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Low-frequency fluctuation power of a flying capacitor energy storage bidirectional DC
converter based on a fixed frequency MPC

FAN Qigao, CHEN Liang, BI Kaitao, Al Jian
(School of Internet of Things Engineering, Jiangnan University, Wuxi 214122, China)

Abstract: To suppress the influence of low-frequency fluctuating power of a DC bus on an energy storage system, a
low-frequency fluctuating power suppression strategy based on single-objective fixed-frequency model predictive control
(MPC) is proposed. A flying capacitor bidirectional DC converter is the research object. To reduce the computational load
of a traditional MPC algorithm, a single-objective fixed-frequency MPC control algorithm is proposed by analyzing the
mathematical model of the converter. It can control the system current and the voltage of the two-terminal flying capacitor
only through the single-objective constraint function of the inductor current, without independent optimization of the
voltage of the two-terminal flying capacitor. In this way it greatly reduces the amount of calculation. In order to suppress
the low-frequency fluctuating power of the energy storage system, a low-frequency fluctuating power suppression
algorithm is introduced. Through the integration with the proposed MPC algorithm, the final control scheme can have the
capability of suppressing the low-frequency fluctuating power and keep good dynamic performance while realizing the
energy storage control goal. The proposed control strategy is verified by building a low-power experimental platform.
This work is supported by the National Natural Science Foundation of China (No. 51807079).
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Fig. 3 State switching sequences under Buck/Boost mode

WRIEE 3 B M D)0 2% 2 B i

% TAERLE, ARS8 3] FCBDC i\ H H u, S
B w, R R, WX(DFR.
D
U, _S'ul (1)

FCBDC H BRI & % H 25 B 2 S 5005 11 Ji )
mAQ)Frw.

U

L., ZW
1
Ln‘.lax s (2)

Crmin = i
2Au; . f.

Kb fORFFRAER; L~ C., 7HNHERATK
5 AT E R B ME s Ad L N RSO B R
Aug, . NS HLES HLUR S0 R
1.2 FCBDC 131K sh I NG IR 57 47

PAFLAHAZS Lt oA, &6 FCBDC fififig J R
AR B R s W E 4 Fos. Bd: R
RNEEFAE C, L F3 790 e i i F s A K

[N A o A

[ 4 &% FCBDC f#ge R BAEM LRI EREMTEE
Fig. 4 Schematic diagram of DC power grid with FCBDC

energy storage and single-phase inverter

R & FCBDC Fl 5 AH 100 AR 2% (1) 5% 0 30 K N
100%, HLZ C, (HEMKSIE N, 20 EAns &,
T ER P 4 P45 SRR IS AR SR AN IR i N

0~ 0

i, = cos g —
™ u, 2u,

s U, AT 50 308 SRS K R 1A F s % LA
WEMEs oo, NS AR o AT -

EEEVEYLI PSP UK S NG R R A= LT ==
—MNRERDEL,, o NRERE R, -
AR B 7 B AR B W 4 Fos BRI, A
A B, RN R SR RS R
Besl.

DRSS DA A & 4 ik RE R Ge A I,
MRIEE 3 AR (10 AR AT 45 FCBDC A i
BN DR MFER AR, WK 5 PR,

K 5 #, FCBDC HLb A% 4t i LT A2 e IR

R A—

0~ 0

COS(2a)ot - (D) = Idc + i2nd (3)

C ;,Cz G

(a) 421 (b) H1%2



-4- W) R GRS B s

—o

Clﬁ Cn Sn Cp __CZ ”LCL

e
(c) #8423
[E 5 FCBDC RSTUK NI ZERiAEKEZE
Fig. 5 Path diagram of low frequency fluctuating

power in FCBDC

WD Rl AP, 2R C MC, M
LK. N T I AR AN fEREN, W LU 5
HIHAR 1 AIE AR 2 AT IR - A SEBLIX — 32 1 H A,
MRAE K] 2, W3 ACHEs MM F i,

iy, =(d +dy )i, + iLond) = 4)

d- iL + d'isznd + iL 'dznd + d2nd ‘iL72nd

X d AEZW D WERDE: 4, NETEE
MRS &y 4y 0 IR i P BRI EL
B &

W B LT w, FIKENIRAN, d RS0
I dy WARVN, FTELZBS AT L, ]
RS i TP IRRASER 2 By > BDFTB/NEIA
R i, TP MRIREL oy B . Bl EARAIE u, BKBHIR
ANRITEOLR, G BRES MPC RSN DR
LA i FP R ARSI 7> B B RT A\ i e
M RS s Th 2, RATEL 5 HIBRAE 1 FIERAE 2
T BRRZG SCHE R C, RIS LA G, WS AT 3 )
2, [ ERUERR . BRI S IS R
AR

