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Abstract: Compressed air energy storage (CAES), as an energy storage technology with great development
potential, has the advantages of large scale, long life and environmental protection. However, due to its large capacity, if
the voltage phase amplitude and frequency are not the same as those of the power grid when it is connected to the power
grid, there will be a problem that the grid-connection impulse current is too large and threatens the safe and stable
operation of the power system. Therefore, based on linear active disturbance rejection control (LADRC), which is more
accurate than traditional PI control, a linear active disturbance rejection control strategy with adaptive adjustment of
bandwidth parameters is proposed to achieve smooth grid connection. Finally, the proposed control strategy is verified by
simulation experiment and hardware-in-the-loop experiments, and appropriate adjustment parameters are selected. The
results show that the proposed adaptive control strategy can effectively reduce the impact of grid-connection and achieve
smooth grid-connection, providing a new solution for the safe access of compressed air energy storage to the grid.

Keywords: Compressed air energy storage; linear active disturbance rejection control; adaptive adjustment of

bandwidth parameters; smooth grid-connection; impulse current

WA BEH: 2024-05-17; 1EEIAHA: 2024-06-22; FKABHA:

2024-07-04 Wé’f‘é‘?ﬁ BA3: 2024-07-29 o 4673 5 fitifie CAES(compressed air energy
I\E/Isﬁl(lgﬁ s P AR ARl 45 2 £ TR 4 B I E (2023 storage)h TEE R AL . (A f K BB
This work is supported by the Fundamental Research Funds for PR AU, IEAEZ B H £ Z 5T, R

the Central Universities under the grant of 2023MS105 it e B A R B R A, HARRE



555 3]

EEHE, A SIS R Y TR A R RE LM A T T I R SR 121

K A AES IR Ry i, CAES
AL REIE R FR DA A gl , AT RS K
PRt AR S S TN CAES H2 A
D7 A ey e FL TG, T T T D ) SR R
CAES PR AHLIN, EFX DI, SCHR[S-61M
T SEBLRE AU IR] 2D K e AL T 3] E TR R 7
AP U, kv R R A i T D)
JE NIASE)—3, /N T )i ™ A
il s SCER[7 1 EOGIR FI B REZH 1) R GE DI O
PR AGBATING, SR T BRI, SR AEAE SR
FRUFHOI 42 ) ) ety g AT IR R B AT A 3
PR, B Hb /N TR L FE VG BORS B B AN 2 T A
i s SCERI81A T S Miaf TR~ il DI, 7
(N i LB S T ) NN 7 e D I 124 27 ST
PSR FL U R B, I e R g N AR Y
HL 3L A2 s SCHR[9 1R — kit Gk — U 45 e ik
AN B AT DI B R SRR A, ST
T XIFE I I RIS 22 ) - Y04 . H -0
i sE E LA P TERCR N, EEXF CAES i 1M
[ Il A 9T, CAES 82 AR A BZ R &
ML AR, BLR B2 R FIMERDH I, BRI %
HLHLIRAE B 4500, ARG EA RN, SCHR[10]
AT TR A B E VGG AR, SRR
dq IR E - H B R/ VIR, S R R [R5
JCR FAILR -8 0 R 5 SCHRT 110 A By Hh AR
PEAT L5 Pl(proporlional intergral)i&l 7, [w]H
W SR AAR L 8 T HEAT PR IR, A IS Y
P #8240, SE L 1 & HUHLS H IAE 57 R 1)
[F)5

H¥ytPi# i ADRC(active disturbance rejection
control) /& 7E AU i BV ) BEAt |, BT X5 LL A1 7R
743 PID(proportional intergral derivative)¥s il #%
ASFH M . Bt i R A — Rl st 3
BRO31M T 48 L PR R AR e I, Rty
JRMRAS W & AT T G, $&0 T & IR R
PREHE R, DU TR RGN ;. SCHR[14]
it T —ME DC-DC ZE#eds ADRC 5%, Jf-4h
BB 28 2 S T A BT LA A 28

B R IG VL s SCER[S 1R e IR R 48, FE1E50
LADRC HyZEAMl_E5IA T BRI 5L, 3R T3
TR B, YEOR TP TR ST SCRk[16]4%
P2 Y ORI 25 ) ADRC SEAmifR
DAMIIT 2, TEAL G — B A BTt o g as L i
CEEFNUE AT, R T AP AR AR SR S
HRO171F M A bidi 45 d LADRC(linear active
disturbance rejection control) i T XU EH £k HALZE
SUMB Ak as M, SO T BRI, BN T
WELHHLZ AW EDRZE . PLESCERY, ADRC
HORMPLSEARR) T 7850 Bk, {HIE 85 0 S50
FEAFAHHE R BOCRTE SIS R G A — 2 1Y R BRPE
PR 9T B 38 0 5 E T i LADRC HAA 52k
e

