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Research on Control Strategy of Dual-active Full-bridge Converter Based on
Deep Reinforcement Learning and Kalman Filter
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Abstract: A large proportion of new energy and random loads are connected to microgrids, and the large disturbance
caused by its uncertainty has a negative impact on the stability of DC bus voltage. In order to realize fast adaptive voltage
regulation under large disturbance, a new compound control strategy based on Kalman filter (KF) and deep reinforcement
learning is proposed for dual-active bridge (DAB)DC-DC converter. A deep deterministic strategy gradient reinforcement
learning agent based on the Actor-Critic architecture is designed. The best observation results of KF are used as
feed-forward compensation to improve the accuracy of output voltage regulation. The control parameters of DAB con-
verter are automatically adjusted through online learning to ensure that the DC converter is stable in the face of various
system disturbances. Finally, the effectiveness of the control strategy is verified by simulation and experiments.

Key words: dual active bridge DC-DC converter; deep reinforcement learning; DDPG agent; Kalman filter; large dis-

turbance

B, M i AR XU BT, XU YRy 5
DC-DC 2z #i£%(dual active bridge, DAB)#I A & 2%
BEL ERCR S BRI AL S A T 2 RN IR e A

515

LU X DR B 78 70 A 4 23 A 2 L IR

ARt Bl K H R A 73 X R Y 2 TR o7 i U2,
BRI AR & Rl B
RN EVUM A, AT LR P RO SR A2
PEZRGEEA. H T ORAN XU H e HL PR TR LB 53
MRS 2R, X T BOE R A ) A B2 L 3

EERPWME: EHEE R ZRESRE IS HE A0 H (U1910216); 1
PG48 B U AR E (B BR41E)(201803D421010).

Project supported by Key Project of National Natural Science Foundation of
China (U1910216), Key R&D Program of Shanxi Province (Internalional
Cooperation)(201803D421010).

DO AT, R LI H 1] m s I P S B 1 5
X B 1R 1247, DAB A2 #3147 1l 5K
W IR, B RIS IR B B B R AR E N4,
H AT DAB J 2 R PL#% 2% K2 56 T4
A REAEAL/IME SRR T, i 20 TAR
B WSS EA I E 155 AR 2R 1 2R Gz il R
AEENST; BEFEN SR B3E N PT 1 2 2 51160
EHE PIARHIUT), BRI B HSREIENS, 54k
FLEUTRAGRERE S PT i hilMH4s &, RYEAH



o, BUHRUK, SR, SF: T RUKR IR SRR o U IR A MR A A ) SRS 715

M) TAE BIERIEIE PG R 280, — @R L3R T
PI 4zl 45 (RS I L fE ST PERE, (HILA A IREE T
MBS TR, X NREIRR E I RE A B, Y
RGEIE KBNS, BT PL A 2 P45 1 g 5
RAMIA, BhATEREZE, BT BRI KA R .
RN RARENE G, SCRR[21132 H— M B H 1)
RRPSHIENG, $EFt T 4N R AR T R 1 B AR e B
REJJ: SCHR[221R M RAE 9 0 i e, R RS
fERRAE S Aok Buck-Boost 7% 2  H LA A e R4
NGO SCER[23]4 B i B il (R K 3
"~ Buck-Boost A8 #4514 t HL R AR E M. B
WAL AR LR PE R GE, o FE A TR SR )
DAB #% il 50, &N AR, B&Est. A
TE 1 (R B4 ) SR NN 2 BTt
Ry )R A Y] A%E. NS
JRR R B2 N TS N R, H
PR 1 5 P SRS A6 P 7% (deep deterministic pol-
icy gradient, DDPG) it 5 i # v A= i K 24K
PV Refk, & —MA SRR R i 24 ik 5 2
¥ 77% . ¥ DDPG #51i| b H 3] DAB A8t 2% R4t
H, KT RASEEL DAB RGBT IR ORI H 3R
B, A RGNS E,. BT H
TR AR R R B AN E MR ECE, A SRR
DDPG [REFIRZE, BRI RFAEHIR, FIRAT R
GRS e . BF AR I B R AR
— PSR E RS A RO, AT A
M S, /R 2 JEYE 48 (Kalman filter, KF) [25-267]
il TE = A TC IR AL i R FE A D) %, N
PUTPRAATH & AR A T — PR AT S 0k
KRICEEXT DAB RGUAEHT REUE I X FA & Pk
FETE S & MIEN T ARE R R, $RH T —FhkE
T KF ) DDPG ® &Lkt 5n% . 4 DAB
RGH NG HOIRAS T 73T Actor-Critic #1221
281K 1) DDPG 2 ReAf il 2%, K R /R 2 80
IRAEREN 01 A A Al T AR F R AT U B0 5] R
RAHE, AR PSS FE A A R R G e 2k
SIARWT H BAE IR, 5 SR AT N AT VRN
T fe KAl AR T AR R SRR L Y o
DAB Z 4t 8T 1) R I S RE 7, DR B H A L
ffasEtt, Sl DAB RGN HIERNAIHE fae .
i BRI 45 R B, AR SO B B i e, wf
DAEA [EFREEHR N 34 ORIE DAB A2 € 1817 .

