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Abstract: For an analog second-order Sigma-Delta modulation class-D power amplifier circuit, the continuous
domain mathematical model and discrete time domain iterative mathematical model are constructed. For the power
amplifier circuit, the continuous domain mathematical model is derived, which shows that the principle of the second
order sigma-delta modulation circuit is self-excited oscillation based on positive feedback, so as to realize the output
switching signal. Since the continuous domain mathematical model can only obtain the self-excited oscillation
frequency, the continuous domain mathematical model is discretized to obtain the discrete time domain iterative
mathematical model. This model can calculate the switching frequency value of any input signal and analyze the
stability conditions of second-order Sigma-Delta modulation circuit. The experimental results show that the error
between the theoretical switching frequency calculated based on the mathematical model and the experimental value is
less than 14%, which verifies the correctness of the mathematical model.
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2nd-SD modulation
MW7), TG R AR IR A
G,(jo)=H,G,,G,,.G,,(j w)e ™ =
H,G,,G,,..G, (jo)= HZGPAGpwme’j"" ‘
(=B, + @’B,) + j(~wB, + @’B;) )
(4 — @’ 4) + j(04, - 0’ 4,)
K o NAE SRR FAIRE ;. B=A 4054,
B =24,3.0:4,RC, By=By=0; A=y, A;=1H2R Congyt
R /Cayy, , A2:2RxC+R//C+RxR//C2(w3db+Adcw3db) » A=
R;cR//C20
ANt S A
£G,(jo)=£G,,(jo)+ £D(jo) =

nt

180° oA, - o’A,
——| arctan — —arctan — S W
T -B,tw’B, Ay—o'A,

FEIA% 28 PRSI (A
201g|G, (jw)| = 201g(H,G,,, G

pwm
201g|G,, | = 201g(H,G,,G

pwm

)+

)+

. J(=B, + @B,y +(-wB, + @'B,)’

201
JAy + 0P 4,) + (~04, + @' 4,)

(11)
O PRAE R B P I A, R T A



32 i, b

E 4 %524 %

WARGPARAS, RITFERL 12 ok KO0R £ 75 6 2 2 F
{201g(H2GPAG )+201g|G, |=0

pwm int

Z£G, (jo)+ £D(jo) = 2kn
Ko, kMR

HF BRGS0 0 g%, B
A EA 0 —feiae, #eta2) i EiE A
PRI o PRI AT AR (12) AR R AR A R
PGMR , ZINFRIKARSEL. BAMELL R /R, .
SYHBH R . LA C MARREIERT c GG, Bl 6 AP
s R IR AR 2, 81 7 B R CL ot
Ry/R, X 4 DSHO ARG i ih 2 . R4
7 ATAL, FdR G R RES R AT C S RIMIE R,
BEE « (BTSN, HORKE R/R, B4k

(12)

100

74—
of
G
201/ ¥
= 20t ER =
~__ /D
—60| \
i 1 1 1
1005 200 400 600 300
FiE /kHz

B 6 JFrintEidmEh&IRTIE &
Fig. 6 Phase frequency curves of each link in open loop
transfer function

200 300 400 500 600
RJQ C/nF
(b) R,=200 ©Q, 7=350 ns,

650
550 5501
< 550F
T N
5 450t = as0f
.| gl
350 N350F
250 250L I 1 ! !
1.0 12 14 1.6 1.8 20

(a) C=1 nF, 7=350 ns, Ry/R;=40

Ry/R,=40

650/ 585

LSO L 283}

Z Z 281t
= 450f =

5 % 270
= =

3s0F Sl

275

250 270 290 310 330 350 10 30 50 70 90
T/ns Ry/R,
(¢) R=200 Q, C=1 nF, R,/R,=40 (d) R=200 Q, C=I nF,
7=350 ns
B 7 4#SE3 8RS AR &k
Fig. 7 Influence curves of four parameterson self-excited
oscillation frequency

