AR Z oL R R B2 ey
7w B R G BRI A R
S Yk e Ll A T T N EE 7/ A ¢ S A R R
L ARG, KRR T B HR, ) H 7 46 2 R ] i v,
HLEKZ) RGEHEATHL RR AR | SR T B ok B 22 3
A 1E T % 47 2K ( constant power load , CPL) F¢ 4 A9

75 B #1:2024-03-11

E£TE : W)IARHE I (2021YFG0254) B B)

VEZ BIAY : bk aE (2000—) , B AR5 4

BIEEE . HH(1966—) , 87  e-mail :420974017@ qq.com

W Se kA, B Rb Ve e & fi 3, Buck-Boost T# %, KAz 542
M EHRS:1000-2758(2025)02-0326-12

HLT LT R GEIA S JE KRR E ARG, 23
A GEHAREERT ] SEPE AR TR ORI Bk, JCH
JEAESZR TOU T, 1H D2 0 28 2y 23 1) R i 2l
o FEUE AL AR GE R L TR A IS 0 5t 3 AL
HUEBT B 7™ J i SR R, B 2 L
LR GEBCTT— M STHE B P SR, DL BR CPL A7
RAYAS B A, AT I 2R 48 1 A2 1 S o a0
ZYH

e IR, 7 225 E AT T R IS
UNSCHRL 13-14 ] 38 i 38 0 52 5 2 GE RHLE 1977 1 8 5
ARG ETE, X — 2R IR 07 vk AR BT ]
B G TSI E TR B JE 2 N T R G 1
FURIENAAAE . g v X — fe i1, A SR 1 22 [ Y
ShepB AR T OREA IR JE 5 R g, SCHR[ 16 ]
BRI LR i , R A T R AP0 R ELDA T A AR
ANT RS LC I8 I F % O B BT ) T IR DB
SCHRL 17 J et 1 — o 2 7 5 19 20 f6 4% B0 U HL 37 AT
WA TRBEJE Jr ik, SCHRL 18 T4 ) T —Fh i UL ey
BELYZS i SHemes A7 kg ot 7 RGERHIE . AR LR IR
BE Bt ik e —E R B m T RERER
JE AEHIE T/ IME SR B A i L RBRAIE 2 4
FRGUAERE A NI R R v HAE 2
L RALSEBR T R TR R S AT 283 %)



552 1

WRARIE, 55 22 it KL R i R 48 DC-DC 28 e g KA 5 B SR 5L - 327 -

SR AN TP AR5 [ 1 R L B 38 3h 5 1l R e it
BH/METREE, RBRSE LR, Wy fr
Z 1 CHLEE L R GRS 2 L0 T I RAR SR A
SRR )R, BT X R G RIS B L
SCHR[ 20 J 44 1 —Fh 52 & W IO A5 1 O ik, 3007
BORIE T R RA RUF 1S H 1, (B A AT kA
(LB [R) R, SCRR [ 21-22 ] SR FH TR B T 0 4 o)
(MPC) By R AR = F 2 1k B 5 il oK (HIA
X i 4 B BE 7 8 A e R T PR 1 R S B i
Fo SCHRE23 ] 42t A 42 77 1k RE % PR IIE R GE AU R
FTRE (B T A L AR S B M n T
Pl e B S BURAR

K, % R IR Tk A 2 BEXFF CPL
ML R R G RAF T A8 5E R, AR SCHR Y — Tl
AL T AR LR M8 3 W £8 ( nonlinear disturbance ob-
server, NDO) i S B4R S, il 17 /M5 42 1 3R
WEXELATH 5 R AF S AR L MR S By B a5, NDO S %
RGEANT 2 TR 3l i JEAT Al TH RIS B AT R80T
W BLAT R R S B Y BEA A AR R A R
i hASERE, ARG NA S AR
RGAFAEAE UM I SR 3l 5 5 e i, 4 by — Fif
AR R GERSE PE NS5 (BB ) JLAY R et
0 AT AR 2 R R A R S
RN B AR A BT RE ), O HAR g im AT S AR
BT AR TAE RS

1) XA TE D F 21 Buck-Boost 284 £ 5
G S RPRAS 2 AR AY ) XA TE i M AT T 5
UE, 225 3T 53 [ R T ERE T TR A ik A v
RETFEAREIE A TEA IR RGE AR LR R AT 3R
TS T RGN LA, bR HEIE R A ]
P, T3 T A ] ) A2 S gAY A )Xo A 4 g
LG — R AR

2) BT BRE A B AL I T NDO, LA
NDO At i1t R 42 il s A9 i o, S T g
AHLEEAR GBI P gh A KR T YL, WL 4%
X gl i KAl R R G O S HUD B
FEAEANH 58 SN AR P Sl Y 175 0 T o R DR v 3t
SR P R S (L, O AR e AR A SR 3 2 g i
P, ARG A

3) Wit 7 AR BB RS S ARG/ IME
SR RN AR L, 7 T T S VS B A sh 20 T 5H
TRAG AL SR 2 G 3k B ™ A F
SMAER A LT BB R S, tAh, 5 Bk

JTIEAA LG A SCH§ S A0 s 1 SR A B0 e = B
AT o 2 PR, e T SR e e, 1 vl B4
TR A e g, oW 22 it KL i TR B At
HARGG — Rk T 2%