2 BHERREN MPC RSRTHhZR K SN SR %

TR HL Y PR [ T A e 2 L 4 O T
H R ARG R I Th R AR B8 ), & T EifkRe
RY8, SCER[101AF AT 7 HIEEAR TAE R I E T
JE MPC il g, AEZ BTG DT 7] #:

1) BT =3R4, (HIE 7 B0
FLZ% LR AT B SR, BT R E R

2) THI 7] & A5 B AR 3 AR £ 30 B = A AN -1 6
W E LW, (RS s D R L R R R A
1% MPC SHEA B ARSI 3 Dy 40 7

EEXt BRI, ASCHEH HH AR E S MPC Ak
AT S T 2PN WS o Z RIS 8143 3 A MPC
SR B B Dy 241 95 77 T T
2.1 B BERES MPC 24| &%

DRI 4, RS FE A L g, R g, IR ES

(d) #1R4

AP i, MRPE SCHER[27] 7T 452 FCBDC A% #1287 IR
EROTRE, WG R,

di o1 |
Léﬁ:@,k+5u“+¢g%+E@m+du—a%

du .
Gy d_tﬂ =(d, —d,,)i

du .
2 d_;z =(dy, —dy)iy

©)
Kb dy~ dys dy dyy PHIIFR S Sis
So3 F S (I A b o 25 TF IR AT 1) o 22 EE
Jra, EEHIT SEEL R R A R A
K (S)HATE RO 15

TR
l~11i+1 :[l_l_ sLL

T
kel _ ok s ( gk gkNk
Uy =Upy + (dy, —d),)ip
fl

T

kel k k k\ak

Up =up+ CS (dyy —dy)iy
2

.. T T o
b i+ =2

(6)
Aef TOATFRAE: A AR k A RRR A
IN SRR 0 AT k+1 A R oR F %]
T -
LR SCR27) 9T 10 2 AR 2SS0 MPC 42
o PG , R R(6) T L e ST SR o B KR
Ju= G =iy’
Jn =y — ™)’ (7)
Ty =y —uy")’
Kefe WA EAR 27 RRANSHE Jf L JLR
JE AT i TGS A U ey, B, B2
CEeU I8
(7) A = AN L SR R,
A B I = AR TS SR, N T Rz
BT . ASOTR AT B AR ES MPC #3155
PR T B0, R R R HLIR R BRA
TR R BTG, STIUAE T 3 P R L iR
ZdMb . H 8 BRZ A ] bR KU (8 TR
JE= G =iy ®)
XA, TR EFRES MPC Hik N B 1
YR ) R A
FCBDC [P35 S, 5S,,+ S, 58, il T HUK
MR I H I, W Aal . BT RS
2 Cy v Cp FURIHTHNEN A 23 L, B Adf A
Adf o ROFTRIBBECHBRIT, FFXRES, —S,



Biaw, % ETE

BMPC (14K 5 FL A e O ) B A8 460 A AR AIB )y Dl 5 4o S -5 -

M2 ) — dy, FTUAH =R G 2 RO
di =d + Ad;{l
dlkz = déc _Adé
dy, =d5 — Ad}
dy, =d +Ad},
KOFH T LB BEAREMA ST
Ady FUAQE 8RR/, X E A g A
dy AT HOR G R BT RE S, — S, M A T df —
ds,, R, JFOREES, 0s~ Sy M 28 LU AT BUSE
Fdl . d, ATRRN
dlkl ~ d§4 ~ dlk
{dlkz ~ d§3 ~ df
@), S AT I % F B R I ) TR A
i M R df A dy R, E I oMb g TR
BlE S Ad) . MEIEE 3 BT,
Si124 B S1ops AHEHGAT S THAE 5524
S12i23 BA Siioa AT HCGHEAT IS I, J* X df Al dy
) 5 2 AT o

)

(10)

oJ* PN Ao A
Z | =G =g L _
odf |, & L)(adf adf)
o 1n)
oJ* o o
=20 i (- ——L
ody |, 0 L)(aar;f adg)

ARANFZERBET 0, 45 6)MRA10),
df Fidl nfLARIR A

k k k

Uy, — Uy — U L
k
d1= 2 fl (I {

ok s

i =i J
Lk k& Lk & x
Uy Fuy —ug —up T\ wy +uy —u —uyp

k k k sk
dk_“f1+”f2_”1 L i —i
2 = k T Tk k
Uy +Up T\ upy +up

(12)

HARGILFREN, A

(13)

Beit, 2y E 3 St dl i dy R
B AR B IR R 2 e ME, FEASRESEEL
RESHLZR C, KBS HLZE C, MIHIEANT . A T 45 &
PSR HIE, TSR df M d) AT .