1 DAB izTH|#&H!

1.1 DAB RY%EH

RGBS XA VR4 DC-DC AF 432 11 3= HaL i 4
Bl 1 FR, B EXFR I A (full bridge, FB)
Fl— N E A 528 TR A Lo k. Hd, 84
WA 4 DMIIFEIFRE (S1—Ss, Ss—Ss), WANHE
A GiAl Co, L WAL E s i 25 1) 1 AN 4 By
HUEK . Ua T Ub 53 312 R A0 1 25 (40 2 L R ER
Gk, Ul U, £~ DAB N Wi dE, U
F L 43 il B L R AT, T SR At e
AT RS TRE, B L IRIEREE R A ThAE, )
FEBR AR E SR AL D F X R A B I B o

ik e VA il AR RS 2 ) 2 DAB AR g 1K
FhFEEAR SR L2280, MLk e VA ], AR
IR S TE6 @SRRI RS s
LA i N

DAB PSR 2, B LR L 45
o N AN U R, SN B IECA Us, BN
i FLBE 4> 0 Rs A0 R, A NFTHH FLS 9 Gl Coo

TERA TAEA AN, HRHIR i &M i,
SPRIMERNE. B, AEE RS RE, X NI
N2 5 s AR /R EE R e T 15 DAB AR d R3S 7
1) @QFfR, Hrh R oomE, D L.

dUi - _ Ui nUo _ Us
TR YRR Tt A T
" C L I—L> 1:n C +
= '_’TFYE — nIicE +Ub | e RH
Y :rUNA % ; \ U,
- sz a —S4 T S6 Sg -
S m S|

FBI FB2
K1 XA RSN Hds a5

Fig.1 Dual active full-bridge converter structure

<> g U=c | DaB i = R[] U<> i

2 DAB T &R0 e i

Fig.2 Average value equivalent circuit of DAB



716 i LR AR

2024, 50(2)

dU U nU.
moz_Réo+zﬂ£;Da_um 2)

M 3RQ) AT kR A H r ik Re g B Y D ok
EHlE R, D>0 B, ZhEIEREY, D<0 i,
DA m) AL .
1.2 #T KF 1 DDPG HY DAB #5445 8)

TERFBH IR NI 5, Rl
H K B AN [FI R B2 (AR 2 e 3 3, #2458 P % 7 vk
IR FIREK. BIENRE I ZE, MEDS)
JHEIE K, ANEEWI{RE DAB % AR MR E .
DDPG #7528l DAB RS fEiz T fE b Ak E
WABIEAEME, I RgshStEreffaett. HT
FERI A, MRS RGH M FTE B RAYSLER
(19, T KF B8 B PR 23 M AR Al T 2h
I FRIPRAS 30, SR AF A M S AP o T~ A T
RS AR AL THERBY.

ACH KF # DDPG T DAB #%4i]. ifiid KF
TE A AN F2 1] J 97 PR o e 7 R0 Ao S B AL 2R R
ST, R4 DDPG, &7+ DDPG i
B NFR AR EUE B B IRCE, T ERE
& DAB R4z kE, AT DDPG B4 H %
SIEeSy, R TRy DAB BNz
TS ANEIE LR, Mfifes DAB R4
FIFtEheE hAfa etk . Hishlasnogs /i 3
N, HH Ue Rt ES%{H; a {3 DDPG
s A EE: Z RAREMINIRZE N /242 T
I FH RIS R MR8 RAHR AR
FEIRZ; URRE KF GRS k.

2 Kalman ERE51%1t

EFE Uow UMFNRGIRESZE, »~[U, U],
(1) (2)1F DAB RGUIRETiE:

x=Ax+BU, 3)

B 1 nD(1- D) 0

RC, 2/LC,

Hop A= . B=| 1

nD(1- D) B 1 RC

21LC R.C. s

LEENEIEN AT

Xn+1 = Aan + BcUs (4)

A A, =e', B =[ e"Bdr, T. JEHiLE
(15 DDPG #:#SRERT IR, 5 R FIShR 4
R AR 7S RIS, U DAB IR 75 PR KF
YL 58 A A T R

€ n

Z, =HX, +V, )
Rebt: X, NySEhRli 2 IR H b R

F
e H =

{X;Hl =AX +BeUs+’/Vn

0
R, AR
EW,)=0,C, (W, ,W,)=M
EW,)=0,C,,(V;,V,)=N (6)
Cov(Wk’I/k) =0
b MOy REME R W, 1007 2R, N AR IR
7V 17 R
FT (S)M g an=(7) I &5 77 1
X,=AX  +BU +K/(Z, ,~-Z, )=

AeXAn—l +BeUs +KnH(Xn—l _Xn—l)
A AR THE, R RAF I EE4 75
K, msel s ftiit. KF i S i i 4 s,

BEIER . W T P[]

0
J;Wﬁﬂn%%ﬁﬁﬁﬁﬁﬁﬂW%

()

SRR X, |
Xn/n—l = Ae(n/n—l)Xn—l + BnUs (8)

TR ZE D 7 2R P,

NAL I i 2
U + DDPG a, % ZHR I 25 B
125 th1] B2 DAB —>

U
—K
Ul

[ 3 JLT KF fl DDPG [ DAB & & 45 il HE &
Fig.3 The composite control block diagram of DAB by KF
and DDPG

M,y

' §
#n/nﬂ:A e(n/n—l)Xn— B, UJ

15—

_ T =
‘P n/n—1_Ae(n/n—1)P nA e(n/n—1)+Qn—1‘ =

b

MMEZ,

= 1K, =P, +HYHP,, HR,) |
|

I c
K=x,, +kz nx, 1—| pPaKmP, | 1
e 4 X l&
o W B B o 325 11 S B

K 4 KFil&itie

Fig.4 Calculation process of Kalman filter



B, BMK, WhETE, S BT RRZ RIS TR SR AL 5 S IR YR A AL 4 2 4 1 SR 717
By = Ay PAT M, ©) RS, BTN R, S
AT K KA L. I AR R (R 1%

- W é’f o ) ] 7 é}:'“ : ’ ]

K -P H (HnPn/n_lH; . Nn) ' 40 Wz Arant, BV RSB EREA, HTI

DR B ASAR (5 1-8 X,
X, =X, +K,(z,-HX,.,) a1
TR B )y 2206 P
P =(I-K,H,)P,, (12)
S R B IR X, E A DDPG
P S PRNZ F2 HOA ARIFR B2 B, RT3
e, T A PR 0 P SR S R

3 ET Kalman 85 35 HUR BRI ST

3.1 {33 DDPG it

o AL A S HE SR — SRR R S R T R 3R
(Markov decision process, MDP)id #2321, & X} gk, 2
>) 1) @) % % & . DDPG % T- DQN A
X F value-based 1 J7 ¥ il Zx
Critic-Network, F| F I [i] 2= 43 (temporal difference,
TD) 7 iEVHEAME R EL V™ (5) B3, SR AR 1 LB
;% Bl.