1 ZRCHTHRBF[ENRE

SO A S ERAER 1 oI,
*1 HESEEXR

(2 7E X iR E X

E  ZEHEmARE || x B RE

u hizs L SRR RS

J BIPS/ES S AMPRHRERZS HEIAETHE
Pep, fEINRGHEINE || x, LIRS

i HL L UL o WANRZEMH

Ve A S WADRSHEMETHE
v, B e, W fliihiie

Ve BHRHBIESHEE || e, REALRIRE

P, fih IR k [ il %

P, i B IRAMTHE | o HE DL ]

d; AGiEh u, P ] R

d, RGEHHHE

1S 2 CHL R R B s R G AR IR
LU HL R 2 R L T P R Y S R R, A TR TR
EO LR AE B I DC/DC AR s 4
U B A SR U i B 67 20 CPL 7 2
LELF AL, HH Buck-Boost ZE i A W] i L
ATt/ R 2 RO REINAS 2] VZ48 F , PR AR SR B
Buck-Boost A8 47 A 45 i X 42

[l 2 A Buck-Boost 75 # 4% fij £k 45 #4 & , Hr E
A Buck-Boost ZZ g i AR, S HFFRE u N
M2 b, D A, CL L A3 B LA R R Oy
BELPE £ 28, T 2y 23 1 2 A SAR Pl A, LTy
Pep ' RGE T AETE 3% 22 F 38 £ X (continuous
conduction mode , CCM ) , DL H /B 3 ¢, M 25 HL R
Ve FRFAE B R APIRZS 25 18] - My gt sy HOR(R 5
IO

di,
LEZEu—(l —u)VC

dVC VC P(‘P]
C—=(1-u)i, - | — + — 1
A ( u>lL (R + v, (1)




- 328 - fiodb T ok R ¥ ¥ R a3 %
20V i b s e R TR A% 8 R R
B - s(LEV,, + LV* RE?
l___ﬁﬁ____l G(S) _ ﬁ(( )) ( + ref) ;2
i CPLﬁﬁ! CELR{S +§ CL(E-&-V)}
| |
ot || DS/OC | i i (2)
S | | S, o, Fl @ S 2 R L e R B /M

| f %Nﬂﬁtﬁ:lihi TR,V NER Ry, S %, 155 R
T R A5 i S 5 MATLAB/Simulink 77 3% 4 19 Buck-

K1 2 LS TR i R G4 15

C) E L 3 c—— sk Do,

K 2  ZH KHLH Buck-Boost ZEHegm b

2 HREBENF#EEIE

AR ST BRIV A B A M Ss EL R )
JE SR AR BT 5 8T, PR AEAR T i e B AR
U
2.1 BEHHIEIE

SRAE R 3 1 50 TE P 4 A Y A o A 1 (5
MATLAB/Simulink #4775 B3 K, Bl 3 M7E A2
Fb AR Ak B IR IO T A8 J60 2 i 4 F R 1% g i 1 80
AR S €0 S 2 A B R R i M R R I N T 4T
FEER A FEL A5 B PR I R DT R B R S
b u=0.5,78 1=0.25 s B u ETFF 5% IR FE, 76 1 =
0.35 sI RS B HAIGIE, K3 Hhaf LA ), firdi
HB PR B 5 0 A B LA B ) — B

1300 — g
- WLl 20
>
~ 110t
i JW_WW*
=
g 90r
70
0.1 0.2 0.3 0.4 0.5

t/s
B3 EF R . it R A
2.2 SRIEIEIE
SR ol AR I 36 TR A R A P S (1) 3R

Boost A2 HL I (1 B0 1o A& 4 7, HE vl 6
SN K R P A [0 T 2 T D 5
PRI IO 2k, R i B L SIE T TR A A
FBIIAT R

100

@ — A
2 6 * * ML EL
3 4
-20 . .
10° 10° 10*
#Hi% /Hz
~ a) BT i 2%
- — A
o -l « Bl
E 7 3 4
10 10 10

W% /Hz
D) XEHCHIBURRE i 2
Pl 4 i R o 2 LU AR I DG 2R

BT B SRR P e P R A A
AR A ERPEAS B 1 38k, 3 T2 T /M Sk

FIKAE SR Buck-Boost 28 g4 il R W& 511

3 RyEHESRIR

FEAR R BT T 3T NDO ) S A5 44 il SR s

1% T Buck-Boost ZF#e s RAELESRESI I T HIER

@ﬂl&'ﬁgfﬁ@ HE R R o, REEH S E
el ﬁ%f%ﬂﬁlﬁlﬁﬂlﬁl 5 R

s }Uﬁ%%

u i l
(OF:H Ve
- 205k }—( (19 (15)itf]
= :L i

( wwz

+
CTV 3ROPp |

Eipv, ()
X

K5 ApEHIRER

2



552 1

WRARIE, 55 22 it KL R i R 48 DC-DC 28 e g KA 5 B SR 5L - 329 -

3.1 AR
Buck-Boost & g FLAT HL Y A AR LR M RFAIE
W, A TR R, SR S s M AR R
AT A bR B4, e A At BB 0 A A D 385 SR Y
AR AS R KR i 85 T S M 2
(3) PR,
X =x, +d,
%, =k +d, (3)
K, o, HEAEHREE 0, HEIATIR, HEKRX
livs)
X, =%Lii + %CV@ + CEV,
x, = Ei, (4)
d, ARG, \IRRA
1, ., E
d =_§(VC+EVC) _PCPL(I +ch (5)
dy, NAFET LR RGNS, S BER%E
RIS, kO R B (1)
(4) X, W15 RGN u, N
kL + EV,
SR Ry, (6)
Zoad A bR I ) E AR S8 I R B
FE R BR AR G SR« a0, S0 SE T S 2%
fi Xt s Do Xppeg M 265, IIFIE TN

1 1
xlref = ?L]rzef + ?CVrzei + CEVrei'

Xoref = E[r(‘f ( 7)
K, 1 WU i, IS B E, 1, TRl
Po
]ref = H ( 8)