4 2 o FCBDC LAEFE =HF Buck/
Boost 0 TAERE, AR G A H
JEAZA 2 [R5 ), BIAE—AJE B A 7808 2 R 2P
Rk, RFEZES T B A C, b2 Ad) 7R X

HLEE HLURURT S LAY LT ey AR . Adlpy T HLUBRHE
i, AR F A LU gy HIFEME R 6 P

d* + Adl, df - Adf,
b v oy
2AD;,
Sll 24
Siziz | L[]
A, '\A’l Jim
iL /\ »'/n\\\ AN Nd i ™ N
I" ? At Auj
U,
£
”Tla o et

6 ZSHE MR B R G A E MR
Fig. 6 Influence of duty on inductor current and
flying capacitor voltage

Ko, WEHEC, BETEEN Y, , HE

it EAR Ry, =uy o FE—ANEHIIT N, REEHE

Co RS BB uy, PTRAA & I 200 5 H 28 o R A
Huy FRN

x 1 1
Uy, =up —EAulk +5Au§ (14)
Al Al Ak SRR Ad A I

Xt KBS A Cy U ugy IS2IR, AT U2 B
RoRN

gk A gk
Au]k _ (-d; —Ady)T, if
2C, (15)
k (l_dlk-‘rAdfkl)T; -k
Auy =—————"—10]
2¢C,
Wit 14). RAS) AL FH AL N
2C *
Ad?l = Tsl];f; (uy _utl‘{l) (16)
FEE, AR H KBS C, A Ady N
2C *
Ad} = =2, —u) (a7
s'L

BT Adyy T Ady, 732 6 AN 65 FL 25 H s
2 PR SRR B i T R
WK 6 Fir, Adi A Ay ERRR, i 1 22 0
H., Fk, DA AdL R AL BREITE AD, W, RIE
i, MR ZETE Ay, Wo Ay, FTAD,, SRR AT RN N

lim

. 7.; * 1 .
Al i, :EADlim (uy —uy) +5AZL (18)



-6- W) R GRS B s

BEE AD,,, A BRI AT DL K5 H 2 H e bR
HOE B L5 EAH, SR AD,, FERCRI, i B2
EZER, MEE Ay, TR SECRER
R ENLU, K TIFREAZ IR /1, &
YB3 i o PRI, W] DL 3(18)
LA RGEZHBOH S Ay, 1

AL Bk B H AR E A MPC 1% Il 5505 9 70 #
AR, IZEE R FR RS R L AR AR A R
PR KL, TR OGS P S LA L AT O S,
BRIl R AT RIARE 2 H, KKFRIR T REEMis5
Bt o
2.2 BT R BEAREN MPC KSR ShIhZ AN SREE

ESCPTER BE AR E S MPC L% TR0 HLRE
PSR, TEFEXT RS A R EEAT S, (HE
HA BRI Dy RGeS Sz A br,

[ L oL S e

3 XF =cos(2a,t)

AR ARSI B Th 2N 5% . 2R A
R BUR A 751k, BA R IRE R, % T
REIE IRGUE M AR B, FCBDC & Gi% hilAE
Kt 7 frs .

K] 7 v, HRANASR A PL 367 U TR e
HHE, RN PAERTBEERERNSEE. L HR
SEA MPC KA 2 Ty Ze 4 Sy e i) A
S oy, AR S ETE ZI PR E B A
MZEEMRASH, HEEE ST Fd) 1)
KiEX, HBE CWERABENSTHTEITEHHT
W RIS AR 5 AdE FTAdY , SRIE AR
BRI G, SRR = MUk s 2R A
T FCBDC & REWNE T Him/NyTr
f(least mean square, LMS)%&y2: K] H &7 5P AT R
P T80Tkt .