3 FXRIMEIHE

H1 TR FH i S A A RS 3] 1 R 35 A0
R, MELLE L AR =R AR 25 KN,
RIJC I Ak F R RS2 B o A, BT
HELRCA R TR MG S U=0 BFFFE
(A RS IR), kR R A S AR
0 FHYFFSCHIR, N T HHERf 5 AR 5
U, M\ O ZE I I SCHATZR A AR A A 00, Xof i T840
2nd-SD IR D SEINBECARA AT Bk Ab
B, EBASEEIAT G (s). LERFERT D(s)Fl
SR TR LA B . SRR EAR X s
WA RIAT 2 WBRUAL P, XAk s 5
iz AL Ry z=e ~(1+sT72)/(1-sT/2), Hrh
TASREESRIN, SRk R

BT G ()R 2 B b ikl
Dz’ + D,z* + D,z + D,

G (z)=
w(2) Cz’+Cz" +Cz+C,

(13)

X D=B,T°+2B,T"+4B,T+8B,, D,=3B,T"+2B,T°—
4B,T-24B,, D,=3B,T°~2B,T"~4B,T+24B,, D,~B,T’—
2B, T*+4B,T-8B,; Cy=A,T'+24,T+44,T+84,, C,=
34,7424, 44,1244, , C,=34,T°—24,T°—44,T+
244,, Cy=A,T’—24,T"+44,T-84,,

XTHERERT D(s)H) z SRS bRk

D(z)=z"" (14)

XL A R A6 ORI LA, R
et

P=1 U=0
(15)
P=0 U<0

BEXF DA XA Y B A b 3, AT LR
MATLAB * & S A B A A7 i balak A 158
R B R U MR S S P Y
WP

UEA, IPRIEH L 2R B T, s
LR U /0 2 an S &A%

(WIER AL S 0 B, A3 o i o e s
UFRERT—2BE, DMELRSIER T/E, B



555 3]

BEAERL, AF . SRR Y Sigma-Delta P81 D Sy E AR R 33

*

lU|>0 o | =0 (16)
KA, Ul WBAGES U B —1IE(H

Q)TERAG S B IRET , B A3 o 4
LR U BN B g U, DM RS
IEHTAE, BB

lu|<u, U, peuc| 1 (17)
K, U,y HRIAES U, BIH— LRI

WRAE(ES P IE RT3 2 0%, i T% &
TP 525 LuARg It K, BVSEBR TR AL 5 1
FERNSRENRIRRA , 5 RE A S 10—k
BREE FRRA 0.9, IH—fklE B S SCbrfi A {55 Ia B
YR U, /ROMIHAE . K 8(a)h 3 Fl R, FHIATGS
0.9 540 ZE+0.9 W FF AR ITIB T IR, #ie
THEFF IR 43391l 72~328 kHz ,80~419 kHz
1 90~474 kHz, H:rft C=1nF, t=350 ns, R,/R,=30,
T=1 ns, HAWZSHEILE 1. B 8(b) Ry 3 #h C THiA
G IH—RIE N -0.9 ARLZE+0.9 B FF AR H]
Wit ML, IR THE OO RS 80~
419 kHz. 89~470 kHz Fl 100~525 kHz, M R =
300 Q. 7=350 ns. R,/R,=30, HALSHILE 1.
Il 8(c)h 3 Bl o A S IH— 1Ll EE A—-0.9 254k
F+0.9 B ORISR ML, BT

U

im

4501 550
N N
§ 3501 g 450
X & 350
@250— 3 = A\
;HZ / » RX:250 Q) ﬂ% 250 - C=1.0 nF
e 150 / R300Q e 50l 7 C=12nF
L R=350Q N { , ~OC=l4nF
10 0.6 02 02 06 10 %006 02 02 05 10
Ur,peak Ur.peak
(@) 3FhFRS) HLFHR, (b) 3FhFRA A C
600 450
N P N
B0 T 3s0F
s 400F ®
=300 / =250
7H< L B * - Rz/R1:20
o= T
108' =395 ns % Ry/Ry=30
-1.0-0.6 -0.2 0.2 0.6 1.0 -1.0 0.6 -0.2 02 0.6 1.0
Ur,peak Ur.peak
(c) 3FMEREEERT T (d) 3FREAE EE R, /R,