2

V., . R
ﬁ¢xz:§+mmﬁA%%§wmmma

Ik
T d, M d, h ARG HLE D) A L

T SRR SR AR 1, 5SS R PR O, 8
d, Ml dy A B B SECEA F . A ATk
TR T A5 0 e N HRE | FR 8 T i 0 A2 AR IR
PRI AE — S R P, TP ) g o 8, AR
Y 3R, TS U R

RiZ1 T, KHFE 4, AR IR
d,. =supld(t)|,d,, = stlj([))‘d,(t) l,ie {1,2}

[auit
t>0

Ri%2 d, WiElimd,(1)=0,i e {1,2}

3.2 JFLMHMBH MM ER R

TER G PRzt e i it SR A 5 2 3 4%
PP, H R GO S 400 A P 4 [ R
23 X TR AR 7 A ] 3k 2 PR 3 % 4 i ROR 1Y
SR FEAABAE TR d, Rl d, b, AT
MEARI d, B d, WA THELOEBR AR T T2
PRGN

SIE1 HRG = (x(1),d(1)) Rk
NREFEEPE (input-to-state stable, ISS) , H % A
Rlim d(1) = 0, W RFCRE A HH Llim 2 (¢) = 0,

TR A5 B, R (3) AR O R =S ]
T FEIE

X =—Ax + Bk + Ed (9)

‘ HE Y R Ve B
Ivhx'[%}ﬁ_[@]A'L)o}ﬁ'[J’ﬁ

. [t o
m%%E—h Jo

DR300 2 T 5 1Ay 0
{&=¢+pu>
¥ =—1(x)Ey - 1(x)[Ep(x) + Ax + Bk
(10)
Ko d WRGWS d R ;¢ S 2R Y
IS R p () KPR () 4 5 LAY

e 225 B 1) = P gy Wik

ox °
L 0
l(x)={0 Lj (11)
R (10) 20, € XA shfliitirzh
e,=d-d (12)

WL 254 B PETE AN R
XF(12) AR T A 15
é,=d-d=d - (P +p(x)=

d- (-1(x)Ey - 1(x)Ep(x) +1(x)Ed) =

d - I(x)Ee, (13)

R 2 RIS H 1. 7E RS é, = f(e,,d) A
tll?id =0, lim e, =0, R ERZERA T T 0,
LI AT LA S BT S B (L A4 R B
3.3 EHISSEit

1 FAE S bR A v, LI S R P,
HERE, AR YE (5) XM (10) =X, /T4 P, 19AsT
HP N



-+ 330 - Wodb T ok ok

¥

543 %

P, =-ud, (14)
#(8) XA (14) AN (7) K, 1B BPIRE A 7
AT HERIB AN

1 (d\* 1
xmf=1{l] +—CV2, + CEV,
E

2 2
Roper =~ éll (15)
X s ®irer s Borer 732 X tref > Xoref AR
e.=x, — %, € {1,2} (16)
HEXpaAEs z, Mz, N
{Zl =e,
(17)
Z, = €, ~ 0y
2, o MBI,
m(17) a5 7z, ,Z, XFtal i) S 8ch
Zy=Z, va, +ay, +d, - élmf
{. . (18)
Z,=k+d, - %, —a,
o, Ak 431N
@, =- Z, Mzref + 31 _'jc\lref ’ - K.Z, (19)
‘Z1 ‘ ‘ﬁz.-er + a1 — Ryt 8(t)
k==2, =K Z, = d, + 2, + @, (20)
Kf.6(t) =ae™,a,b,K, K, WATEIEIEL,
34 BEMESH
eI 1 K R K
v, = %Zf (21)

XF v, #EATR S K (18) ~ (19) RMAHS
IR
V] :Z]Z] =272, + Z,a, + Z,(8y + d, _&\In'el') =

2,2, + Za, + ‘Zl ‘ ‘ﬁzref +d, _yélrei' =77, +
Z &, +d —% 160
‘ IH 2ref 1 : Iref ( ) _KIZ% (22)
‘Zl ‘ msz + 31 — Ry | +0(2)
AN A
mro< min{m,n} (m > 0,n > 0) (23)
m +n
my(22) AT AR TE
V, < Z,Z, +5(t) —KIZT (24)

Hy (24) ZURTHN, AR BV, 2 R pR AR
HPBORGET B2 R e &5 0F, IR I e BURT
HZE Ao S PR ALV,

1
Vv, =V, +?Z§ (25)

SHOX Rk 1] 1) CH
V,=V, + 2,2, < 7, Z,+8(t) -K,Z: + 2,7, =
Z,Z,+8(t) —K,Z, + Z,(- Z, - K,Z, -
az + x;\Zrcf ta + a2 - 5;;\21%1' )=
- K, Z} -K,Z; +8(1) <-K'V, +8(1) (26)
K, K™ 1E LH

K" =min{2K, 2K, (27)
KA (26) X1
V,(t) <e* U0V (1) + a4 e -
,(1) 2(t) < 3
a -K*t _(K*-=b)ig
e e 28
K" -b (28)
i (28) Xl 75
lim V,(¢) < lim (e * "7 V,(1,) +
b oo L KKy <0 (29)
K" -b K* -b

RAE V(1) = 0 fHR7, B (25) 20, (29)
X, e

lim V,(¢) =0 (30)
H(30) XA (17) 3K, A
limZ, = 0= lime, =0
t—+ow 1+ (31)
limZ, =0= lim (e, —a,) =0
B oo, 2 L ATH
lima, =0 (32)
B3z (31) 30 (32) 5, Al
lime, =0 (33)