Wl ox
Mf¢ uni

Ady,

PWM

XF =sinQa,1)

(16)

Y VY

Adf,

Yy

AR EHMPCIRS |
W B ThE AN %

—4
I\.(9‘) H F— M FCBDC |

X17)

-k k k
Iy T llﬂT ZIDT

A

7 FCBDC RAZi=HIIER
Fig. 7 Control block diagram of FCBDC

AR (3 AR B PG, R s 70 & ] LLROR

N RINEZII R, RSO IEE 5

by =4, cosCa,t) + B, sin(2a,t) (19)
b, 4, F0 By 73 N BUBTHE 5 AR 525y B AIE
545 R IR E -

K 7 o LMS 5K B bR 2 AN Hr srp R
REowl rwk, fEwr=4,, wH=B,. LMS Hik
25 XN Q0)F7s -

Wi =W, +2ug X, (20)
A W, =W Wi IR p YA
HRAESEBr RYRE, W w FIBDUEROR, ] ROR
S, HARESIERARGRIATEE, B ME PR &
P p BT REZAT B RE, AT u I HUEAE
0.01~0.5 N: & NfliTHRZE, &A3he =i X, =
[cosRa,t),sin(2wyt)]" -

RS s D ZR AW I 2.1 19 Frdg i MPC 36
AR, SEOURHRAR Zh DA A4, HEREC T
RGusBggr, iR 7RG R A REHITERE

2.3 BEFRENM MPC RITUEShIh RN EATRE

M

2 1) SRS R AT e MR RS T SEIE AT I A
Peo AR P ZMEE vt ok B EAUE B BT B H b
SES MPC LA 2 D 2 4 SR AR e 1t . 2k
Witk HEERY, MRS RGRE X KT
1ESEZR R S PR BT LX), TE3 2 DA R 46, AT
PAPRIE R GRS e 1

1) L(X) /2 1EE 1

2) L(X) =g N;

) EHX| 2o, HLX) >,

W R DL SRR, RETEFERE X =02 K
v [ i A E 1

B R KB —A KRR R, RS
TEESE NS, eREE RN, RESTEEENET, R
EIR/N o EFXT AT T ER (A B0, A B A e
Wi R R

L(k) =%[if,mf[i’;,m] @1



B, S

BT S MPC 1) KBS FL A i R XL ) EELIA AR e o AR ARt 80 Ty 41 S -7 -

A, R TIE S e E AR
A5 RO)VF(21), AL R R AR 3R
Al RN N
AL(k) = L(k +1)— L(k)=

TR T
[a +STL)if +i(dl"l +diul +

T K
2—5L(d1"1+d1"2—2)u§—iL]><

—

- 22

N |

TR, T
[(1+STL)/{ +Z(d1k| +duy +

T K
ol =2~

{0 T )

T AR e e B B 2 i S
B, AN R B RN T, %
FEF| MPC RS R EAREVE, RGN0 F(®), FH
LI

(bl -2 (23)

HREIAR(22), T

ALK =20t ) (24)

Ht, WHERQD. RQ4) A2 R %
TERERE IR, R DUSRAIE A SCHE H 47 ] SR o A
EME

3 SCIGUGE

9T BeIE iR B AR I 2 Tl 2R 40 1) S 1A RK
e, BET/DIRMERLRE TS EHBRCEH T
TMS320F28335+XC3S500E #5105 F, Th& M T
KA R T KA IRFPOON20D, 52567 & &
8 Fiss

FEih LI

FLI L ik

8 KWFAH
Fig. 8 Experimental platform

HHT FCBDC X InFhaitt, fiRes &7

JHSC RIS A ) R EEAE [R], R A SR B AN 75 XF B ) RE UL

FIEATIGUERI AT . P 8, SR B FE R ALGE e

&N FCBDC MIHNIE, FTHE B B2 H

JE, PRUEHIES TAE. BARRISEISHnER 1 Fos.
®1 BB

Table 1 Experiment parameters

ZH i
fiHe il i &/ v 48
FF I /kHz 10
fifi B Hi&%/mH 1
&S A /UF 500

BRI /WF 2200
S /O 10

MRYE LI W, SLIHT T B A R TR
ZO0F N TR 22, 9 T SAERTIE 3 H AR E A
MPC (&A% 2 D24 Sk e, W B SR
MPC FE AL 48 PUL A IR+ 18 8 U as IR T L
B HE .