R Tl CAES ~F-# #: AHLIN, A SCR ARG
JEE R A 10 B R LADRC SR XS I i ]
TR EEXT CAES ARG THEAEL; SR
JEo3HT T LADRC J5k, TEfEgitsiiliniEnt_Lxf
WS EGHAT A 3E LR, TR T A R
AT TREME T Sl O FABE AR S S
Bk T HiE WM ABtdiiEd A-LADRC(adaptive
linear active dis- turbance rejection control) s B 7E Vi

SN ol T A A
1 CAES Z&#&EH5ER

BB B i & B T fEae e X, 2k
PR PR R AR L B S MEEE , 1T CAES /&
TYREReIE, 2B ILmIa R, AL T
et fe A IR . Bt . Bafe S,
FEXT R BE AT 7 T, E5 b — RS R 28 R FH e
Ty s ok B i PR 45, T CAES R & TCHe
VLo B, IR A AL AN, T LU
ok 7 T At AP W T e TR TS P 2 0B o i
HEIMFER] CAES Mkl o), AT idx CAES
P25 S 4% A1 2 B B A A T 40 B, R )
CAES I TAEJRHE, e SCHFa il SR 51T it 2
WARYE



122 e, bt & Eid o5 24 4
1.1 CAES Z%rI%H EREBT BRI AER S T W, Ry
NE 7 > ’&}i S 22 925k n 5
AR AT MR CAES 248, REEMHHH W= com, (T T @)

SERANPE 1 PR ARG BRI, A
R 2 HRLEDL . R . BHRAVIRE 2 9651 .
KB AR At R R e iy o R R A 4
b, EAKEBIRSIEANIZT 2 SR as SRS
IHEFEAERE R o SR BE , A ORI
T RPN TR R 23 S, e RS SRR Gt
BV, W RN R, SRR E, &
Tk A S AR P SR TR, SR T EA
THR G BEA Rl T RMEE . TR ORI B, i
FARE T ) TR A XA S A T

{L9is = I (9IS

ﬁi JEGHL JEGAL B BYE | duge

LPC

BN ARIE
= B R e L S

B 1 FE+MAN CAES REHRIMEN

Fig. 1 Topology of non-complementary firing CAES system
1.2 CAES REHIFFIRE

W5 CAES RG4S I il SR B i He AR
JRE, RS MRS, Har T it g dh
CAES R Giia 145 FR15 (i J e 19200
1.2.1 JELH

2 AL A AR A AR HAR BN AR A il
AU, 2 LN AR S K 5 A SR
BEry R e, WIS @ SURAEPL 0 2 SR T
RN A

out in 1 %
I =T 1+77 B.r -1 (1

:—EE:EP: T;i; N '70,,- > ﬁc,i ﬁ%uj‘j% i éﬁ}j_iéfﬁm%/\m
2L | A PECRMEGPLA R L s K =SS

B B

b o, AIREANLR 2 B TR IR s m, 94
ML SRR ¢ NRERERTG s n M RZEHL
BH
1.22 #-FHL

AL S AT HLEE AT LR AR R e 48 B A 396
o 5 i GBI D= R T R

1-k
Tt?im = Tt“zl |:1 - 771,1‘ (1 - lBttk J:I (3)

L T g LA | BB THLI AL
SR . AR AR LL

AR L B TR 7,

W= com, b, (T8 T2 4)
Py m BB THUR A R s o, JRERER
£ m REFEHLHES
123 ##H%E

B SO SRR, 220 7 3
S 0 2 R Wy 1125
WET

T ==& + T (5)
Ao T | T ks R TR BRI T A AT
s AL

FEARSCHR R RS L O,

Q, =2 tmc,, (T3 =T (©)
i=1

Kb, m, =,
124 A=

TR S AT e R AR R e 25 7R
it BB RE L BRI AT, S A=
A AR B84k . B RERT B i U N A AU R
R AL R KRy

d_P:c T m_+h A(Y;C—T)R

pa”in""in ac“ ¢

dr Ve, ¢
(7
dT cpa];nmin + hacAc (T;c - T) T
p—— ——m.
de mc m "

v



5550 A, A

Y SE SR O B P e A s AR R A Y- T I o SR 123

FERE BT BUAift 3 P 2 U s AR RO 22 f s
T
dP _ _cpaT:)utmout + hacAc(Tac _T) R

dr Ve, ¢
)]
dT _cpaT:)utmout + hacAc (T:;C - T) T
= +— mg
dt mc m

Rob T, T MBINBRCEIE . DS ORI
my \ mo SRR ORI s A H
R SRR R SR A, WA
WIRL: T T, 4M 3 b 3 2 S e P R
m BRI VRSERRG o WA EA
WA R AR