>+

I 1 —+ o B, 6, > &,,0,%, — £p0

MRAE(13) 2. (31) 20,(33) =, Af IR A3
JIrBcit BT NDO (1% J A5 458 il i BE A% PR 1IE 28 S8 i i
FOE . AR fRPE NDO Fa il 25 W S i 8] 0 e &
[F) R, 36 3 9B NDO R 8% AP S 1 () A
K™ R 5 &7 o W SI0H B 1 PR A (BT 5 7Y R
/IN) SBRAIE NDO 9717 5 T 45 i 4% 1 77 5, DA LG A
UEULI Ak -1 T 5% A0 B s R A A8, DT 42 5 32
55 2R G50 14 O o7 8 RIRG e B

4 SHIITEHEZR
I T HL ) 2 O R 7E MATLAB/

Simulink FEEH AT 3 O E LK, 55— B
Y640 T I 0 25 VR Y FEAS E N | Ry SRR T



552 1

WRARIE, 55 22 it KL R i R 48 DC-DC 28 e g KA 5 B SR 5L - 331 -

FRSCBR N 5, g 2 05 B SL o il 3 TR &
TAENAEE TR B RA FEZ R T IE T &
GEAE TR ISR B e RS YE . S
k2 iR,

R2 FEHEKRSH

SH % Bl
A HL T E=125V
SH R V=270V

F.J% L=680 wH
LAY C=680 uF
FEME T 2% R=30 Q

(ERSIES ik Pep =1 kW
i B f=20 kHz

4.1 EHB[SEILT

Bl 6~7 43 5I%E e T UL #8325 L, A [ (5 %F
ZAG5hH  E T AR d, IR B, AR
i YR A IS IT AT, HI R A B R
LkW,7E¢=0.1sBf, 1 kWREE2 kW, K64
HTHE L, = 1000 B, R L, BUET RS0 50 R
IBEASIA N, BEA L, (B A3E I, A8 40 28 46 ) F e 3
FERF RN, F 7 AT LA, O g8 X d,
HOPUMIITIEs v e VR B &S 2 S (SN (E RO N
SR EEOR, G5 % K iR, 24k
L, =1 600, Bt H B PR A2 19 , St [
21°5'5 ms,

— L,;=500
200 — L;=1000
L,=1600
Z — L,;=2 800
sl
# 270 %
250 . .
0.08 0.10 0.12
i) /s
El6  WMEESECE T iY% L B R B8 0 R
4
— L,=500
— L,=1000
e L,=1600
J 3 — L,;=2800
m
=
=S
) 2
1
0.08 0.10 0.12
] /s

K7 WSS ECET R 4, 18

8 FE 9 5l /s THE L, =1 600 MRTEE T,
NI EEANF] L, BOBUEXT 2 Seki th F R d ) UL

K
R
2747
5 270
S~
=) — L,=100
£:3 —— L,=400
266r —— ,=1 000
— L,=1500
262 . . .
0.09 0.10 0.11 0.12

W /s
P8 UL AS S HAE A B Y PR B S e

H1E 8 AT, L, BUE A 1 000 B, 25 #5254 H
Fs R I ] ML I iR de /. EAh, 5 L 2R L,
(L R e/ #i e FECE RS R, WiE 9 FiR,
ANTE] L, BUEXT d, SEMBCR WP IO, R, 5
T8 L, Xt AR g R T A R N A ST R 2 1k

UL, = 1000,
4 —1,=100
—— L,=400

o L,=1000
S sl — L1500
o
=
=
< 2

1 . L L )

09 010 0.11 0.12 013

B /s
B9 MMEESHALT 4, E

4.2 BEMEHKFIR

FEARTTH 2557 B 3k R M 1) R £ 25
LR T 0T, X 4 5 25 1 i 3 s 1) A vk
HATEAIE, fEE R B AL &G, 270 V iR R
Sl WLt RG ) EE Mz —7 ) Wik,
SHAIE B AR SC T 3 3 45 ol 4 19 A Rk, DL 2 R
270 V fHL R 48 R ], B H TR )z R
MIL-STD-704F FrifE >0 S0l it 15 2% i R BRI
ERS BT E= w1 P& NGNSy R
421 AHdERIFER

S EPREXT Z L R B R R GE R
HRA AR LE , Hoh MIL-STD-704F F5 SR AL A
RO FAAS I L FRAE 5B 280 VI AIG R 250 VI
R, 7E & 10 45 B85 SR IS5 B R 90 LR



©332 - Wodb T ok ok

¥

5 43 3%

R 270 V,ZJE1E t=0.15,0.2,0.25 s B}, i E S % (H
Iy WIBEE N 250,270,280 V., Hi &l 10 AT A1 R
JEHBRETE 10 ms (19 B[] PN 5 IR 2 7% W s i 19 R
5, EHUEBIEHEN 96 i MIL-STD-704F R,

[ - smaE
R et

HUE /V

220r

000 0.4 008 022 026 030
B /s

K10 250 EIER BB I GRS DR )

422 1B EREMLFHEE

MIL-STD-704F bRl Z i CHLALH R G0 8
Bt i R E AN T 330 v, FLE R
20 ms, B R S AIR(EL AN T 200 'V, H B [E) AN 88 4
10 ms™ | FEIRA T3k T 00 LA K 4l e 2 R 61 28 T.00
T, CPL 3RA8 % A 2 A8 I 22 48 A8 e 2 o By o Pl TR
AN EMAERE 11 Py, CPL BWIEG T AE
WE N1 KW, 23 500E 1=0.15,0.2,0.25 s I}, BRAS 2
2,3,4 kW, HE 11 A] 5, R G028 25 i H L R AE
HALRET, EE S E s i/ T 330 V, &A%
(I T 200 V36 2 2 AR AR

2
310

270

.3""‘3] 230 ‘ . . , .