RS, /MR KRR BRI RN Lo:

I, :%§<yi ~0(s.al 0°)) (13)
s 5, a0 IFE R BT PIRAS BRI TR OB
fi, 3, =r5@)+ 70 (s 1/ (sl 04) 07), FiF
(LA)IHUEBEE, TEHF Actor 924 P IFIRLE 00 .
VHAJW ~

Es,~p/’ (\70“ Q(s, al 6° )

Q-learningl4 ,

o 7 07)) =
E (VaQ(s,a| HQ)F””(S) ngﬂ(s| 49”))
K p BIHRE: R AHIRIERER T
EREGK ¢ N, DDPG REESIRIERZ H, KA
Jedle = (5,75, ) FEME IG5 T .
N T RIE DDPG 22 2 ke e tt, fEd R H

PR LRI . M B AR 2 FIRE 25609« 9+
FiE I (15) 34T S 00 54,

0% « 1609 + (1-1)6¢

0" « 10" +(1-1)6", (15)

r<<1

DDPG 7 fill &5 BE 6 MR 4 S S 1545 S8, sl i

2z DDPG MZ&MEHN 4. MEREN C A
TERE My AEAE STTIRES s BIEu BN G, 3R1FE
Jil 7 AR — B ZIARES o010 MILEAIR S S 5, =[0,0,0],
AME a, = u(s, | 0") + Nosie J2& 1 T BN AE VT4l (Y 4% ik
FEIf), Critic-Network 8@ i fie/MbA5 2 B (13) K 55T
ImSHE, MRS SARIFE(14) T H Actor-Network.,

B 5 HERAR T DAB Bl 58 S4HI H
it HE, BRI, fEEEdE, g4 2)
{E{H. UL DAB 2% RGNS G, it KF M
HRERHBEES . MABREES . HEERH
HIEMENSHE, AEET IR BEEES vl
Vret Z (BRI AE e S FERRAME S T B IR BEA 2
M 2% Actor-Critic 2% 15N, LA e 1/E NEE 1 H
b, &3t Actor P4 i th AN AEE Dy Sz .
32 GBLEFES] Agent BRI AR

DDPG 1 Actor-Critic 4528 R U1K 6 Frs.
6 /rili/& Actor-Network 4244, P& (1% N 26
B3 AMATT, WRT 3 AN AL B
Uos HiitH LR R 2l e = (Uy —User )/ Urep x100% L) K
de/dt, ¥tiENa, = u(s,, 107).

Kl 6 £if:3i5r & Critic-Network 4844, HiAJZ
HALEA 4 METT, MRNT 4 NN AL B Uos
e, de/dt 5 Actor-Network 1% a:r HiHZ IR
BENEE R OCs,., (s, [07)]077) &

Actor-Network F11 Critic-Network #E & 3 Ma
=, 1 EAEE 2 JZ S 200 MHE TG,
I BRI RIS ReLu6, 56 3 J2 AL 8 10 M T,
BOE BB ReLu; Y950 L2 1E AL kB 11 /)
B A

Critic-Network it )= O BREFRIRE s IR TR
WU o M DA E FrRAS 2N e, Rom .
0" (5,0,) = E(r(5:0)+ 70" (s.0ot(s.1))  (16)
Hopy BRI R Jp()FRIE R IS

a0 =[ P! (5)0" (5, u(s))ds =
E Q" (s, 1(s))

NORUES HBITERES 2] DAB RSt LM TAE
RE, MARZRFREEIMERIRE X, gt
TESE MG FE A I M Ornstein-Uhlenbeck(OU)
FRTH®RE, OU&—FEblLdE, RbuF:

(I



718 m HUEROAR 2024, 50(2)
WA BIRZERELU) Hi R
I I
1A o |
LA 0.y
U—0 o 0. )
e~ i 0\ ()
de/dr—0} - © 0
a—g{——0 o |
I @ .
I @ L
I I
——————————————————————————————————————— . e /ﬁ
\‘\ /" Experience
\\ S,;,0,8,,
; Qu Critic s “
’Y A
Netvoqu
| V.0, {—
o : i :
o
N\ Actor - i i = i
Ne}work § i %i Ag i
‘ I
[ b
PN | F%%ﬁ)%‘(ReLU)' @ Kalman
I | Noise o
V7 |
Uo_’.l I a, a4 c
>0 | » DDPG - E=
de/dz—».z'{l' l fetilFe 1
| |
| |
1 | fo-

K5 A Kalman JEi; 436 DDPG 2 8577 %
Fig.5 DDPG controller scheme with kalman filter

dx, = -0(x, — p)dt + odW, (18)
A Y2 NYME: 0. o>0, W, AT HiE it iE: x
WEZE. Yxop, F—IRE x amh: RZ,
xe BRETHEIN . SR, CIRES A I B b 1Bl |
YA
XF(I8)FEAT KA, fiff S
x, = p+(x, —p)e " + GJ‘; e U dw, (19)
A 0 8K, FHIBU/N. RGmSE TR,
BN IUE Bk B[] 18] B 3 = 15 6 v o0 A«
W(t)-W(s) ~ N(0,c*(t —s)) (20)
o POEMERANRIE, mAaF i OU

K 6 Actor-Critic {J4H25 / 48 28 )
Fig.6  Actor-Critic neural network architecture

BN ASIRZATLAE DAB R HIMT 5 IR R
o MRIE(18) e 5 2 A = IR (K38 INdEAT 2h 24



o, BUHRUK, SR, SF: T RUKR IR SRR o U IR A MR A A ) SRS 719

VR, RS T A S IS
KA DAB RGEH0EE H] H AR 4 e e
JERIRaEtE, B R AL re Bl FEL R 22 e (1) 3
KW AN o B (16) i+ 5 QO #E M Bh A R &
Actor-Network [ ai, PATF 3R Omaxo A T IIERIK
SOEPE, WRIEHEERZETE, HEQHT 4 HE%K
JEREL 1o BT IRECRBURIE G K RS, 7 B
% o Vel S A L S, % VLR 282 2 (22 ) 22
W, ResdR EIZRIReR s DY Bk H0 2
BIER GBS DAB %t R A48 1 Sk
il
-1000, le(n)] = 5%
—e™OR05 L1 1% < e(r)] < 5%
e 0.5%<[e(t) <1% (2D