2 A-LADRC RBEEESEIZITHi%

15 CAES ZGEHEAT I W, 7 B L v i
{8 . ABDL B 5 i AR R A 451, R TR 58
PI 45 il 1) 10 [] 20 ) 28 T 12 W 2 S B T v % i)
o7 AL RE R ORE B RR R, RIS SCOR ISR
P BEFDRS B2 5 55 19 LADRC A AU PI il , {2
TR AR FAR ALY AR AR AR F R R Y, PR AR A6 [
o PSRRI R 8l , AT REGEH
o AL, ARSCTEMESE LADRC [ 3ERE I, $2H
T — AR i AR AR 25 /N 4R R AT E S E g
JHRE ) A-LADRC 5, X T [A] A0 2 i Hh 3t <
FHAR HR G IR AT T s, i — 20001k 17 1M
ek ]

2.1 LADRC Ai%

LADRC FEAEZEME R SERE LK sk RS 5
LAl SRH—A0 HLAY L5 PD(proportional
derivative) ¥ il 45, WS W &1 vEAHEK
F, ARG RE , R AR U 5%
LESO (linear extended state observer); [AJHPRRIRZS
e 25 R W LAk, T L IR A R 2 I 1
LSEF (linear state error feedback)¥ i, #—A itk
4 PD H A
2.1.1 LESO

LESO LI =B RGEAG], Bt RN

y=—ay—a,y+w+bu )
Kby u BN RGEREL AR ; a, . ag WEE
Hes S8 b ARG o A, 2 b HER
o by iF, ()R LS AL

y=f+bu (10)

f==-ay—ay+w+b-b)u (11)
A, fOREIEl, EESMES N, BT R
Had i BT n] DUs Tk, N2 £, #3300
e 771N

7=[A-LClz+[B,L]u,

e
A 2 AWMEHIRAS 0] s 4, B, C N FRBUE
L WL iR 28 OGS A5 R0 5w R AHERE s y,
poL TR k= UM F e N k=)

r =p0-z)+z,

(12)

2, =By —1z)+2, +byu (13)
L =p0-1)
Xz, 2,02, MK A LESO MWL #RIRES 5 B, ~ By
FM LIS, B =3w,, B, =30}, B, =30,
WO S8R g, FOULIN R ARAE 7 AR (1)
MICETE-w AL, WRGHRFIE 2N
As)=|sT—(A-LC)|= (s + @, )’ (14)
K, TAANAIHERE,
2.1.2 LSEF ¥4l
B T SRR I # B A% ST I F R M2 A A
S, IR IR ol TH R ## 22, LSEF
A PD UG 0RTT, #EHIECY
Uy =k, (R-z,)—kyz, (15)
Uy — 2,
u= s (16)
e ko kg 0B IS RONTORREG R A
HEH.

RGP I3 R RN
G, = kp 17
ol —m (17)

SRS h o, K 1R PER A 6 B R
SR T-o b, TTLEE)



124 i, b

E 4 %524 %

k=
s,
2.2 A-LADRC ¥ #EE

XL 545 98 o, M &4 98 o, 2 >S4
HEATREE o XF TIN5 98 o, HAEBCOR, §7
stk R R T 5 6 PR XU 000 Ml 4 i 4 D
A T) s SO0 28 X Mg 75 g U R S5 1 X T A
Hl 28 T8 o, BENELTHEBK, RGN
R, H w3 R AT RE 2 R Gl 8 A A
Wi, TR TENE, o, WEELAHN o,
(1 4~10 15, @, B 2 50071,

£ CAES JFMFi[RIDd # v, B T f i FiAH
Pz ARG R, AR fl gl 58 241
FE ) LADRC R REZ3 PR AR [ 20 B b e 5 [ e
RGUFATE , IR 1 UL [R5 (04 FE A
RGINFRENE, ASCRIT T — Ml 56 S8 H &6
PRI 2t A BTPi sl SR A-LADRC,, 38 i S
KR CAES AL 0 SRMAHINL 0, —FEE)

A-LADRC

[Fi] T A AR S 25007 U3, 2t s il S e o
AL o, BEN
0, +k(0-6,) |0-0,|=6,
T 0, —k(|0-6,)) |0-6,]<6,
KH: oy LADRC RYEZEH SEHUE, w=40; k
o FEE R R EINSE, KT 0, k=105 6, MR
N2, 6,=15°, MHMZERKHKT o 0, &
TEMRARDLFLL , 5 RGN EE, IAE o,
(LR T ARTEAR T 22725 A% DU AR 5 AR 2
BUNH/INT 6, B, PIMARGI SRR, FRE
RGNS, JiFE REINRIEE, 1 o, HFER
N
2.3 ETF A-LADRC i CAES &% Fi8FH M KB
& 2 AASCArE 3T A-LADRC ) CAES ¥
I THIAE A
CAES RGBS Mz T}, #&HlCh Ui,
FE S, Fl S, HETRE 0, FF& S, Ml S, Wi ;