E& 010 o014 018 022 026 030
i /s

5 &) AR

-4 5>

=~ 3

o . . . .

R 010 014 018 022 026 030
e /s

s b) CPL#yH T3

-4 6,

S~ 4F—/—/—

# 2 : . . . !

] 010 0.14 018 022 026 030
W /s

ORF-t HPES
B ER GRS T R i L SR

423 HNEELF) S

S SCHR[ 33 11 T 00, PILh 4 A FL R (3
125 V,1=0.15 s BB FL R Goxt S B A 1% 2
By ARLEREZR 91 V;=0.2 s B g A R4S R %
265 V5 1=0.25 s B, REHAT R, i AHLE
B2 91V, B 12 /R THER G 8 TAL T i As

Hoasha i P B 0 . AR 12 AT AR AR s fin o
H R 8 28 1ok 5 . MIL-STD—704F 45, #4556
R R G R E S R R

330
< N
w270 | ™ —
=
210
10 014 018 02 026 030
IR /s
a) AR didi i R
140
>
Sy,
B 100
gy
60
10 014 018 _ 022 026 030
Wil /s
b) HAHE

K12 G A RIS Bk e

4.3 #iEITHE FER

HEILR G TAEAR S BCE L GO, 6T 1E
BHAC A 28, A 19 T A LT 7 28 ) o8 £ 48 T 000
ToER,
43.1 AFE o ERIZER

FIRGY R A TO0 T WL, &l 13 1]
L TEAEE YR T T, 2% R AR LI, R 48
ARG £ MIL-STD-704F FrifE.

I
— AR

2201

10 014 018 022 026 030
e /s

E 13 S5 i R B ([ETR 5 2)
432 1B EREMLIEE
EERERHT 0 BT, Rk SR Ay CPL
()% 1 %, CPL 3t 8h 22 {34 SR & 8451
TR B E AR, ME 14 745 RN S
REMEFMTRRIE A LR, BAR RSk R
(R0 SRR N, (B R G B IR AT IR R AR, OF HLAE
CPL %y th D3R 58 AR B ARIR REAETE/INT 10 ms 1 B[]
DA R 5 T



BRphdd, 55 2 a1 RHLEOR i R 58 DC-DC AL Heds KI5 5

AR M TT 333 .

(%)
(=3
[=}

\, s v

HE /V
[
3

220

10 014 018 0.22 026 030
B /s
a) A Hdrii i R

34,—,_|7
1
10 014 018 _ 022 026 030
I /s
b) CPL#Hizh%
E AR A A B A% A T e T

T [kW

Kl 14

433 ANREKF) EE

i — 20 Bk A A LR R AR AR AN ) R G R
Pk, 542 i A, K 15 S AR R T
(A4 g 0 R OE | R GEATS B R AR I IR

Fefase , HAe s B R 270 V RS T T, FIrik
T 2R 15 R G AR MIL-STD-704F Frif
330
>
E 270 A I\ "
p::d
210
0.10 0.14 0.18 0.22 0.26 0.30
e /s
a) BRI HE
. 140
Q 100
E::d
60

10 0.14 0.18 0.22 026 030
B /s
b) A HLE

K15 S A RIS ik R

5 SCIRISHF

SRR 20 B UE A S B4 ) SR AT S
F RT-Lab &8 T 88 {78 35 (‘hardware-in-loop , HIL)
SRS WA 16 Frs , A AEE DSP i 4% % H]
TI F28335 )5 v [,y ifb— Ron Al s i
Mz Ve, 36T T S R R 150 V, A2 v A
HLFEA 100 V[ SEERERIE

E 16 BEFERTLET G

51 RAERHFNK

FEATS 2 i BHAT £ 28 8 2y 6 17 2k 3 [
ARG TR TN, X T4 S A5 45 i 25 1 A 8ot
R A TAIE
5.1.1 AFEdERIzER

Bl 17 R T it 2 2% Bl FE B BRAS AL I 3R 55 5
R, Bl 17a) ~ 17b) 43 BIER Thi i S % Wk
M50 V FFEZE 100 V DA R S % HEM 80 V
BRAF 2 100 V RGBSR, 5% L AR IE [ Al
S 18 B BRAS AR S i R R AR T LLAE 25 ms PN VG
PREFHT S5 R,

ovi
Yo S0 V/i%.

I, 5 VI

1A} 50 ms/F%
M 2HWEM 150 VFFEEZE 100 V

1

Vv, S0V/HE A E— -

[
1, ?V/?[‘%
} FalY 50 ms/A%
b) i SEHEMN 80V EKAEFE 100V

B 17 S%d R IR SR E
51.2 EBEAHERRERKLDER
Kl 18 JE/R T CPL WD {E & LA RS
AN, PG CPL DI E R 1 kW, ZJFHKIK
FAZE2 kW I3 kW, HE 18 Al RSk L
IR BRI S 2 i H e, 78 CPL TR 7= A
St , R Gek R DL /I 18 fL R BV R 1 T
xmrﬁ@ww?mmgiﬁﬁﬁﬁﬂ/%ﬁ

W 10myks Wil 10ms48 |

| | A | | ]| | |

Lo IPV/ﬁ

|

K18 AHIR IS T SR T

m

b (1]« 500 ms/f%

5.1.3 NGRS K
1 19 Sy AL PR R AR AR A 1Y 2R B s AR i,
ST PR T DR S I R kW Al 2%



. 334 - Wodb T ok ok

5 43 3%

HLIEN 150 V., B 19a) ~19b) 20 BB /R T % AR &
M 100 V TFEZE 80 V LIS 100 V BRAEZE 150 V R
S ShASI RN, IR 19 AT i R TE 10 ms
P E LS HE, SO T e HERE LR
PR