B9 N iR FTe 3 M EE R, B REE FLE u,
UK« SR C, ik u, MRESHEC,
JE uy, X BIFRASEH R E . BB 9@ A, %%
MPC 55 R i, R 7 S IEIE(EZ N 1.6 A,
BT 5 L1 29 28.8%; B 9(b) R FAE St PT XA A +
iy I PR AR SR N i ARSI B o m VR IE(E 2
0.4A, FTsEBIZIN 9.1%; 1M 9(c)F KA AT
PEEEN i, RIS 7 IEIE(E L 025 A, BT

i/(1 A/Kg)  wal(10 V/HE)
ug /(10 V) upa/(10 V/H)

/(10 ms/k%)
(a) B GIMPCEHLIE TR TR

/(1 AKS)  u/(10 V/)

un/(10 V%) upal(10 V/E)

/(10 ms/k%)
(b) &GP ER + 4y T8I 2% 5005 T RS B



-8- W) R GRS B s

+ w
e W P N
 yEOBAE

/(10 V/H%)

un/(10 V%) upa/(10 V/AE)

/(1 A/K%)

/(10 ms/A%)
(¢) AILHHIMPCHLIL T R W
9 FRIBAETRASEHIKK
Fig. 9 Steady-state experimental waveforms under

different algorithms

d ELBI 2 5.4%. 36AE T FCBDC KA AT i%
HEVERT, AR 3 Th 2R A 3 KR e

Bl 10 H o B AESE T i) B SEI0Hd T
54T

K10 1, f£4 MPC 53 F i ARSI & &l
27.53%, FE 48 PTWUAIIA + iy 388 18 U e 425 il S0 IR
AMBCH: 8N 9.047%, ASCHTHE MPC ik R A
SUE RN 5.473%, AEBONTIEIHT 19.87%, S5
S 2 RIE A [

R T AR AR SCHT HE SR R S8 sh A5 N R
Wi, ¥ w, A 40 V, 3By H PE G AR AR R S B
Mgk TaL, @I, v i w, A ug, BIER
B & ISR IGAE FT 35 H VL I sh A M N RE ST o NI
B, 3 A EE T ER R H R u, AT R
i L2 an i 11 Fros .

THD}28.80%

100
80}
) I
2 6o}
=}
£ I 27
20}
0
0 100 200 300 400 500
f/Hz
(a) fEAMPCHIE T il ko 4
THD#9.877%
100 2
80}
g i
[ 60 -
o
< i
\%n 40+
3 I
20+ X: 100
L 1Y:9.047
0
0 100 200 300 400 500
fHz

(b) A& ZEPIXLPHER + 5 S DB I 45 5035 T i 8 BEL M- iy

i a0
100 THD46.25%
~ 8F
Q L
2 60
= L
o L
S 40t
on
< L
= 20 - X100
+ Y:5.473
0 i
0 100 200 300 400 500
fHz

(€) A FFHEMPC S Fig {8 BLH- 407
E 10 RAEIEZET i EEMSHh

Fig. 10 Fourier analysis of i under different algorithms

Bl 11(a)— & 11(c)FEINET ZI % 100%H8), 4
SCHTPRAR I VTR w, Wi NN R AH HE TR S8 MPC
HAEDRD T 35 ms, i WS [E]ECZD T35 mss AHLG
TALGE PL XUHIFE + 7 S SR 25 552w, W) 7 T[] ik
b7 50 ms, i W MENZD T35 mse B 11(d)—
B 11O TE ST ZI98 3 100%0 , AR SC 4 il &
VEF w, W R [A]AH B T AR 48 MPC SV D> T
30 ms, i WS []JE> T 25 ms; AHLETAESE PI XL
PHPR -+ 7 108 08 I8 28 B0 u, W) SIS TR] Rk ZD 17 15 ms,
Mg SIS [E] k2> 20 mso B8 E 1 A SR HR 4% 61 % AH
X4 MPC BETHRR 7 2 HARUE RECEIT)
) f,  TEAU0 KPS FLAS L R AT BRSO, A
T ARG E A N ER AT T RGmBORE, Hoi
SR B o AR R TR EGE: AN TS Pl
XUPH B+t T B 4 SRR R RS T T R Ge 3 A5 e [
WIE,  HOOMICARE 5 D) F B A S A i ROR .

/(10 V/H%)

/(5 A/Kg)

F— g %1

|
#/(50 ms/H%)
(a) P GEMPCELTE T Ik i

10,/(10 V/A%)

£
B e
vy — I %
a» |
1/(50 ms/k%)