(19)

I
I
I —
- S é 1 4 [ I
AN Sk 160 =1 % | ] :
I P 0 + Uy + = z, |
: wref Sl ref+! - (% ® ] z lzﬁ l(y—zl)+zz :
! +% - 2 ) 2, b, r=9 )
| = 0 27—z )tz b e————] )
I o e S z 5 o :
| L Z3:ﬁ3(y—zl) |
! I
! I
I m
1 Tpp) 1|+ 1 at " . |
| = in_-pout
: P( T +TDP} +T,p[ X 1+T,p W ;Cpama,ttr(T«.f ;") 2% :
= - L I
: HE RS Z AL P I
( I ) I
' il E¥ !
O g !
! Us I
: +X 1 T 1+T.p K, | + 1 |
I
! 0 ~ 1+Typ 1+T.p| U, & |1+7 p |
: Uref Sz U. - - R = sz\'ﬁL D — :
i E
: an 0 R, min SE+KL ‘f :
| U K |
U B D HA ] (:)— I
! 1 S, I
| 1+Tep |
|
L B

B2 ETF A-LADRC i CAES FigFHMizHItER
Fig. 2 Control block diagram of smooth grid-connection of CAESto power grid based on A-LADRC

£ CAES JFMTIRIENT, S,. S, fl S, YW, M4
Sy, KJH A-LADRC SRS HEAT R 5 )AL 5E it
RIS, WigF S;, MG S,, [RIERK CAES #
TSI R PQ i, S, A S, B TR 1, 58K
IEM

MR, CAES Hiih A IR P iz
H P A m2EE ARG, DARS T AGE ALY 4
AP, ISR B F-HLI T3, Bk H
PLAYE AR P, A1 & LA i HH HL DR
SEROFM . B 2 11, K PID 58S IO AL



555 3]

EEHE, A SIS R Y TR A R RE LM A T T I R SR 125

Ty AW TR HG T, A0 T, AR i Bt
IR Ty Ty To AT RHRIER S B )5
Up HINHENUN G s K TORAEEL; E R H
PURNRE RS Sy MIRAIREG K o AR REG
Ky FIRES TSI HORREG T SRl H 4
FAU, CAES Hfiih iy 0 MIHZS%{H
O, IR ZENE T A IR RE R GE, AR AL I . —
RERBOLT , b RS 25 AT, DLk
N AR GUR S S R SRR 1B T

FEEMIET, K% CAES b EIRE U 5
SHAH U, A2 IR, 2l il R GEEA1 A
JhGrL s RRER, F RGAIR 0 SEHH o,
PEATVRZE UL, 2t B aRan Ty, RIS EA
PIPIES AR

3 WREMSH

H T MR RS S RO R G R PR R, X
RGIAT/AIME S, & 3 I 4 55l PT s
1l A-LADRC W FEFEHRIMER , (&1 5 FIE 6 53510
PI #%5 A-LADRC 1&35 pREUCSFHE R

w

0+ kll N klZ Pm

ket — kot— [

o Pl Px g

) +
(] [on

E 3 PlEHIER
Fig. 3 Block diagram of PI control

— A-LADRC , Ko | o,
g i
' +

Wy

E 4 A-LADRC {EE
Fig. 4 Block diagram of A-LADRC

E S, K6 W, R)NFIAGS, Gus) NI
e, Gy i, G () AMPHEXR, Yis) M
WES . B THETHr, BAmRNmAGSEE
RGEMIIDN N(s)o HH BHEAS Gu() FIEEHIES G (s)
A AR
G, (s)=

kp(s3 + L7+ Bs+ )

> (20)
(kpﬁl +kdﬂ2 +ﬁ3)s +(kpﬂ2 +kdﬁ3)s+kpﬂ3

G.(s)=
(k, B, + kyf3, + By)s” + (k. B, + ky B,)s + k., B,
byss® + (kg + B)s + kB +k, + B, ]

N(s)
—)(R(S)Jr%)—) kpl+ﬁ —)(é)» k Z+E > Gp(s) 1)
Y s Pz g

2y

5 Pl #2155 R 5 HIE R
Fig. 5 Block diagram of PI control transfer
function equivalent

N(s)
R 2
ﬁ)) Gi(s) ;(%—) Ge(s) »é}—» kpﬁ% | Gp(s) ZT—)»

B 6 A-LADRC f&i# iR EEUERE
Fig. 6 Block diagram of A-LADRC transfer
function equivalent