Vo S50 V/H%

Vo 50 VIR

I []: 50 ms/A%
&) HIAHHEM 100 VFRE R 80 VREHZHASIRL

|
v, ‘SO’VM%

Vi 50 V/AR

18] 50 ms/#%
b)  HAHEM 100 VERAS F 150 V RS Sh AR B

K19 AT ST

5.2 #ilEIThE G ER

ISR R G AR E TN A R AR, &
R BELPE £ 28, 7R 2l D32 1 345 1F T 58 S 5
5.2.1 Ao ERIZRE

HIRA DG T WA R, A E 20a) ~
20b) AT LA H, A8 4 i A o F R ATS TH R A8 78 40 s
[P (/NT 25 ms) S8 E T, PR XS BRI IR ER
PRIE RS R EPE

Yo éowm
1, (wﬁ?
IFTa]d 50 ms/A%
a)  HHZHWEMN 150 VFRERE 100 V
% Lowﬁ& = S ol
|
L SVt
FE]E 50 ms/H%

b) S HFHEMN 80 VERAEFE 100 V

520 1EDEA BT S5 R IR LR Y
522 RBHEREMLIDEE
&l 21 S tE R A S T 0 R Gesh A B, 15
WRGEM 1 kW BRITEE 2 kW, R)54k%: BT =
3 kW, ME 21 AT LLE th, R Gk R B AR
Wzl (EARSRBERSTE 10 ms NI 5 8 Th 2 17 2t 3
PR RGO R E

b 20msie] | i) 20 ms/ A

|
Yo 20V A <

I 10V/

M 500 ms/A%

21 fE AR LY

523 WA ERD EE

22 J/R T i A HL AR AR B 19 R 48 sl A I
FEAE PR G T T H AR5 1 T R 7 2k o) R
h 1 kW i th S Ry 150 V gfEE(E, K’ 22
JER THIAH M 100 V FFEZES0 VLM 100 V
ETHE 150 V RGN, ol LIE
FE SIS 0 7 DA (0 BF SIS E] (/N T 20 ms) I 2
HESHH R, REHA RIFWE B,

Vo S0Vt
- A
Vin 50 V/§%
i) 50 ms/A%
a)  HINHUEM 100V FHEZE SOV
[
Vo gow%
| Vin_ S0 V/§%

ISt [E]l: 50 ms/4%
b)  HIAHEM 100 VIR E 150 V

22 ARG A Sl I B SR

it LR SCUR 45 R, R AR AS SO £ A 2 T
NDO 1 A5 il 45 BE A8 PRAIEAE Z2 R4S 15 B T 19
FRGRAGFRRE , BA PR i) 3 285 i i A R A R
2%, S TR e i R R BRER R

6 & it

ARICE RN D LB A CPL B 2 CHLE
Tt RS DC-DC 78 e as i A T R A5 S A8 E
PER)EE £ X Buck-Boost 284 g4 i 17— i 14
T NDO B FERITTIE S8 T 2 B R R 58
MRAE SRE , M T RGEMTSEE, Z0r ke
Xt R GEIE KA 5 IR ST, - 30 UE A Y Y
HERE | SR s 2R G TR A 80 A 8 v R S0 e o o



52 1) WRARIE, 55 22 it KL R i R 48 DC-DC 28 e g KA 5 B SR 5L - 335 -

B, ZJEiEE NDO XAMBR S L AT G Wit SCF, P BRI SC I 45 R 3 B Iz 45 i 25 A H T
FAAETEIERT O B 2, A R0 T REXME S WA R ) CPL Dh 483 14 B A W] WAL
IS, ZEIk /> RGEMA I HTEE T, SC8 T X848 3 R ASIRMIER LM KRGS RE, REEA R
g L TR D RERIRES  RAIE T RS AR EER AR ERSE BRI B Sh s e N, ELZ R i
GEPE, AR R RS AR R I, 4y B BTz naE v, BT B Tk 1
W¥E # MATLAB/Simulink 45 B35 F & DL &% HIL - SA0ME,

SE K

(1] ZAARE, ST, a8, . [EEU42m 1 45 DC-DC B4 8% KA 5 A0 5 42 1 s . kTR sh Wbl % i e L BR [T ]
o L TR, 2023, 43(7) : 2790-2802
LI Xiangke, DONG Chaoyu, ZHAO Xin, et al. Large-signal stability control strategy of portable vehicle-mounted high-gain DC-
DC converter; backstepping technique based on disturbance observer[ J]. Proceedings of the CSEE, 2023, 43(7) : 2790-2802
(in Chinese)

(2] sksigh, FER, B9, 55 20 WL RGN HOCHEOR [ 1], MRt as IR R 22741, 2022, 54(5) @ 969-984
ZHANG Zhuoran, XU Yanwu, YAO Yiming, et al. Power system and key technologies of more electric aircraft[ J]. Journal of
Nanjing University of Aeronautics and Astronautics, 2022, 54(5) : 969-984 (in Chinese)

[3] XA, FA8, Ttk & 2R L2270 V SR ERE T RG/ME SRUEMEM [ 1], 2 E TR0, 2021, 22
(4):35-40
LIU Yongzhi, NIE Kai, YU Jinlu, et al. Small-signal stability analysis of 270 V high-voltage DC power system for more electric
aircraft[ J]. Journal of Air Force Engineering University, 2021, 22(4) ; 35-40 (in Chinese)