=
Il

€

50‘8 ll ‘+0 1
.
e (1) ,

0<e(r)] < 0.5%

D REGRVFRKHEME RN 5%, HikEkH
HE Us I 22 I FHUE N e(t)=5%, Hle(t)>5%,
SE r=—1000, 1§73 Actor &g {5 IESE(E M, 45
WA BRI g 2

2) Y1%<e(r)| < 5% I, | AELIREE &,
B f(le(t)]) =501 ()| -0.5, BHme %o 1 ek
WEAI R Rk SRl o A B IE R R

3) H0.5%<e(r)| <1%It, le(lfz ety HiE
BER, % S (le(r)])=-500] e(t)] +6 .

4) 240<le(t) <051, DAB H%rH i ff £
tEMIRasE, B S (le(r)])=1/(50]e(@)|+0.1)+2, |
He()| 173 re HE R I 2.

R Zetnbfisk Al fos. ATRAERH, HiIgk
ELEF] 600 YRIN, 22JihkaT 2400, G4 H A
JEAERFTE 1% LA, 4ERFF R E . 4 DAB T.{F
Wik A ARy, DDPG Y REAA L B I it SR 7E 28
S50 AR AL v ORI B RR TR 4ERE R R,
HAT R HE R

4 HEER

B UE P AR P ] RO OB S, fE
Matlab/Simulink &, &% 7K 1 BrafXCa RN
DC-DC A2 RY, i) 5 Rl 5 fox, g
S PI #1240 1 frox. DDPG 5| HAH RS
Bk 2 fn, OU BRI FEH Actor-
Network [R1f5 B AE oA A s 60=0.5, o=1; HL

®1 2

Table 1 Component parameters

0 Bl
HINHLE UV 100
ik R Uy/V 100
AL 1n 11

A5 [ 3 45E ARSI fkHz 50
B U L/uH 20
HL% Ci/uF 1000
H1%5% Co/pF 1000

Ko 0.5
K 10

%2 DDPG HEANI RS H
Table 2 Key Parameters of DDPG Algorithm

28 EA¢E
S EA() 0.005
RS 0.9
T 7y 22 0.4
TREMIT5 % 0.1
B JEE 1
BRFE AL 256
Actor > % 0.000 01
Critic % >] % 0.0001
TEfifids M55 G 50 000

T=0.000 01 s, 7t=0.1 s, i N850 FL /9 100 V,
o R0 ) A0 HLR A 100 Vs

1) ANEES) T 6 1% e

Sy AR EESR P 42 i) S B 0 AR ST i ) S s
i DAB #irtH LR AR e . HH T PLf& i MEAE H%
IS BORRCEVIFAOC, fE5E 600 W LB ~, WiE
PI IS5 AR RA i tt. K, U
A Us 23 )3 7% N B IS Ay HE P TR, 15 T L 40 Sl 46
AN TDANG R LK s s N N NG E7 RISl 5 1 < N
GYERERFIES RN 3 R .

T 1: 0 B2, f 8 B 200 W BYERE] 800 W,
o I ZIFEARE] 200 W, Hi sz an & 7 fs .

T 20 00 B %, SRk B 200 W B ER ] 1400 W,
L W ZIBEA%E] 200 W, HrH i anEl 8 Fios.

H P 7 gk 3 mr A S B +600 W B, A
SCHTHR R ) SR R B A U R R ZE AR R T PL |
BRI 87.6%, TTIHIZA%E 73.6%; BEEHS)
K, IR 1200 W I, @1 8 fis, AT
e SR W 1068 1 B S R A 22 AR T PL il 35 %
I 98%, I Al 46 %E 76%, PI 4% O G {5 p
RAFTEIRE.



720 i LR AR

2024, 50(2)

HIE T WL, BEEENR, PLEHIE Y RE 188
FEAIK, HEM1S DAB RGuHkAe, A ST HEd= ]
SR T DR FF R SRR E 1 » SIS RN I,
HABGT IR L.

2) XN AR S R

N BRI BT R PR £ 11 45 A e N\ P I R 7 3K T

B IR N S, T PR BRI 1
DUKR LB A R B 9(a)—(b)y il o 1A Fy
RAZ Ak P N HL R R = A T8 AR A R N FL R AR E
9 th, FAEAE 1 I M 200 W A5y 800 W, FE f4 [N} AS
9200 W.o B9, HIANHEMAEREN, £
L0 VAR 35V, £ B K-15V; £