AT AT, TR e TR R RN 1 S
PERE, H CAES RER LB FHLH T 8 — 5
RS, BRI A BRI AL TR, T A
XIRALBPREL G (s)H

EUw,
1 JZ
G,(s)= 22
P() TCS+1S2+BS+E0UCOO ( )
J JZ

K TR Z HEREHPL.
AfLIFSEIIET PI#55H| Al A-LADRC #5611 £
ES WA N B LSRG aw I D)

cu@:q@{@+ﬁqyﬂ+@J (23)
S S

Gz(s)=GF<s>Gc<s>Gp(s)[kp2 +"—j (24)
S

N T BUEA SCTH: A-LADRC 51 104 5
PE ARSI 7 R 5% 40 PR T sh A Mg
A, MG R AR AR A 7 s .
I 7 ATLIE H: EN B, A-LADRC £
HA K HRBRAXHER K, RBRER/D, RS
FAASKE R PR, R MEUEIR AR
T, FRGe e R E R AR, H R T A B X
], AT AR o AR R e ke Pk 5 TE S B
A-LADRC MhZeiE B B, #8517 &
Sbt THine



126 i, b

E 4 %524 %

—PI
——A-LADRC

o
$iA/(rad - )

B 7 REFINMEE[HAER
Fig. 7 Bode diagram of open loop transfer

10* 10°

,9() Lol
10! 10?

function of system

4 (FESHFALIRITIE

4.1 AESH

JIT& A-LADRC Bk 2 i 5 6l A CAES %
48375 VALY 25 05 B Ui 2 A S X i A 3 A
REEER], AR S M E R, I, X TER
AR TOTER) CAES REGe41, HABZKALN) CAES
IAT LR A A-LADRC 533t s il B il 2 A0 i i
TERE RS H Y, FTASCRITY CAES &
%, KH MATLAB/ Simulink {/j EL3F- 5484 FiA R
G, AT R . BE ., B, DR
LW EIE A-LADRC BEMIHR TAE5 PL il
FEW/ NI R o LR SE B CAES I IR J7 1 1Y)
otk , REFLESENE 1.

CAES TEIFMIRTR M U/f = oems, Hbm i
FES#E U, WE NFE R, HtRL RN, &K
BN, AMESHE o 85N 100m; MG K
FEDIRES], BMEER 35KV, LIRS %
8 O &N 0, AINRSEM P bR LEER
N, WEN 0.8, A-LADRC %EB% Ry CAES ¥
MARRL 22T B A= 21 58 o, WS ARBEIE 73] 4n
8 FIEl 9 R . IR PIE AT LIE Y, & ARG
2ERT 157 W, MO 220/ MR FERE T AL 22/]N
T 15, ARALZEEINE AR NS, HEIECNE 0,
FEEH T8 H 18 R T AR, [RIRERY, s

=i L

%1 CAESR&HMiZitSH
Tab. 1 Design parameters of grid-connection CAES system

W ZH B
B E TR /MW 24.05
k7 3 d 3.23
JE4EAL .
SEIRRICR 0.84
2 (kgs ™) 78.64
. BiE AR T/MVA 200
K HLHL o
HRE R /KV 13.8
BEHRIZTTE o, 400
LADRC s eine
W ESH 9L 0, 2500
HETIRIMW 76.3
. B AR L 2.82
AL P
& 0.88
R/ (kgs ") 172.33
HERR/MVA 210
A5 R T
HLRAE /K 13.8/35.0
—— k., k 1,0.6
PI P45 8% P72
k. k, 0.1, 0.02

FABLZE/(C

0 5 10 15
t/s

8 A-LADRC R TR ZE R IK T
Fig. 8 Waveform of phase difference change under
A-LADRC strategy

s
B9 =HIRHEE o HELRF
Fig. 9 Waveform of controller bandwidth @  change
WG o, TERRIEKT 15° B TR, K
T oy HARL2ZENT 1570, RIS o, 1
AT w, F77, HATERHANLIRE, CAES
IHRSERS , —F BIARLEE  AHRL2E 0 0, 0 =0 .
TR —RGE T, 23R PIEEH] . LADRC K&
W Ie S B A 1E R LK) A-LADRC X} CAES Jf M1t



5550 wIENE, A S

B FE A R AR

fRELNE FDTYL T8I 9 42 i SR 127

FrPilF) e, CAES ZRGEAELE IR T B i
1295 1~2 s AN B9 o FEL L R (LT PR
R AELIBIE SRR A SR O A&l 10 iz
ML T LR 1, CAES JMJ5, AFEHEH T
AR 2 IR, (R AR A A R — U
Horp, PLEHI T B R AROR, HOR (R AR R 2