(b) 1&GEPLRLFATFA + 1y I IR 35 575 T oy



BURRE, S R TR MPC (GRS A R RUR ELU S M B IR 2 T S ) L9
-~ iy " 1;#_5 |* i
K | ; N |
L _ '
g s ; . U s |
S SRR D Y g
3 | et %) !
“comsiy (m$1%%$$£21?mﬁﬁ%
ISEREERECRE BRRE 1 AR E A R A RS IR
_ + Fig. 11 Dynamic response curve of DC bus voltage and
'%j WMMMV\LW inductance current during loading and unloading
= I
3 | BU 5 A S 5 H A SR v AR AR 3 By 2 410 1) 3L
G MM ; B, R 2 Fron. SCHR[141RH —Fh PET B E
< mem SUPAMI SN, RHEFEZARZEN 3000 uF, S
= — 21 IR BN 8.89%, BHASMIN A, H/N.
T SCHRL1S)R PR P 5 VR W R S, Bt s
(d) 1 GMPCELE F BT ZAHN 8000 pF, #l J5 AK Mi i 2 Th R & & N
6.15%, BNAMINIR, BB, SCER[22]K H HE 1L
_ i1 . PHHTAIIAI SRS, BRGHAR(E DY 810 pF, )5
] N TSR SR & 7N 3.0%, BhASm RS, IR,
: | SR s, BRE AR 9 S00 uF,
_ XF EESCHR P 81N, S SR ARSI S D 5 BN 5.47%,
£ W N HEhAwRe, .
g Fﬁmm R LA RIS R R AR D0 I i 1 R ) —
i S, AR 6 R OB S £ 12
(&) HEGEPURU TR + 45 UL 8 5L F WA 7.
7 2 HIFIBERxTEE
Table 2 Comparison of inhibition effect
SCHR ELILRHER /v BRLL A B /R SRS B T 5 % A58 B2 7] /ms H R /v
[14] 90 3000 8.89 30 2
[18] 41 8000 6.15 10 6
[22] 380 810 3.0 50 10
AL 50 500 5.47 15 4

Upy

Iy

E £
% 3V «
usy
VA

un/(10 VIER) up/(10 VIR

Ty 2

-1

1(50 ms/H#)
(a) It L LR N

LY 4y Vi -
MWWMMN('T\MV~~VVN-. bnmmmmamaranan,

I ur

! /

|

|

|

:— TR Z]

un/(10 V/A&) up/(10 V/EE)

.z/(so ms/H%)
(b) W5 HL 2 H R R R

[ 12 ARICFriZEY MPC BIA T IR ERT ¢ BS rE 25 L IR SR
Fig. 12 Voltage waveform of flying capacitor during loading and unloading under MPC algorithm in this paper



-10 -

W) R GRP bk

A& 12 AR, RIS LA C HL uyy 2628 NHIA
HUE R — 2, B R E PR . RS A C, B
TS gy FE TR R /0N, ELIN R8T 30 285 i Sz s
129 30 ms /ifi, BhamiRALR, BATREFHEhE

PERE

PRIt s BLESEIR S5 R B i, AL
P Saxt i, PARBRSUE o 2 B A R I 2%
R, FNRGERA RIFHEIETER.

4 LEip

B B L X AR AR B Bl R S B ik e R
GEDIFPAA R, ASCHR T — P T 8 AR g A
MPC {RAR ) D340 5 . s 77 FCBDC )1
VRS ARSI S Dh R M Bk A, A 1 AR
AR . R LIEAE SR T T R R YA A
FIFR LR R, SRBL 10 BB A s L
JEHIGE— 1, oAU P s A R AT B
T, BRI 7RG E AR, FFwfk 1 REF
AfERIvERE . RIS, RIS R M 5k 5
$& MPC | SRR &, SEBIL 1 AR as X R B
NI BN, FINE R SR RAF IR sh Ak
BEo XPFrIRfE bl RIS AEAT R EAE b, JFIE
SR HEAT A RRALE -

SE 0

(1] HEE, B, BER, & BB MXLE DC/DC
e fhe s HE AP A BE JE AR 018 1 A% ) SRR (7], s
RGP 5, 2022, 50(6): 65-73.

ZENG Guohui, LIAO Hongfei, ZHAO Jinbin, el al. A

self-adaptive control strategy of virtual inertia and a

damping coefficient for bidirectional DC-DC converters

in a DC microgrid[J]. Power System Protection and

Control, 2022, 50(6): 65-73.

(2] FRiEA, SigHE. &M T RS E MR T
LAt e 325 ) R B BIF T[], PR RE B8, 2022, 58(12):
75-84,91.

QIAO Zhijie, MA Linchao. Research on large-scale

energy storage control strategy for power system stability

improvement[J]. High Voltage Apparatus, 2022, 58(12):

75-84,91.