» Il O, HINHLEEII S A 25 Ha = s 24k,
5 ke -t - .
107 e PO/ FARIRLE 0 M0V ASILE] 28 V. 7 6 AR 10 V.
T
> i \ N N <
S 10 R e e iR LB, ERN AR R EB RS
= 99 1%
(N N AS P ¥ VAV OV 6 T g
6 =L S S B I SR, &
=~ 0 - g e BT P S \ \
R At 1 0.0 oo 238 1) H H S Al 2 AGER R 1 B AR R AE£0.5% DA Y,
< e EYGUEAII N 18 ms. B, ASOFHR R
~ - R TE 100 X
v PR - D0 3 RS RME N RGN AR
t t
1
(a) 7= 3C AT 42 4% 1 5K 1 Table 3 Characters of system performance with different con-
> %8% Yy I 1l 100 ms/ trol strategy
S708 E
L Pt iz R
104 I:]. .. ﬁ L Alq‘ﬂ E/\/
> 100 Y B ' S i Y s EAR
= 96 i | B PI 1.50 95 2.02
6 » 1 H ..
<3 /s BT 100 q/)tgl 600 W AL 0.17 15 032
=~ 0 ; | ol PI 1.23 45 1.52
3 - . : 1 . '8 0.10 10 0.25
< £ ;_ [ | IH’IIILHHEIH TN TATITN| PI %*5 9%$3 62
= g Al - fag 100 -ms - P ERERITIEHE | K ~ . i
- - . Vg 0.40 25 1.09
3 t, 1200 W X
(b) P S PI 553 105 155
. i x AL 0.23 25 0.45
Bl 7 3600 W 8RN LE
Fig.7 DAB output voltage with +600 W disturbance
102 j 43 O =t 046 A
2100 [+ k) :'H]].ull‘:'J VU NIS/TE
> | VTR 100 ms A i i
=) : o U T A TRL500-ms/F%
L/ G B TR 100 / S 100
Z l§é i SRt LA A R VAV Y T ~ 60
= ﬁtrh.l Tal--E00 A
6 yi P TH - EOU-MS/ R
127 <
< =
= 0 Eﬁ—rm: i) {‘EjJ, 1:00-m /‘fﬁ 0
16 (T < 20 I A" A ﬁlfli'['%r“h‘/grr\IHJI 09 msﬂﬁ
g 8 : | - § 0 \\/r \\‘/ \\ / \/‘ \I I J. v
~ 0 o T T 00 ms i 20 1 I 1
> : h 1 [
2 A~ AR A
(a) 7 3C 7 48 42 ) 4 0 . (2) B R A 2L
[
> 190F ¢ 2 100f 7 T s
S g0 A T L0 s 98
= + T T 140 -
> 108 bt LBl AL 100 mis -] Z 100 s {00 mrs A
= 95 ; W 60
8 B 6 H
S o : i g o T I R T00 s
=g M v T T 00 A ; ~ o0 b | s
$ 10 ! J q < 20 *ﬁﬁﬂ <] i‘tﬂ) 100 c/f%{:
=~ 0 T R T OGS RG- T = 0
10 T t -20
! 2 /A 6o 1,
() P2 (b) = f A 1

B8 fiEk A b+1200 W 42 il R %t Lt
Fig.8 DAB output voltage with 1200 W disturbance

9 A HRARGH (7 O .

Fig.9 Waveforms of input voltage variation



oUW, DTHRUK, BRENGE, SF R TORIRS IR BRI 5 O] IO XU YR A AR i A ] SR 721

SR AT LARA DR i S A A7 3R] 2R AL TR R G HY
FasE Tk -

5 SCIRZER

5 UF BT ) SRR 1A A, $E T 10
B s 2k % o JF R % H CREE 2 A 1
CAS120M12BM2 %! SiC MOSFET, dSPACE f T-7=
4 DAB I REH PWM (55, S EILE 1.

N TR B AR ST AR ) SR 1R R, AE P
TEOL N T SEIR S0 UE . B 11—14 1, I,y DAB 1)
fiH EIR, Lo DAB IR, Us N DAB (1%
HHLE, Uish DAB fIHI N HE

D 158 1 R 7 SRELE S M H AN [R) R A 4
SR, ASCATHRIEHIEMSST DAB i HIERIRE 2
ARG AR, 16 0 M oz, FEERAR .

WIUAS Z 5 A D208 200 W, dr i R RS E
£ 100 Vo 1£ 6 B Z1, $EiM 200 W BRAE K 700 W,
TE 2], G 700 W BRAE ZE 200 W 43 51158
ASCEER] . BTN §1]B30)( model prediction con-
trol, MPC)# PI %50, I8 11 Fros.

WIE I Zal % AN TRy 1200 W, %t H R Fe e
1E 100 V.o £E 11 BF %, 13 1200 W ERAE R 200 W,
1E B2, FEM 200 W BRAEZE 1200 W, ASCAT
. MPC F1 P SRng, Scifss R 12,

K 11—12 szie s Jnl A, 78 %k
200 W—700 W—200 W if: 5 MPC #=#ilHLL, A
SCHT PRI I E PRI 86%, 1A TT I [A] 45 ik
75%, “FHIRZERARIT 85%; 5 PLEHIM L, A
JITHRA% ) U B ARG 90%, VA 5 s} 18] 45 46 3T 65%,
SR ZE FHRIE 93%. TEGEH 1200 W—200 W
—1200 W i: 5 MPC #=#ilAHEL, ASCHTHEdHliE
VR PRI 89%, TN [RI4A k1T 40%, ~F3iR2E
FRARIT 93%; 1M Pl =N RE4ERF RS E. K 4
AN A SREmE N ) R Gt R BASEGT E

MFE 40T DUE Y, FH EG SR TN AN P42 i 4%
AR AT ) IR RS IR E
BRI 35%~90% . JUHAE KIS N, AR SCHres
HIIRE O R R AP IOPERE . DRIR AR SCRT g3 Il 5 i o
T RGNS HEREERESRE S, I HAME T R4
TES TSN N R e 1

2 1B 2: NTRUEEE AT, Fricsstil
FHg 0T DAB [FFRE ERIBAS HERERISZ I, (£ o A
L%, BN A G AR BR AR AL

+ G o
US()_ :::

‘ %Zﬂ HdSPACEH x5 }-J

K10 e

Fig.10 Schematic of experiment

T A 20.08 V

I BB 20 Y /%
A LS A 4 1 8], 50 ms/H]
(a) A% 3C AT 42 5 1] 5% W%
7 Ak 7§24

r'd )
U .52 1.74

= 85 ms TR TR

Yk BB VRS AMR L B B R, 50 s/

—|, 67 ms f— —>58 msk

N HLUE, 20V
A IR, SIA/RS B iy I 8], 50 ms/H|

(c) PI3E B
K11 sk AE 200 W—700 W—200 W 254k T SZib 3 %
Fig.11 Experimental waveform with load varying from

200 W—700 W—200 W

Kl 13 2y DAB fEfiI A\ HLE 5 gk Al @ A0 T
(SCIGUETE . A AR e Th 2 200 W, s %
I RAGSELE 100 VL 1E 6 B %1, fE A 200 W E] 700 W
Ak, HEINEEM 100 VA5 A 120 V. {E o Z], 17
M 700 W F] 200 W AL, FHIAHEM 120 VAN
100 V.