AFEEHT CAES i A D RPTE Al &
GRS 11 FE 12 s . NE4E2sS,
A I RPIE A UE L, 3 M T IE

300
250
200 ll

150F -
100

50

0_

HITHER/MW

4.0 kA, HIRFWERK; LADRC Ty LADRG
BRIRIEIEIE 3.6 kA, IRGIR(ER KL N 400 A; S,
i A-LADRC 9 frily LI FE LADRC RYZERR F I s

e (5 2 . (a) SIS KT
INT 25200 A, HRIRIEZI N 3.4 kA, HIRGIRE 100
/e MELRBIE R I, PL A R A B AE = 180
SEG HBRERS whe, i LADRC & A-LADRC F % o L
(I 5 P PR | TR I R g r e
KA, HRHIASCHR I A-LADRC S, 3828 2 I i

it e ETHIERER N,

4000

R AR -1

3 500
3000
2500
2000
1500

HL IR A

PJ
LADRC
A-LADRC

27.6

27.5

HLE AV

PI
LADRC
A-LADRC

1

4 5 6

7

8

9

10

t/s

(@) SEREIKITE

: j\/ -
3200
3 150 1 1 1 1

N

LADRC
A-LADRC
26.9 ' ' ' l

1
4.0 4.5 5.0 5.5 6.0 6.5 7.0
t/s

(b) JEER BRI TE
B 10 ARSI THFER B TR E B EIRE R
Fig. 10 Waveforms of grid-connection current amplitude

LR/ A

LADRC
A-LADRC
1

R IR Bk V

and voltage amplitude under different control

1
4.0 4.5 5.0 5.5 6.0 6.5 7.0
tls

(b) JRHRBRITE
B 11 AREEHT CAES #iH BINIh R iR

Fig. 11 CAES output active power waveforms under

different control

(a) PIEE T BRI B

PR /Hz

4 . 1 1 1 1
964 6 8 10 12 14
t/s

(b) LADRCF USRI

i /Hz
W
28
O -

T

t/s

(c) A-LADRCF 4R Z 3 &
12 REHEFIT RIS R
Fig. 12 Frequency waveforms under different controls



128 i, T

E 4 %524 %

DIDIRAEFE MG TR TR FERR B 4R35, Ho Pl
W CAES % Hh A Tl Sk 5 i B fe K HL AR
Pt K, LADRC X2, 1fii A-LADRC % T
(WA DR F-28, WA RIFENIRY, B
TRPWK IR A IRAS . FERGIRPIE , PL =
T RAIARAE I Y ET A TR D AR R R A B 50 Hz
MIFRERR , HIFM G IRIRG BN &, IRE 2
Fe € BT IR TR]45 K ;. LADRC SR A3 T i
&, ABAEIF M ZI BT BRI AR, LS
PR AR IRAS s MiASCTd A-LADRC 3% T 119
TR e eI, BRI RIS 220 A T e R /N LI

(R HRG LASE, BRIAEREE 50 Hz, K
Al R KR 1 +0.2 Hz,

ZE LRI LA, A-LADRC RB§ T I My
A b LT /N, 1 A AR A AR X B
T, TR TF R R rp ) RGN CAES % th 2
R SRR e/ N H BB AER I R R E R -
R, AR A-LADRC S0 (A 5053 1
Lvallo
4.2 SKIGTGHE

HRAIE AR SCRF BT (877 58 280 3 3 A 2 0 X
(BP=RQ19) AT, H 8 R AT BRI S50 & Al S A
fi2E 0, MEBERZSE M RGN W 0o WHETHL
T, MfE2E/NT 15° BIAIIERG, PR BEER 0, A
SEfH 15° , HEWFSE k4 A-LADRC H9320, A
SCHE T AR R - /5, an 13
PR o

13 #EHISEREGHEANREE
Fig. 13 Controaller level hardwarein thering test platform

REEE RO & R 2 ALHE RT-LAB 5L

1l EAL(OP5600) ., DSP il % . SR (DL8S50) &

AiHLEE . CAES R M B RYE it Bl T
#%| RT-LAB {5 ELALH, ASCHr2 1 H) A-LADRC
RS EREAE DSP il &, DSP #E il & A= 1Y
PWM [k if%3% % RT-LAB [k P Ak, @4t
SRR SR . SEERTEEL 6,=15° , k 43l
HU5. 100 15 BF, XFRSECT RN 227284k . TR
AR AR AR KO LI L R R N 14~8] 17
FiR.