(3] BRSFOC, FER, K, 55 U ERMMIR & i Ress
SRS AL )], B R, 2022, 50(1): 14-20, 87.
CHEN Jingwen, ZHOU Yuan, LI Xiaofei, et al. Hybrid
energy storage control strategy of optical storage DC
microgrid[J]. Smart Power, 2022, 50(1): 14-20, 87.

(4] Eetddm, #h, 2R, & BT ROUMEE B ERAR
Bl Ak Re R G000 A R B I MR ) SRE (7] L
AR, 2018, 33(16): 3811-3821.

(5]

(6]

[7]

(8]

[9]

[10]

[11]

BI Kaitao, SUN Li, AN Quntao, et al. Distributed energy
balancing control strategy for energy storage system based
on modular multilevel DC-DC converter[J]. Transactions
of China Electrotechnical Society, 2018, 33(16): 3811-3821.
EFE, KNk, BhaRAe, S — i N RIS T A
Fiif it DC-DC THEAZHAR[T]. M1 R GRS S,
2022, 50(6): 125-134.

YUE Zhou, LIU Xiaodi, YAO Shaohua, et al. A novel
high gain DC-DC boost converter with continuous input
current[J]. Power System Protection and Control, 2022,
50(6): 125-134.

osh, ke, XEE, & JEREREYUL L P
DC/DC A ai i) B/ MEMFE R RI[I]. B RS R
P51, 2021, 49(22): 51-58

MA Wenzhong, TIAN Hongying, LIU Huiyu, et al. A
minimized AC circulating control strategy for a non-
isolated modular multilevel DC/DC converter[J]. Power
System Protection and Control, 2021, 49(22): 51-58.
X5k, BetEEE, K0T, & @A TR A NI Z I8
FHAE £ BP0 DC-DC A% 3 28 (1 8 S 3% Hi ).
B TR ZE4R, 2022, 37038 T 1): 235-245.

LIU Yue, BI Kaitao, ZHU Yixin, et al. Design and control
of quasi-Z-source modular multilevel bidirectional DC-DC
converter for energy storage system[J]. Transactions of
China Electrotechnical Society, 2022, 37(S1): 235-245.
XEWE, e, B, S TR E PR
WA e S [T]. HJTEEE, 2021, 42(9): 96-104.
LIU Zhijian, LI Xiaolei, LIANG Ning, et al. Control
strategy of hybrid energy storage for photovolatic microgrid
applying feedforward active disturbance rejection[J].
Electric Power Construction, 2021, 42(9): 96-104.
ERH, X, RER. REHMN AR R 5 HEk
e AR 5 R 00 R A B 4 MK (0], P R AD, 2022,
55(10): 132-141.

YUE Huaiyu, LIU Shasha, WU Qiliang. Dual-threshold
window control strategy of interlinking converter with
energy storage system in hybrid microgrid[J]. Electric
Power, 2022, 55(10): 132-141.

BhE L, BARRH, HRAERE, S T B RGN
15 P = P 0L 1) T AR A 4t s e AR 2R ) 428 1) 5
WE[T]. HETHEAR 2R, 2022, 37(16): 4169-4179

FAN Qigao, LU Huayang, BI Kaitao, et al. Flying capacitor
three-level bi-directional buck-boost converter and its
model predictive control strategy for DC energy storage
system[J]. Transactions of China Electrotechnical Society,
2022, 37(16): 4169-4179.

TR tE, ERRIE. B S S T IRGUM AR R R R
A 28 AN HI ] BT RE R SRR, 2022,
50(15): 119-128.

ZHANG Hongbo, CAI Xiaofeng. Output harmonic
suppression of a grid-connected inverter with secondary



B, %

He T M MPC 1S R A fif RE UL 17 L I3 46 &5 I8 50 Dy 5 4 S

11 -

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

ripple in DC voltage[J]. Power System Protection and
Control, 2022, 50(15): 119-128.

XIONG Fei, LI Junchi, YAN Dong, et al. Current stress
optimization of dual active bridge converter in two-stage
single-phase inverter system with second harmonic current
shaping[J]. IEEE Transactions on Power Electronics,
2022, 37(3): 2606-2624.

FER, T, B, . RN Z PSR RS
PERIANE SRS 3 M ], W RGO 54, 2018,
46(9): 25-33.

LI Jiayi, LEI Yong, LI Yuan, et al. Suppression and stress
analysis of double-line frequency ripple of single-phase
quasi Z source inverter[J]. Power System Protection and
Control, 2018, 46(9): 25-33.

WEW, BN, "k, & REUEE IR TRLSE
LR IR SO A SR [J]. B D BOR SR, 2019,
34(14): 2990-3003.