(4] RIEHE, BRZM, £mk, 55 20 CHLHIMORE L - 75 i v — B 2 A RS B R TR i T SR sl ST R MR [T ]
BT H AR, 2022, 37(2) : 445-458
SONG Qingchao, CHEN Jiawei, CAI Kuncheng, et al. High-reliability dynamic power allocation technology for hybrid power
supply system of fuel cell-battery-supercapacitor in more electric aircraft[ J]. Transactions of China Electrotechnical Society,
2022, 37(2) : 445-458 (in Chinese)

[5] Ty, TR, ™, 5. Masish/ AR RE R RS SHFRIR[T]. BAEoR, 2010(5) « 28-32
WEI Li, WANG Huizhen, YAN Yangguang, et al. Development trend and research status of aircraft starter/generator system
[J]. Aeronautical Science and Technology, 2010(5) : 28-32 (in Chinese)

(6] FhRT. 2 RHLHR RBAFERT [ D], At 1 s S LR R, 2017
SUN Yu. Research on electrical load characteristics of more electric aircraft[ D ]. Nanjing: Nanjing University of Aeronautics and
Astronautics, 2017 (in Chinese)

(7] Z9KAR, %, AL ZHHLm R B RERE M ERR [ T]. mIRAEH, 2017, 15(2) : 2-11
LI Yongdong, ZHANG Xuan, XU Lie. Review of stability research on high-voltage DC power supply system for more electric air-
craft[ J]. Journal of Power Supply, 2017, 15(2); 2-11 (in Chinese)

[8] Anush. Zr WAL W RGEREME [ D], s 7 RHIR Y, 2019
MOU Chengming. Stability analysis of power system in more electric aircraft[ D]. Chengdu: University of Electronic Science and
Technology of China, 2019 (in Chinese)

[9] LIXK, ZHANG X N, JIANG W T, et al. A novel assorted nonlinear stabilizer for DC-DC multilevel hoost converter with con-
stant power load in DC microgrid[ J]. IEEE Trans on Power Electronics, 2020, 35(10): 11181-11192

[10] & FEE, B &, &, . BN DC/DC 84k RE DU ik FIBH 2 R A P s (1], o Rk 5
¥4, 2022, 50(6) ; 65-73
ZENG Guohui, LIAO Hongfei, ZHAO Jinbin, et al. Adaptive control strategy for virtual inertia and damping coefficient of bidi-
rectional DC/DC converter in DC microgrid[ J]. Power System Protection and Control, 2022, 50(6) ; 65-73 (in Chinese)

[11] JIANG W, ZHANG X, GUO F, et al. Large-signal stability of interleave boost converter system with constant power load using
sliding-mode control[ J]. IEEE Trans on Industrial Electronics, 2019, 67(11) ; 9450-9459



. 336 - W odb T ok ko E R 43 &

[12] aRi, BIeUK, wh M5, 55, BT RRSUBNE KRR A7 ] XA IR A2 e de e M [ 1], mit R, 2024,
50(2): 714-724
WU Han, JIA Yanbing, HAN Xiaoqing, et al. Control strategy for dual-active-bridge converter based on kalman filter and deep
reinforcement learning[ J]. High Voltage Engineering, 2024, 50(2) ; 714-724 (in Chinese)

[13] MIDDLEBROOK R D. Input filter consideration in design and application of switching regulators[ C] //IEEE Industry Applica-
tions Society Annual Meeting, 1976. 366-382

[14] ALI M, KNEBUSCH B, JUENEMANN L, et al. Design and comparison of input filter configurations for SiC-MOSFET-Based au-
tomotive DC-AC inverters| C] //2023 25th European Conference on Power Electronics and Applications, 2023: 1-10

[15] R, #Ikfe, H40 1. DC/DC AR AR B TR i [ T]. B TR, 2004(4) . 66-69
WU Leitao, YANG Zhaohua, XU Bugong. The passive control method of DC/DC switching converter[ J]. Transactions of China
Electrotechnical Society, 2004(4) : 66-69 (in Chinese)

[16] WU Mingfei, LU D D C. A novel stahilization method of LC input filter with constant power loads without load performance com-
promise in DC microgrids[ J]. IEEE Trans on Industrial Electronics, 2015, 62(7) ; 4552-4562

[17] &5, ERIB, RL0K, 55, 505 B MEE A IS L[], B TH AR, 2018, 33(2) : 370-379
JI Yu, WANG Dongxu, WU Honghin, et al. Active damping method to enhance the stability of DC microgrids[ J]. Transactions
of China Electrotechnical Society, 2018, 33(2) : 370-379 (in Chinese)

(18] JRBESE, Wafkfik. ELURA I AR E kT A JeAT TRBR SR PRI WFSE [ ) ] R FUREEAR , 2020, 46(5) @ 1670-1681
ZHU Xiaorong, MENG Xinxin. Stahility analysis and research on active damping control of DC microgrids[ J]. High Voltage En-
gineering, 2020, 46(5) . 1670-1681 (in Chinese)

[19] BREMS, Tk, s, 2. SHDPR AR BN RS SREER T[], BT AR, 2019, 34(5) . 973-982
TENG Changpeng, WANG Yubin, ZHOU Bokai, et al. Large-signal stability analysis of de¢ microgrids with constant power loads
[J]. Transactions of China Electrotechnical Society, 2019, 34(5) : 973-982 (in Chinese)

[20] ZHENG C, DRAGICEVIC T, ZHANG J, et al. Composite robust quasi-sliding mode control of DC-DC buck converter with con-
stant power loads[ J]. IEEE Journal of Emerging and Selected Topics in Power Electronics, 2021, 9(2) : 1455-1464