25

A k=5
20 10
15 k=15

HIBIE/C)
=

wn
T

B 14 tRaETLIER
Fig. 14 Wavefor ms of phase difference change

50.4
50.3
50.2
50.1
50.0
49.9
49.8
49.7
49.6

k=5
k=10
k=15

P2/ Hz

%,

1 1 1 1 1
05 1.0 1.5 2.0 2.5 3.0 3.5 40 4550
t/s

B 15 FRESrEREREE
Fig. 15 Frequency waveforms during pre-synchronization

3500

3450
< 3400
g 3350
i 3300
B 3250

3200

3150
5.0 52 54 56 58 60 62 64 66 68 7.0

t/s

16 FMEREEKE
Fig. 16 Waveforms of grid-connection current amplitude

k=5
k=1

\ =10
J\JM

27.6 =

27.5 ﬁfo
2 274 i
4 - =15
@ 273
)
Jual
@ 27.1

.9 1 1 1 1 1 1 1 1 1
50 55 60 65 7.0 7.5 8.0 85 9.0 9.510.0
tls

B 17 FMEEEERR

Fig. 17 Waveforms of grid-connection voltage amplitude



555 3]

EEHE, A SIS R Y TR A R RE LM A T T I R SR 129

ISR AT LA k OIS RIER AR 22
ARG OURA—FERY, kAR, R 5E o, 80K,
RGN R, Rt CAES AOMIAE R Hebk,
FDR A AEA 22 A (A s TR VB O H T
PEFRAEAERN S R, AR PS5 AR
AIAFRSE , PRI T R AE s AR T LU Y, B
Bk R, SURREIRG IR R, X
FERIET B R, & USSR, ZRGEmR e
e, XA O RS , ZEIFMET, CAES
AR 5 AR 7 TR 2L, BT A 7= A Ay oo
A/ N2 [ o it B AR R N
M 16 FIE 17 FTLAE L, FF M upds i pdi
JEARERlAE k R N, 276 LR, kg K
ST R R AR RE , k i/ N RRARARALTR]
HREREE, Wi EEorMbdiek, Hith Tk
B g e P B N R ety & BUPIENE 10,

5 %5iE

T B CAES 42 A HL M5 , B/ N g o
L, SIS T — R SE S
3 I IR (e L O T I P s il SRemes , B XTI
PR PSR AR R S R, X RGEH I w, 3
137 FE R AT, I EE- G R il s mg
AT TRE, fela, #53E T hls R eI
FH, BT BAERIR RIS kXt A-LADRC 1Y
RO, FEERE T ARG k(A Z5RM, TR A IEN
P SRS RN A R8N TR b FLUIRT , DA ST Wi A
HSIER AT 2, SE T IR

Sk

(1] x5, MErEfh, TR, % R4 UERE TR
MR R I N TJRERT]. Wy B ik s, 2023,
43(10): 38-47, 102.
Liu Xiaochi, Mei Shengwei, Ding Ruochen, et al. Current
situation, development trend and application prospect of
compressed air energy storage engineering projects [J].
Electric Power Automation Equipment, 2023, 43(10):
38-47, 102. (in Chinese)

[2] Chen Laijun, Zheng Tianwen, Mei Shengwei, et al.

Review and prospect of compressed air energy storage
system [J]. Journal of Modern Power Systems and Clean
Energy, 2016, 4(4): 529-541.

Cheng Jie, Li Rui, Choobineh F F, et al. Dispatchable
generation of a novel compressed-air assisted wind
turbine and its operation mechanism [J]. IEEE Transac-
tions on Sustainable Energy, 2019, 10(4): 2201-2210.
Guo Zhongjie, Wei Wei, Chen Laijun, et al. Operation of
distribution network considering compressed air energy
storage unit and its reactive power support capability [J].
IEEE Transactions on Smart Grid, 2020, 11(4): 2954-
2965.

BHT, i, K RIS P
YR RG], KBARE2AR, 2020, 41(9): 121-128.
Miao Huiyu, Yang Yun, Mei Fei, et al. A seamless mode
switching control strategy in virtual synchronous
generator [J]. Acta Energiae Solaris Sinica, 2020, 41(9):
121-128. (in Chinese)

Li Yaran, Fu Long, Meng Ke, et al. Autonomous control
strategy for microgrid operating modes smooth transition
[J]. IEEE Access, 2020, 8: 142159-142172.

TRk, B—4, S, S LT I R FE
il B Ak HE 0L 1] A0 BILF- 8 O SRS (0], e FUR AR,
2023, 49(2): 831-839.

Wang Kairang, Zhao Yiming, Meng Jianhui, et al.
Smooth grid-connected strategy for photovoltaic-storage
virtual synchronous generator based on adaptive model
predictive control [J]. High Voltage Engineering, 2023,
49(2): 831-839. (in Chinese)

Wang Guishuo, Wang Xiaoli, Gao Xiang. Improved
seamless switching control strategy for AC/DC hybrid
microgrid [J]. IEEE Access, 2021, 9: 55790-55801.
AR, A, 20, 55 BT UL U e
TR IR DD il (0] HURSAR, 2025, 23(3):
330-342.

Zhu Chaoqun, Shen Jie, Li Jie, et al. Smooth switching
control of microgrid modes based on improved linear

quadratic regulator [J]. Journal of Power Supply, 2025,
23(3): 330-342. (in Chinese)

[10] El Azzaoui M. Start-up and smooth grid connection of the

doubly fed induction generator [C]/ 2021 IEEE 9th
International Conference on Smart Energy Grid Enginee-

ring (SEGE). Oshawa, ON, Canada, 2021: 147-152.