722 e B R 2024, 50(2)
U, — AR 2. PR | U, R Z0.45V -
U 055V i 048V 37V 5 172V
T = L e e : Lt
o 1 ; . : 11 ) [2
: I, A
..-Iiul uuuuu "';_""""""'f"""""'_";4"kilis'"”” _?SL';_S _sz_
ot m
6IMS g ey K E20 Vi
‘ zmaz Eﬁﬁ A/i‘% S :
- ik 4 950 LKL 20 V/I%
T HTIEH 100 ms/# Itk - BN TS 100 ths/H% PED: LS AMR
(@) A= 3L T 4 2 ) ST w (@) A% ST T 4 P 1) 2w
U, L AREAISV U, AR 72h. 45V
- ,‘:_,v,;,;\ ; E \ 4 - »
U, 524V 1 476V 1.7V 102V
10 L : i : U; 4 .
-»-»|»-»-| + _,_H\iur-y-p_upuurururr 110 o -+
_BIOms : : 113ms =173 mgs k- 1126 mék—
Dommmm— YL R, 20/t ll Bl 6 191, 100 ms/f
‘ : I T
bl 5, 20 V/E : A FRLULS AR \
Pl UL 10 AV T BEED I L1100 ms/ks I
(b) MPCHt s (b) PI§% il 5 1%

ARG EEIZIV ]
U "

It E S ey

' IOVEN: FLE, 20 VK

THUE LS AVI%

: i b I8 8], 100 ms/H
(c) PIS %
B 12 HEAE 1200 W—200 W—1200 W 254k, T 5236 9% 75

Fig.12 Experimental waveform with load varying from

1200 W—200 W—1200 W

R4 AFIFEH R

Table 4 Comparison of different control strategies

mEdt  fHl AR AR BEE BEE PR
/W J738 I8 t/ms  [A] H/ms /v LN EIV

A 25 18 021 030  0.18

200700 \ipe 85 71 1.52 1.74 1.24
200

PI 67 58 441 396 2.65

KX 65 43 0.55 048 028

1200—200 \pc 39 113 524 476 415
1200

PI NS

K] 14 24 DAB fEf N HUE PR S AR A& 34
AL RISEIR BT o AT D)% 200 W,
I R R A SEE 100 Vo 78 6 I 21, g 200 W
2| 700 W 24K, HIAHEM 100V A 80 V. 1E 1
Iz, g 700 W 3] 200 W A4k, i\ LA
80V AZ 4 100 V.,

HE 13, 14 ATCUE s ARSCHTER i) SRmg 7
HIONHLE (20 V)FI4 8k (2500 W)[RII R 30
TEOLR, PR (B £E 35 ms LAPY, i R AR

K13 RS kRS AL T SR
Fig.13 Experimental waveforms at the same trend of input

voltage and load

Us o ARE08IV T
N
144 320V 283V
17, 7
I H 2
& ! 4
2 — =
2 Y 1 7 mSs
4 [ Y HUE, 20 Y/
Wk 201 18] 100 ms/#% AR LS AAR

I8 ol LN AN
Y FLR, 20 /R - 0 A IAL100 ms/Hg
2, il E@‘bﬁ,S A/% A
(b) PI#% 1] 5 W%

B 14 RS SO A T SRR
Fig.14 Experimental waveforms under counter-trend variation

of input voltage and load

ZARFF0.7% VAN, HIHE/NT+5%, BEfRIE DAB
IFREIBAT, i BEERRREFIREE S EE, &
PEREARTR: 10 PL 4% H T w22 0 7%, [0 A 4 H
I L, ARECRIEAL A AT 5.

R PRSI A5 R, ASCHE i 48 20t
TRUE 7 HER R IR TS, B POERIZIAS . £
A R T O AT LA Bt fRiE DAB #iH



l:tt il%]’ E%MIJ& E%%ijﬁ‘:’ /:%‘Et %ﬂ:%;ﬁ

KED

DRSS PR L SRS 2T I UAT Y A AR A 4085 22 | SR 723

RIS T RO R T, JF HAORFFISATARE . sha
REAN AT Y HUR ERERRS FEAS 21 7 A 208G, kiR R
BT BT HOR .

6 4ig

AIFEH T 3T KF () DDPG #%il 5%h%, HT
$2im DAB AZHds ) H G ROEA E R E AR H AT
g5

1) AP 2 i S mg B B e L GE R A
BN LA PR RS FE R RE R, B AT TR I AR 0
BEBME, o MRIERSFLEBITIHRER G E
B1T, REmRREENE.

2) ARSI SR mE v DAEAS [R] 00 R A
PR I 155 L, IF HLRRE ORI R GRS E BT .
BEE A ASHT REVE 7 ECIZ TR T, BRI X T 1)
KILBNISAT TG HRG FEINARES, A SCHE 42 1) g
FE 0 1R 1ty S0F R 28 40 mh L TP AN [R] e 2R 1 8
3, EEARAN AR A B E N, OREE R
JEIBAT, HATZ N5

B 3% A< 1) 9 2% il (http://hve.epri.sgee.com.cn).

S22 #Ek References

(1] TEEE, 22248, SRS, 5 00K F AL ) R GRRIH
5] R Ry SR [T). LR ROR, 2021, 47(9): 3036-3046.
HAN Xiaoqing, LI Tingjun, ZHANG Dongxia, et al. New issues and
key technologies of new power system planning under double carbon
goals[J]. High Voltage Engineering, 2021, 47(9): 3036-3046.

(2] AEHER, BEMOK, W FE, S 2GR AR IR A
PR EHERIR, 2022, 48(2): 554-564.
REN Haiquan, JIA Yanbing, TIAN Feng, et al. Urban energy internet

optimal dispatch with multi-micro energy network[J]. High Voltage
Engineering, 2022, 48(2): 554-564.

B1 A g, S SRIEERBL A N-1 Z40] sEEEAR,
2021, 47(10): 3626-3634.
XIAO Jun, MO Shaoxiong. N-1 security region of flexible DC distri-
bution network[J]. 2021, 47(10):
3626-3634.