TU Chunming, XIAO Fan, YUAN Jingbing, et al. DC
ripple voltage suppression strategy for cascaded power
electronic  transformer[J]. Transactions of China
Electrotechnical Society, 2019, 34(14): 2990-3003.

YU X, STARKE M R, TOLBERT L M, et al. Fuel cell
power conditioning for electric power applications: a
summary[J]. IET Electric Power Applications, 2007, 1(5):
643-656.

FUKUSHIMA K, NORIGOE I, SHOYAMA M, et al.
Input current-ripple consideration for the pulse-link DC-AC
converter for fuel cells by small series LC circuit[C] //
2009 Twenty-Fourth Annual IEEE Applied Power
Electronics Conference and Exposition, February 15-19,
2009, Washington, DC, USA.

LIU C, LAI J S. Low frequency current ripple reduction
technique with active control in a fuel cell power system
with inverter load[J]. IEEE Transactions on Power
Electronics, 2007, 22(4): 1429-1436.

W%, Bz, BREOR, . BRI X i e AR e 4
PR PP 30 U A — R SUBFRIR A R 5 H i TR (D],
o AL TR 2R, 2016, 36(6): 1613-1624.

YANG Ling, LUO An, CHEN Yandong, et al. The second
harmonic current suppressed by two band-pass filters and
current sharing control method of bi-directional energy
storage converters in DC micro-grid[J]. Proceedings of
the CSEE, 2016, 36(6): 1613-1624.

B, B, e, 5 T RYCEAER RGN
RSP R ) BV AR A S AR (7], D ROR AR,
2015, 30(8): 83-89.

HU Bin, YANG Zhongping, HUANG Xianjin, et al.
Three-level bi-directional DC-DC converter and its
control strategy used for super-capacitor energy storage
system[J]. Transactions of China Electrotechnical Society,
2015, 30(8): 83-89.

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

WATANABE H, SAKURABA T, FURUKAWA K, et al.
Development of DC to single-phase AC voltage source
inverter with active power decoupling based on flying
capacitor DC/DC converter[J]. IEEE Transactions on
Power Electronics, 2018, 33(6): 4992-5004.

KAN Shiqi, RUAN Xinbo, HUANG Xinze, et al. Second
harmonic current reduction for flying capacitor clamped
boost three-level converter in photovoltaic grid-connected
inverter[J]. IEEE Transactions on Power Electronics,
2021, 36(2): 1669-1679.

ZHANG Li, RUAN Xinbo, REN Xiaoyong. Second-
harmonic current reduction for two-stage inverter with
boost-derived front-end converter: control schemes and
design considerations[J]. IEEE Transactions on Power
Electronics, 2018, 33(7): 6361-6378.

WANG Wei, LIU Bin, HU Yukun, et al. Power decoupling
control for single-phase grid-tied PEMFC systems with
virtual-vector-based MPC[J]. IEEE Access, 2021, 9:
55132-55143.

LIU Bin, LI Guojin, HE Degqiang, et al. DC and AC power
quality control for single-phase grid-tied PEMFC systems
with low DC-link capacitance by solution-space-reduced
MPC[J]. IEEE Transactions on Industrial Electronics,
2022, 69(6): 5625-5636.

CHEN Hongxiang, WANG Danming, TANG Sai, et al.
Continuous control set model predictive control for
three-level flying capacitor boost converter with constant
switching frequency[J]. IEEE Journal of Emerging and
Selected Topics in Power Electronics, 2021, 9(5):
5996-6007.

JAYAN V, GHIAS A M Y M. Weighting factor free
model predictive control for a flying capacitor converter
in a DC microgrid[J]. IEEE Transactions on Energy
Conversion, 2022, 37(2): 1030-1041.

BI Kaitao, LU Huayang, CHEN Liang, et al. Model
predictive controlled bidirectional four quadrant flying
capacitor DC/DC converter applied in energy storage
system[J]. IEEE Transactions on Power Electronics, 2022,
37(7): 7705-7717.

FSHEA: 2023-01-10;

&M@ HEA: 2023-03-04

EEEN:

®EZA986—), F, W, #k, TEHMEFT AN

HE R & b B AR — 1R bAE K, E-mail: qgfan@jiangnan.edu.cn

M 2 (1998—), F, MEARA, IR F @ AR

KB A A HIBAK; E-mail: c115256646199@163.com

R (1989—), 5, @fEtEh, W, T, AR

) A K o) EAk e oh & K AH K. E-mail: bkt1989@163.com

(%h#E W)