130 i, b

Eie o524 %

(11] BHLLER, Wafade, skl S A AILEE v ) 00 I S s

Lz 05[], PR, 2016, 39(4): 29-33, 70.

Hu Honggian, Shi Weifeng, Zhang Wei. Quasi-synch-
ronous connection strategy and dynamic simulation of
diesel generator set [J]. Navigation of China, 2016, 39(4):
29-33, 70. (in Chinese)

(12] wyakiai. APl B ARERIT (). Pl Bie 5 N,

2013, 30(12): 1498-1510.

Gao Zhigiang. On the foundation of active disturbance
rejection control [J]. Control Theory & Applications,
2013, 30(12): 1498-1510. (in Chinese)

[13] Zhang Bin, Tao Long, Zhou Xuesong. Adaptive linear

active disturbance rejection control with deviation
differential in DC bus voltage of wind power system [J].

IEEE Access, 2021, 9: 57808-57818.

[14] Sah$E, i, SR, &5 TR R 2 At e

WXL DC-DC At A UL HlHeme[)]. KRR,
2023, 44(10): 488-495.

Ma Youjie, Yang Qing, Zhou Xuesong, et al. Active
disturbance rejection control strategy of bidirectional
DC-DC converter on energy storage side based on fuzzy
neural network [J]. Acta Energiae Solaris Sinica, 2023,

44(10): 488-495. (in Chinese)

[15] Sun Changhao, Liu Chang’an, Feng Xueling, et al. Visual

servoing of flying robot based on fuzzy adaptive linear
active disturbance rejection control [J]. IEEE Transac-
tions on Circuits and Systems II: Express Briefs, 2021,

68(7): 2558-2562.

[16] B A, BREER, TRoCER, % —MuELIEY ek

WL i 14 9 HTHL ) TEAT IR v 1 1 D7 I FE ], A
FI R G AR S, 2023, 51(13): 12-24.

Duan Xiyue, Chen Yandong, Xu Yuancan, et al. A
wideband oscillation suppression method for active
disturbance rejection control with an enhanced linear
expansion state observer [J]. Power System Protection
and Control, 2023, 51(13): 12-24. (in Chinese)

WTHE, 7. HE TN A BT XU 2 H bt
SRR A R A P R ST (0], B SR, 2026, 24(1):
310-320.

—

Xu Yujie, Zhou Yangzhong. Research on improved cross-
coupled synchronization control for dual linear motors

based on linear active disturbance rejection [J]. Journal of

Power Supply, 2026, 24(1): 310-320. (in Chinese)

(18] Hg2=fs, ki, kermk, A5 ARRMATS = UHREDTIE

R TRESCE: DS IREZoR I 3 oA B[], SimR
5%, 2022, 39(5): 1-8, 14.

Mei Shengwei, Zhang Tong, Zhang Xuelin, et al.
Research and engineering practice of non-supplementary
combustion compressed air energy storage: Taking Jintan
national demonstration project as an example [J]. Expe-
rimental Technology and Management, 2022, 39(5): 1-8,
14. (in Chinese)

ZWy, iR, K, 5. JEGE SRR RS AR X
ARG, T E AL TR, 2020, 40(7): 2295-
2305.

Li Pan, Yang Chen, Chen Wen, et al. Dynamic characteri-
stics of compressed air energy storage system and the
regulation system [J]. Proceedings of the CSEE, 2020,
40(7): 2295-2305. (in Chinese)

[20] Calero I, Cadizares C A, Bhattacharya K. Compressed air

energy storage system modeling for power system studies
[J]. IEEE Transactions on Power Systems, 2019, 34(5):
3359-3371.

(211 35, AR, a3, % LIEAPHERIZSE b, B

WS HORE I ARD] 65 R, 2015, 3009):
1691-1695.

Liang Qing, Wang Chuanbang, Pan Jinwen, et al. Para-
meter identification of b, and parameter tuning law in
linear active disturbance rejection control [J]. Control and

Decision, 2015, 30(9): 1691-1695. (in Chinese)

EEE
TANE(1987— ), B, dlfEES,
[ R G = A W 1 [ Sy P
BREIE A F T IR, TR T
AEBRTRE PN, E-mail :
mengjianhui2008@163.com,
INEZE(1998— ), 5, W-E#5E
Ao BIFSETT I B RETR K HL I RO il
Ao E-mail : 220222213271 @ncepu.edu.cn,
KA J1(1985— ), 3 TR A,
TR BT T BRI ) RS
WA . E-mail: z86sifan@163.com,
FIRW(1999— ), B, Wi+w5E
Ao BRI HRREIR A B
Ao E-mail: 1406046382@gqq.com,

(G TGt INES)