[4] Fakyy, EEA, £ M, & TR AP RS ER A R
P B A D). R AR, 2022, 48(12): 5068-5079.
WEI Yanfang, WANG Zhijie, WANG Peng, et al. Protection method

for flexible DC distribution network faults based on current limiting

High Voltage Engineering,

reactance voltage[J]. High Voltage Engineering, 2022, 48(12):
5068-5079.

(51 % & #EE 3 % MEZHROTIERESHM B
P £ I 1] R REATLOE AL P FE SRS (9], LR EAR 2020, 46(7):
2359 -2369.
WEI Bin, HAN Xiaoqing, LI Wen, et al. Multi-time scale stochastic
optimal dispatch for AC/DC hybrid microgrid incorporating mul-
ti-scenario analysis[J]. High Voltage Engineering, 2020, 46(7):
2359-2369.

[6] &, B #H, £ R, % SETZAEP RN RE K b8t

(7]

(8]

(9]

(10]

(1]

[12]

(13]

[14]

[15]

[16]

(17]

(18]

FHA ST RMLE MR M ERAR, 2021, 47(D): 1-11.
SHENG Wanxing, DUAN Qing, WANG Liang, et al. Comprehensive
planning for energy routers and distribution network based on mul-
ti-agent system coordination mechanism[J]. High Voltage Engineering,
2021, 47(1): 1-11.

W, R, R R, A ELURACH BORBERORIT A S N R
[T, PEE TR, 2018, 38(23): 6790-6802.

ZENG Rong, ZHAO Yuming, ZHAO Biao, et al. A prospective look
on research and application of DC power distribution technology[J].
Proceedings of the CSEE, 2018, 38(23): 6791-6801.

SRREE, DUHOK, (B, S T REUUR KRR R B0 AC/DC
A M 25 B/ BRI A B SRS D], i EREOR 2021, 47(8):
2914-2922.

GUO Donggxin, JIA Yanbing, REN Chunguang, et al. Minimum cur-
rent stress control strategy of isolated bidirectional AC/DC converter
based on virtual frequency[J]. High Voltage Engineering, 2021, 47(8):
2914-2922.

Z Yl RPN, R, 55 A ERRATC R RGN 2 i
HL T T AR AR AL SR )], R ROR , 2021, 47(4): 1233-1250.
LI Kai, ZHAO Zhengming, YUAN Liqiang, et al. Overview on re-
search of multi-port power electronic transformer oriented for AC/DC
hybrid distribution grid[J]. High Voltage Engineering, 2021, 47(4):
1233-1250.

WOR, KMEHE H O & QURERE IR TR ESRIFIET I
Sk R SRR [T]. R AREEOR, 2021, 47(4): 1274-1282.
WEI Xing, ZHU Xinshun, GE Jian, et al. Improved droop control
strategy for parallel operation of cascaded power electronic transform-
ers[J]. High Voltage Engineering, 2021, 47(4): 1274-1282.

B, HAER, BRNGR, S EE T AT I OO VR S IR
AR S M HI]. RAEROR, 2022, 48(11): 4557-4567.
ZHAO Feng, GAN Yanqi, CHEN Xiaogiang, et al. Design of dual ac-
tive bridge series resonant converter based on frequency domain
analysis and closed-loop control[J]. High Voltage Engineering, 2022,
48(11): 4557-4567.

R, FLAHE, AL ST B = RP XU PR AL A ZVS
ALHRIE[)]. EHERAR, 2022, 48(5): 1913-1923.

YANG Xiangzhen, KONG Linghao, DU Yan, et al. ZVS optimization
strategy of T-type three-level dual active bridge converter[J]. High
Voltage Engineering, 2022, 48(5): 1913-1923.

KUNG S, LIU D L, PERERA C, et al. Exploiting buck—boost duality
in dual active bridge modular multilevel converters to achieve high DC
step ratios[J]. High Voltage, 2021, 6(3): 495-513.

KAKIGANO H, MIURA Y, ISE T. Low-voltage bipolar-type DC
microgrid for super high quality distribution[J]. IEEE Transactions on
Power Electronics, 2010, 25(12): 3066-3075.

MAHMOUD M S, UR RAHMAN M S, SUNNI F M A L. Review of
microgrid architectures—a system of systems perspective[J]. IET Re-
newable Power Generation, 2015, 9(8): 1064-1078.

BRANDO G, DEL PIZZO A, MEO S. Model-reference adaptive con-
trol of a dual active bridge dc-dc converter for aircraft
applications[C]//2018 International Symposium on Power Electronics,
Electrical Drives, Automation and Motion (SPEEDAM). Amalfi, Italy:
IEEE, 2018: 502-506.

KOCH G G, QUEIROZ S S, RECH C, et al. Design of a robust PI
controller for a dual active bridge converter[C]//2016 12th IEEE In-
ternational Conference on Industry Applications (INDUSCON).
Curitiba, Brazil: IEEE, 2016: 1-6.

HOU N, SONG W S, WU M Y. Minimum-current-stress scheme of

dual active bridge DC-DC converter with unified phase-shift con-



724

i LR AR

2024, 50(2)

(19]

(20]

(21]

(22]

(23]

[24]

(25]

[26]

(27]

(28]

(29]

(30]

trol[J]. IEEE Transactions on Power Electronics, 2016, 31(12):
8552-8561.

MENG L X, DRAGICEVIC T, VASQUEZ J C, et al. Tertiary and
secondary control levels for efficiency optimization and system damp-
ing in droop controlled DC-DC converters[J]. IEEE Transactions on
Smart Grid, 2015, 6(6): 2615-2626.

DU Z, TOLBERT L M, CHIASSON J N, et al. Reduced switch-

ing-frequency active harmonic elimination for multilevel converters[J].

IEEE Transactions on Industrial Electronics, 2008, 55(4): 1761-1770.
B X, RO, S MR R DC/DC AR ds (¥ B iR %4
D] ARG EBNME, 2016, 40(17): 204-209.

HOU Nie, SONG Wensheng, WU Mingyi. Direct power control
scheme of full-bridge isolated DC/DC converters[J]. Automation of
Electric Power Systems, 2016, 40(17): 204-209.