B8 FXMEREIRITHMLZL
Fig. 8 Theoretical calculation curves of
switching frequency

x1 IHIRFESH
Tab. 1 Parameters of the power amplifier
experiment platform

ZHL Bl
AR U, U /V 45.0
FL A RIEN A Cy . Cy/uF 1000
LC fiid ik i sk L, JuH 22
LC R IEB A C, JuF 0.47
FARHLF R/Q 8
St HLBE R, /kQ 100
RC AU HLA Cp/pF 150
i A M55 051 % /kHz 1
B AD825 #E 7Rt [h]/ns 80
UKZ)) IRS20957 ALHEAE IS F_F- THI [H]/ns 110
MOSFET I+ [d]/ns 10

FJEE Sl 102~538 kHz . 80~419 kHz il 62~
320 kHz, Hf R =300 Q. C=1 nF, R,/R,=30,
MSEIE 1. K 8(d)k 3 FF R/R, N A5 IH
— AL IR 0.9 AL EE+0.9 T MBI
Mk, FIRTHE I MR I 80~419 kHz, H
H1 R =300 Q. C=1nF. =350 ns, HASHIWE 1.
HiFE 8 mI, AUSELBH R AN HLZS C Mk, JF
IR ; FARIERT o/, MR ; B
{HEE Ry/R, LA S 52N MR

4 EIRIGIE

41 EWIEH

I SEER IO U TR AL 2nd-SD I I
R HER I . B 9 B TFAHL 2nd-SD ] D 2
Uil sE 5 -6

B9 E-TF#Hl 2nd-SD K D XMW TFEE
Fig. 9 Experimental platform of a Class-D power amplifier
based on analog 2nd-SD modulation



34 H, T = Eid %24 %
MR HL AT LC IGGE P L % 2nd-SD TR % = 444 kHz, HS5BUSTHEIRZ A BT 12%.

BLHIET AD825 FRHASH L — BBt BK )
HLE R IRS20957 S ILAR I HL BRI, A7 L Al
JHH MOSFET #4754 IRF6785MTRPbF ., HJji
TETFESHOLE 1,

R 1] 9 SIEIGF- 15 1 FELISRE) 1 B 3R 1 S50 T
HBSHOTH, FETHY 2nd-SD PHIH D 25T
P 42 R AT B ) SRR AE I 7 2 Iz i ADS25
OS] . BREN TRS20957 FAEIEIERSFI Tt
], MOSFET A_I F+Hf ] B2 S 15 L % %) RC AIGH
DI P I3 ) EE s 2

RC I 85 L 1) S I R 8 2y

t Ry . C
tRC:arc ana)a) reCre (18)

M4 (18) n] LI B /a5 5 M % 1~400 kHz
b, 24 RC GETEDE B Ry =1 kQ B, RC {IKid@ &
P H 8 B IHSE R 144~150 ns, T & AT HUSL]
2nd-SD JHI Y D 275 g v 4 Jm RUATR )
SMEARIERT =350 ns.
4.2 KUGTEHIE

N T B AL 2nd-SD IR AR Y E
Wk, 3T 1 3 FOREFIHEE R, 3 AR
YRS C. 3 FIASIRIERRRTAERT « Fi 3 FOA[RIBHIE LE
Ry/R FINE T IH—1LIEEE-0.9 5L E+0.9 HYSE5:
M, WAMGS R 1 kHz 1540, & 10 7 R =250
300, 350 Q Fll C=1nF. =350 ns. R,/R,=30 A IHi
R N SEe T seE ik, LA, SR
FEIRATRIE B3 51 81~314 kHz ,90~395 kHz 1 97~

450 121
N 10F!
T 350 5 |
= 250F € 6 \/
® 7/ ~R=250Q \ o4l ‘
B 150F // R =300Q \\ R =250 Q - R, -300Q
/ R =300 2r R 3500
59104)6 202 02 06 10 91.0 206 <02 02 06 10
Ur \peak Ur,peak
(a) FFRpmA M 2 (b) RZE 2
E 10 3FFASHEER WA XMEINMERSERITE
REMZE

Fig. 10 Experimental curves of switching frequency of
threekindsof integrating resistance R, and error curves of
theoretical calculation