[21] VAFAMAND N, YOUSEFIZADEH S, KHOOBAN M H, et al. Adaptive TS fuzzy-based MPC for DC microgrids with dynamic
CPLS:; nonlinear power observer approach[ J]. IEEE Systems Journal, 2019, 13(3): 3203-3210

[22] XU Q, YAN Y, ZHANG C, et al. An offset-free composite model predictive control strategy for DC/DC buck converter feeding
constant power loads[ J|. IEEE Trans Power Electron, 2020, 35(5) : 5331-5342

[23] YUAN Cong, BAI Hao, MA Rui, et al. Large-signal stability analysis and design of finite-time controller for the electric vehicle
DC power system[ J]. IEEE Trans on Industry Applications, 2022, 58( 1) ; 868-878

[24] ZHANG C, YAN Y, WEN C, et al. A nonsmooth composite control design framework for nonlinear systems with mismatched dis-
turbances ; algorithms and experimental tests[ J|. IEEE Trans on Industrial Electronics, 2018, 65(11) ; 8828-8839

[25] Jpuk, Brfang. ST ARZ M0 SOl a9 i BEXUm) DC-DC 72 #e 4 35 w7 57 2 i ¥ P 1R SR [ ) ] A RERL = SR, 2024,
13(5) : 1523-1531
SU Yong, CHEN Yanfeng. Nonsingular terminal sliding mode control strategy for energy storage bidirectional DC-DC converter
based on nonlinear disturbance observer[ J]. Energy Storage Science and Technology, 2024, 13(5): 1523-1531 (in Chinese)

[26] ZHAO X D, WANG X Y, ZHANG S, et al. Adaptive neural backstepping control design for a class of nonsmooth nonlinear sys-
tems[ J|. IEEE Trans on Systems Man Cybernetics-Systems, 2019, 49(9) : 1820-1831

[27] XUGeZ, BURNE, 5KE, 5. T ORI 0T CAT 8 OB [ C /46 42 b s 250, 2023
LIU Xiaodong, JIA Chenhui, ZHANG Yu, et al. Reinforcement learning-based backstepping control method for cruise aircraft
[ C]//Proceedings of the 42nd Chinese Conference, 2023 (in Chinese)

(28] skl RAEYE, SRRk, 5. 25 B R SRy T i AR E Ik 5 R R R SR [ )] i T AR 741, 2023, 38
(16) : 4391-4405
ZHANG Zehua, SONG Guiying, ZHANG Xiaolu, et al. Stability and robustness control strategy for DC microgrids considering
constant power loads[ J]. Transactions of China Electrotechnical Society, 2023, 38(16) ; 4391-4405 (in Chinese)

[29] LU X, SUN K, GUERRERO J M, et al. Stability enhancement based on virtual impedance for DC microgrids with constant power
loads[ J]. IEEE Trans on Smart Grid, 2015, 6(6) : 2770-2783



%52 1 WRARIE, 55 22 it KL R i R 48 DC-DC 28 e g KA 5 B SR 5L - 337 -

[30] CHEN W H. Nonlinear disturbance observer-enhanced dynamic inversion control of missiles[ J|. Journal of Guidance, Control,
and Dynamics, 2003, 26(1) . 161-166

[31] B0, #F5, FHE FE TN A AT 8 Bl B R i a0 (1], R TR S FHOR, 2022, 44(8):
2593-2600
LI Chuanxu, MENG Xiuyun, WANG Jie. Design of flight vehicle trajectory tracking controller based on disturbance observer|[ J ].
Systems Engineering and Electronics, 2022, 44(8) : 2593-2600 (in Chinese)

[32] R, 28 PSS B AL R BRI i RETEEREOFTE [ D], B At: At s TR R 2, 2023
XU Yanwu. Fundamental research on high-voltage DC parallel power supply system for doubly salient electromechanical converter
in more electric aircraft[ D]. Nanjing: Nanjing University of Aeronautics and Astronautics, 2023 (in Chinese)

[33] CHEN J,SONG Q,YIN S, et al. On the decentralized energy management strategy for the all-electric APU of future more electric
aircraft composed of multiple fuel cells and supercapacitors[ J]. IEEE Trans on Industrial Electronics,2019,67(8) :6183-6194

[34] GAO F. Decentralised control and stability analysis of a multi-generator based electrical power system for more electric aircraft
[D]. Nottingham: University of Nottingham, 2016
Design of large signal stabilization strategy for DC-DC converter in

multi-electric aircraft DC power supply system

LIU Jiahao®

’

CHEN Linshuang', LEI Yong', JIANG Wentao’, ZHANG Mengchao'

1.School of Electric Engineering, Sichuan University, Chengdu 610041, China;
2.School of Automation, Northwestern Polytechnical University, Xi'an 710072, China;
3.Northwest University of Political Science and Law, Xi’an 710100, China

Abstract; A large number of constant power loads with negative impedance characteristics are connected to the
power supply system of the multi-electric aircraft, which poses great threats to the system stability. In order to en-
sure the stability and reliability of the multi-electric aircraft power supply system, the negative impedance feature of
constant power loads must be overcome. In this paper, a novel backstepping control strategy based on nonlinear dis-
turbance observer is designed for source-side Buck-Boost converter in the DC power supply system of multi-electric
aircraft. The average state space model is converted to Brunovsky standard form by feedback linearization method ,
furthermore, the disturbances and uncertainties of the system are estimated by using the observer technique. Then
the estimations are used as feedforward signals to design a novel backstepping controller, which guarantees the sta-
bility of the regulated power supply system. Finally, the effectiveness of the control strategy is verified by simula-

tions and experiments.

Keywords : multi-electric aircraft; DC power system; backstepping control ; constant power load ; Buck-Boost con-

verter; large signal stability
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