RIHIE. WHE TR AERN) Buck-Boost 28 S840 7 W RL A ) 98 Beit
[D]. HT: JUPERA:, 2017

ZHU Haimeng. Zhe design of digital decoupling controller for
buck-boost converter with constant power load[D]. Nanning, China:
Guangxi University, 2017.

R F, REEBK WK OB, 5 KR#Z) Buck-Boost AEHER)E
B RE ], o E LTS, 2015, 35(7): 1740-1748.
WU Yu, HUANGFU Yigeng, ZHANG Lin, et al. A robust high order
sliding mode for buck-boost converters with large disturbances[J].
Proceedings of the CSEE, 2015, 35(7): 1740-1748.
KRISHNAMOORTHI. S, SHYAM G K. Review of deep reinforce-
systems[C]//. 2022 Third
International Conference on Smart Technologies in Computing, Elec-
trical and Electronics (ICSTCEE), Bengaluru, India: ICSTCEE 2022:
1-12.

MADHUKAR P S, PRASAD L B. State estimation using extended
Kalman filter and unscented Kalman filter[C]//2020 International

ment learning-based recommender

Conference on Emerging Trends in Communication, Control and
Computing (ICONC3). Lakshmangarh, India: IEEE, 2020: 1-4.

LIS Z, LIY, SUNY, et al. State of charge estimation for lithium-ion
batteries based on adaptive fractional extended Kalman filter[C]//
2020 IEEE 9th Data Driven Control and Learning Systems Conference
(DDCLS). Liuzhou, China: IEEE, 2020: 266-271.

COSTINETT D, MAKSIMOVIC D, ZANE R. Design and control for
high efficiency in high step-down dual active bridge converters oper-
ating at high switching frequency[J]. IEEE Transactions on Power
Electronics, 2013, 28(8): 3931-3940.

LIU X, ZHU Z Q, STONE D A, et al. Novel dual-phase-shift control
with bidirectional inner phase shifts for a dual-active-bridge converter
having low surge current and stable power control[J]. IEEE Transac-
tions on Power Electronics, 2017, 32(5): 4095-4106.

ZHANG Y B, XIAO M L, WANG Z H, et al. Robust three-stage un-
scented Kalman filter for Mars entry phase navigation[J]. Information
Fusion, 2019, 51: 67-75.

LIU F, MA J, SU W X, et al. SOC estimation based on data driven

(31]

(32]

(33]

[34]

[35]

[36]

exteaded Kalman filter algorithm for power battery of electric vehicle
and plug-in electric vehicle[J]. Journal of Central South University,
2019, 26(6): 1402-1415.

ZHANG X W, ZHAO T Y, GUI X G Force ripple suppression of
permanent magnet linear synchronous motor based on fuzzy adaptive
Kalman filter[C]//2021 13th International Symposium on Linear
Drives for Industry Applications (LDIA). Wuhan, China: IEEE, 2021:
1-5.

HUANG L, FENG X, ZHANG C, et al. Deep reinforcement learn-
ing-based joint task offloading and bandwidth allocation for multi-user
mobile edge computing[J]. Digital Communications and Networks,
2019, 5(1): 10-17.

iR x4, TURE, S BT ATEREN R RGNS KT
FRIBF SR, FRALFEREA, 2022, 48(11): 4413-4426.
ZHANG Bo, LIU Xuan, YU Zongchao, et al. Review on artificial in-
telligence-based network attack detection in power systems[J]. High
Voltage Engineering, 2022, 48(11): 4413-4426.

WANG Y D, SUN J, HE H B, et al. Deterministic policy gradient with
integral compensator for robust quadrotor control[J]. IEEE Transac-
tions on Systems, Man, and Cybernetics: Systems, 2020, 50(10):
3713-3725.

ZUO G Y, DU T T, LU J H. Double DQN method for object detec-
tion[C]//2017 Chinese Automation Congress (CAC). Jinan, China:
IEEE, 2017: 6727-6732.

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

2000—, 53, WA
FENHBARMZT 5 BT
AP ILTAR

E-mail: wuhanemails@163.com

BRHEIKCETE1R#)

1980—, ¢, i, #ix
TN RIS TR B RGEMRAZT
HJRGREE DT GE AR GMRALIZ AT A
B PPAL BT ST LA

E-mail: jybtyut@163.com

JIA Yanbing

Ph.D., Professor

Corresponding author

W H 1 2023-01-28 EWMIHH  2023-05-24 et W

Wt



Mk A

# Bl DDPG HiEAUS
Table Bl DDPG algorithm code

DDPG ik

1:  BENLRIIEALAELL Critic-Network O(s,a | 62) FITEL
Actor-Network (s | 6*) IS % 6° Al ¢°
2: WA BRI O R HALE 6% « 6°,6" « 6*
30 WA R
4 for episode =1, M do
5: VR BENAR RS N
6: B EWILEMMIRE 51
7 for =1, T'do
8 AR 24 Bl 1 S TR R e AL RN @, = e (5] 6)+ N,
9 WRIENE ar SIHREIATASET=HEXK re, FIPIRE s
10 H%Eéﬂi&% (Sz,az,rt,SHl)X]ziéégﬁ?m R
11: M R FBENRFE N A TCAHEARE (i, ai, ri, si41)
12: 4y =r 70 (s, (s, 07 6°)
1 2
13 MR 4 Crde 192: L=—-3(y,-0(s.a] ¢°))
14: SIS RE A 1) S 6 BE K BT 24 T Actor [0 %,,JziZW,Q(S’a\ ) Vo5l 0)],
15: BT H AR 2%
0% « 76 + (1-1)6?
0" 0" +(1-1)0"
16: end for
17:  end for
2400} , )
r 1 Mt \r‘ Rl
r U H AR
18001 ‘ |
~ 1200} | i
600} li'*-
|
L IR |
LR
| NS

1 1 1
0 100 200 300
378 1

1 1 1
400 500 600

KA 38 I 2RI 2L

Fig.Al The training curve of the controller.
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