11k C=1.0, 1.2, 1.4 nF Il R =250 Q. =
350 ns. R,/R=30 M A sim 2k Je S Hg it
AR ZEMNZ ., ATLAER Y, SE90 T SR 43 0
90~395 kHz ., 81~444 kHz il 104~487 kHz, H5F

WITHIRZEANET 12%,
12
5 450+ N, 1011
=< 350 o 8-
& 250 | N % of VY
&1 ) CES N\ | ®ap T g
150F / = =1.2n
KR C=141F ' ok g g
0006 02 02 06 10 U006 02 02 06 10
Ur \peak Ur,peak
(a) JFRFH 2 2k (b) 2Lk
B 11l 3#WHUSLERT CHAXRMERIEMERSERITE
REMHLE

Fig. 11 Experimental curves of switching frequency of
three kinds of integrated capacitors C and error curves of
theoretical calculation

B 12} =305 ns(Rp=700 Q). 350 ns(Ry.—
1000 Q). 395 ns(Rp=1 300 Q)F1 R =250 Q. C=
1 nF, =350 ns. R,/R,=30 TP S0u thak K
SHeitRRZE M. LA, SER I ORIE
FEl 43311 93~500 kHz , 90~395 kHz £ 68~310 kHz,

HS5HISIEIRZENBEL 14%.
— 12 -
S0 10f- _*’?7305 o
J§_350— T TR < 8
K 2501 - O #or
ai v/ TIRmNN K 4l
150 / =7=350 ns TN\ ’
“ / T= '395 ns (2)_. 1:}350 ns - 7=395 ns
0006 02 02 06 10 -1.0 0.6 02 02 0.6 1.0
Ur peak Ur,peak
(@) JF R 572 fh 2k (b) IR Lk
B 12 3FEIBER t MAXRMEIHMER SEIRITE
REMEKE

Fig. 12 Experimental curves of switching frequency of
three kinds of propagation delay = and error curves of
theoretical calculation

K 13 4 R,/R,=20(R,=5.0 kQ). 25(R,=4.0 kQ).
30(R,=3.3 kQ)F R =250 Q. C=1 nF, =350 ns A F3%
RSy 2k Je SRR AL WLIE L, 58
AT R B350 88~396 kHz, 88~398 kHz Al
90~395 kHz, H5HHSTHRIRZEANET 12%.



BEAERL, AF . SRR Y Sigma-Delta P81 D Sy E AR R

35

555 1]
12
s 5 o “RJR-20
=~ o 81! / /X
@250— ;i o NAN
® “RYR=20 \ w4 N
150 = 3 -~ —i
= R,/R =25 oL X R,/R =25
‘ R,/R,=30 R,/R =30
50 I L 1 0 1 I 1 1
-1.0 -0.6 -0.2 0.2 0.6 1.0 -1.0 -0.6 -0.2 0.2 0.6 1.0
Ur,peak Ur,peak
(a) JFRHMA M1 2 (b) R 2 2%

13 3FEMEL R/R BIFFRINER LI ML R SEILITE
REMEE
Fig. 13 Experimental curves of switching frequency of
threekinds of resistanceratio R,/R, and error curves of
theoretical calculation

H 10~ 13 7], B R R FIAR S FL 2
CMRK, FFRMRMR G ABREIERS « 8/, FF M
Rl ML Ry/R, ZEEAR SR AR
ZESE S PSS

HRAEEE 2 5 A 3 AT AT RN, 5 T SR8 1Y
FERNZABTHEM R, . BUFHEA C RAEFEIE
B 7, H TS0 B e 3R A B L B R 43 L2
YIRBUEAR E R 22, HAL #5415 32 2] v, s v %A

PR LB IERT, 5 SCPRS i Z AR AR S H0R
o VPRI, R0 LB 2 S B0 25 4 1 RS
58 O 238 R0 PR e TH L OS2 [F] A AE —
MR 25, BRIILESUE T4 2 A 840 2nd-SD 8 il 4k
SERIRIERA PR, A4 S 14l 2nd-SD R il
HL I 1) 7
K14 2 R =300 Q I C=1 nF .t=350 ns.R,/R,=
30 B AfE 5 IH—ALIEBE 435128 0. 0.4 F1 0.8 1Y
AMGS . MEEEICEN R R EE . W
B 14(a) AT FEAMG S ARUEN 0.07 V, TR
0.07x1.414=0.1 V, W AfF 50— 1kiRBEZ) R 0,
W FF XA %K 395 kHz, 4%y A 2
3.5V; HHE 140b) AT A AfS S HE R 043V,
RBE N 0.43x1.414=0.6 V, W A {5 5 00— LR
250 0.4, MRS, 323 kHz, TAZCLEAR
MUEN 11.8 Vs HHIE 14(c) rl Mk A MG S A 8 fE N
0.85V, HEEEN 0.85x1.414=1.2V, Nk Af551H
—AIREEZ9 S 0.8, BLETFF A 162 kHz, fit

R (AR SE I S0, PR SR L A T BRIEARUE 254 V.
S 1! > ﬁ — e : = s : > ﬁ i »r N~ U\'/ »
> & o, 2 A oK i
SEN — I T N N NP N R i
g5 — g g 22 NNV NN
=< e ST b U@ Fa _al oS B SR S S VR
3 il S i R SRS e
/(500 us/k%) #/(500 ps/k%) #/(500 us/k&)
K TN TN
% —~ /Ur % A /Ur % G :/UF
> & > & U, - Y
a5 . . K lgit——“ 1 g5, T
=9 Use >9 Use =9 (£
ST T | 5 5s g
=y JOE IS IV N N A RO [~ L Ll | = _LLL L L
(1 us/t%) (1 us/A%) 112 usits)
(a) Ur,peak:() (b) Ur.peak=0'4 (C) Ur,peak:O-8

UO

B 14 BMNESHE—KIEESHA 0. 0450 08 HMNES . RAEmER LM HEERR
Fig. 14 Input signal, load voltage and half-bridge output voltage wavefor ms when the nor malized amplitude of input signal
is0, 0.4 and 0.8 respectively

HIEE(7) H LC JEIR#R7E 1 kHz AbHE25 R 1,
D) 473 268 FL TR AN A 5 =22 [R)35 L 6 2R

RI mn

(19)

AT, ER A S IH—ALEE S5 0. 0.4
F10.8 B, FRISHAHEARET A 0V, 12,7V

254V, 5SEAREAR—Z, Wik 7 X(7)IE
k.

KT HE—AER 2nd-SD JEHIALHY, BT
51£5: SPWM XS Lsess . TR R
T80k 52 e A1 A7 i R 1) MR R A A3 A A T
segewt i, R (19)F SD JE T EH AT A, 2nd-SD



36 i, T

E 4 %524 %

PR A T AR SZ R L R B B, FLF
I vE . B MRS IV AR T, &5 SPWM
(18 i b Pl A2 P R P D8 B 5 i L DA R A
T

15 S B R 23 51 40, 45, 50 VI Ak
TARALL 2nd-SD I Tl ) Dk H e i E R RO
LIV, WAGS U Wi%E=1 kHz, H3(H=
0.84 V IWIESZ Y o Kl 15(a)~(c) ] % L &
IR 253, 254, 25.4 V, KAE T TR
2nd-SD il i D8 L B A L R U S A2 LR

W sz s B 15(d)~(D) W] AT, 2nd-SD i il %
V1 B3 e 7 A1 i LA 00 ) B 0 L v A M 7 A
S

Kl 16 A EHL LR35 40, 45, 50 V BT
st SPWM Al (14 2y ri, 8 i 114 P, i B A% S
B, WKL 0.8, MK 16(a)y~(c)r i, Hi i
JEARSIh 212, 23.7, 267 V, KUE T3 TAESE
SPWM I il (Y e L i t 1 L . U A2 L IR S5
Wi s H I 16(d)~(H) T, B D i o e g 4
T 400 kKHz FFOCHRHHE

& € £
> ~ i Ur ; ~ - Uf ; P : U[
2E “/\//\/\IJ(/\/\ 2 g"/\\/\/\(\//\‘/\_/ 2 g“\/\/\/\ui/\/
S A wawa v aws sl TN wi v AWAYIEL TASAS & O 6 WA
o2 . Use pia) U, ~% Uz
% = ] % \g- ac - % \g- L
>0 = =0 > D
O e — o S
= (500 ps/H%) = 1/(500 ps/H%) = 1/(500 ps/#%)
(a) it FiL HL R 40 V4 i L IR (b) BEHLHLEAS VIR HUE () Ak HL LR 50 VIR Hy v

_E —FFI(U,) _E FFT(U,), = FFT(U,),
€5 £5 ‘ €3
Z 3 Z 3 )
s U, s n 2s u
HE e R e =37 o
5 i ) == S) =

I o= — i e e &3

= = -8 =

1(1 us/A%) 1(1 us/kg) (1 us/ks)

(d) BEHLHLE40 VIR ST () b HLHLEAS VIR (f) L LR 50 VRIS

B 15 ZEAEE A ERE TR 2nd-SD B HI B9 Th A B B4 f R R SIS SR i
Fig. 15 The output voltage and spectrum waveform of power amplifier circuit based on analog 2nd-SD modulation at

different supply voltages

UO

ac
4%.&-..00400.00.0

.. e ce— e  eeme o

U, U, /(50 V/#%)
U, U, J(50 V/E%)
U, U, J(50 V/F%)
‘ Q%

e oo OGO OGO oo ~od

#(500 us/k%) 1(500 us/F§) 1/(500 us/%)
() kL HLR40 V4T HL (b) 4k L HL 45 VI i HL & (c) fk HL HLJE 50 VI H R
& " FFT(U,0) & " FFT(U,), & " FFT(U,),
£5 £ £9
= S ES
; g/ Uac Z §’ Uac Z 5 UHC
B o 2D - 2D
D e e e el D e e samer sameeamecned D T o
E: T “n ) froi— = e
(1 ps/g) = (1 ps/i) = /(1 ps/ig)

(d) B HLEA40 VIR 5T () HkHLHLEAS VIR i () BEHL RS0 VIS

B 16 FEARMEEBERET SPWM I8 HI 89 Th AL B &% H BB IE K 37i% SK 3 ik 2
Fig. 16 The output voltage and spectrum waveform of power amplifier circuit based on SPWM modulation at different

supply voltages



555 3]

BEAERL, AF . SRR Y Sigma-Delta P81 D Sy E AR R 37

W 3 5L B %F L B 48 2nd-SD I I 1L S8
SPWM, KE T 3 TFAEHE 2nd-SD 85 (1) Zh s He
R AN 32 HL TR s . ELAE R B e

5 &

AR EE T HTF —H Sigma-Delta i D 2%
T T 1 25 R o A Y B G g A P el 2k AR
SEARAR SRR BANE R B Sigma-Delta
1 L B i B A R T IR BB Y A IR . RS
R A A B O Y I gk AR AR AR AT 5
1 5 A AE 5 I I S5 R AE JF o A B
Sigma-Delta il L B& ROFEEVE . SCER 25 SRR,
BT HOA BRI TR T O 3R BRSNS 56
WEARMI 14%, Uk Tz EeH R A
BeAh, ZECARR I AR BT B B Sigma-
Delta 9] B3 % 148 5

SE k-

(1] 28, 2R, RHEE. HRE AR AR (1], B
HAR, 2018, 42(9): 13-18.

Xie Yi, Li Chenghao, Tu Qijie. Discussion of the audio
power amplifier [J]. Audio Engineering, 2018, 42(9):
13-18. (in Chinese)

[2] ZEREE, b, 2HE, S5 —FOIET ORGSR IR

SYBLaR el 2.45 GHz JIFHURAR[1]. LRSIz, 2024, 22
(2): 421-430.
Li Yuliang, Yang Zhen, Li Yan, et al. Research on 2.45
GHz power amplifier based on power synthesizer and
power splitter [J]. Journal of Power Supply, 2024, 22(2):
421- 430. (in Chinese)

[3] Jiang Xicheng. Fundamentals of audio class D amplifier
design: A review of schemes and architectures [J]. IEEE
Solid-State Circuits Magazine, 2017, 9(3): 14-25.

[4] SKEZE AhEfe, #5v, % ST PWM G ZH
- D IO ). LT HARR, 2007,
22(7): 103-108.

Zhang Ying, Li Yaohua, Cai Ling, et al. Analysis of a
cascade multilevel class-D power amplifier output har-

monic [J]. Transactions of China Electrotechnical Society,

2007, 22(7): 103-108. (in Chinese)

[5] Mauerer M, Kolar J W. Distortion minimization for
ultra-low THD class-D power amplifiers [J]. CPSS Tran-
sactions on Power Electronics and Applications, 2018,
3(4): 324-338.

[6] Pakniat H. Precise mathematical model of PSCM class-D
amplifiers [J]. IEEE Transactions on Industrial Electro-
nics, 2022, 69(10): 9731-9738.

(71 EZRZE. MR TR R AR E SPWM 1]
SRME[I]. A T RE, 2018(9): 176-177.

Wang Jiahao. A frequency-doubled unipolar SPWM control
strategy based on analog circuits [J]. China Plant Engin-
eering, 2018(9): 176-177. (in Chinese)

(8] Hzk, TKAK, SKIDiE. T AT EAY AR S
[ DI E[T]. H THARYR, 2013, 28(8): 233-240.
Miao Di, Zhang Donglai, Zhang Naitong. Research on
space power conditioning unit with high power density
based on AX overclocking characteristics [J]. Transac-
tions of China Electrotechnical Society, 2013, 28(8): 233-
240. (in Chinese)

[9] BZHp. —F N FEH#E X F IR &1 Sigma-Delta I
il #R[D]. RIK: ZRALAHARE, 2018,

Huo Anbang. A kind of Sigma-Delta modulator applied
in portable audio system [D]. Daqing: Northeast
Petroleum University, 2018. (in Chinese)

[10] Berkhout M, Dooper L. Class-D audio amplifiers in
mobile applications [C]/ IEEE Transactions on Circuits
and Systems I: Regular Papers. 2010: 992-1002.

[11] T4, 3T =-A RIS E S R HEPLAFED]. S
IR WRJRIE T AR, 2011,

Ning Xingzhong. Study of acoustical signal transmitter
which based on Sigma-Delta modulation [D]. Harbin:
Harbin Engineering University, 2011. (in Chinese)

[12] JEJ 5. He T SA I A /K R 5E 5 WL 9E S st

[D]. MR/REE: ME/RIEE TRERAE, 2016.
Zhou Guangjiao. Study and design of underwater acoustic
communication transmitter based on XA modulation
technique [D]. Harbin: Harbin Engineering University,
2016. (in Chinese)

[13] Ge Tong, Chang J S, Shu Wei. Modeling and analysis of
PSRR in analog PWM class D amplifiers [C]// 2006 IEEE



38 5 b

e

%24 %

International Symposium on Circuits and Systems (ISCAS).
Island of Kos, Greece, 2006: 4.

[14] Shu Wei, Chang J S. THD of closed-loop analog PWM
class-D amplifiers [J]. IEEE Transactions on Circuits and
Systems I: Regular Papers, 2008, 55(6): 1769-1777.

[15] HOQyerby M C W, Andersen M A E. Carrier distortion in
hysteretic self-oscillating class-D audio power amplifiers:
Analysis and optimization [J]. IEEE Transactions on
Power Electronics, 2009, 24(3): 714-729.

[16] #hH:22. T Sigma-Delta P54 D ZEThiik di IR B 5T
[D]. B AEhRHE 2, 2018.

Zhong Shenglan. Research on class D amplifier based on

Sigma-Delta modulation [D]. Wuhan: Huazhong Univer-

sity of Science and Technology, 2018. (in Chinese)

EEET

BEAEBL(1994— ), 5, fE1ER,
4, TRIW, TR ThERER
E-mail: 13260277699@]163.com,

THRE01997— ), &, #wit, B
FTARIW, W55 1] < 5540  E-mail :
1835570351(@qq.com,

KEO1989— ), F, #it, T#&
Ui o BFFET7 1]« 55 A0 3, B-mail : misspo

pular@126.com,

UEgniE: L)

REEF - HMEAUR

# 1 ch A

FEH, mEEEHTE
HEEHNEREHER

AS

VN

AR

SRR R E S



