M &3 ARG

M+ % AL ® X

= H: R 7 R [ R O EL s =i )
i I 3 BRI
-2 | 4 w5 5ifE T4L
e FHUM oA B &l #% I
AN 50 % fE

SERHI 2022 £ 5 A




BUH B RHER B 2 AL 3L

BRERE 7 BN R GRS 32

BF 5% 4. A
RREIT: HA alauR

2022 F 5 A



Dissertation Submitted to Hangzhou Dianzi University

for the Degree of Master

Design and implementation of intelligent
low-voltage Shunt monitoring System

Candidate: Hu Xiao shuang

Supervisor: Associate Prof. Chen Keming

May, 2022



B B FRIRRF
FALVR TR 144 75 B A5 FH A 5 9
JR A P B
AR BT RRNFERAL S, RANES IS S, BT T L
IR BRIC CATEDI 3P AN, AG SR S T3 NSkt L R R B S

AR S O A o X6 AR S AIE 7T A Tk 1 NRTERAR, 23 AR S LA 5 2 Chn ]
HE AR SO BORE B AL Z AL, ARNARH YR R DTS

WrlE s, THAE AR HH: 2022 4 05 H 31 H

AL SCAE F IR AL B

NG T IRBUN BRI ST R A 2= A0 SO e, B BIF AR AE RS I
A R 18 SC AR R BUR AL R AT LT RO . AANRIERR B RS, AR
A A SC AR BRI 2B 2 AT R IO FE 7 B R 2 SR AR BB AC 1 S R BN
i, SCVFERAE PRI 2R EAAAT IR SO Bt 7> W, AT AR VR BN . 4B
B EHITERRFIR . (RE IR ST 5 87 e

W, ARE MR H: 2022 4205 A 31 H

R FEINZE4 lfw’w‘ HH#H: 2022405 H 31 H



A L R TN 2 e VA7

wm =

AR s FL X R 3 AT IR Xt Y [ Y ol 22 e AT 3 F o B 2 ELR S, 7 I I HEL R [
Jio HPAESHOEAT SR I . AR S0 BTN BE A R RERMIR R 7 SCER B IEAT AL, TovE A
Bl EALR o, BEATIZRE SN AR A AN, (RIS e s R box oo 7 AR B E 35 (1 F
TIEBAT A R M. H AR 73 B M I e 26 (1 S RO E R 58 H S AURE I ANy, skbrigfEid
e, FHERKEANLS S, MK, ZRK.

N T SEDUR S R BEREIN, AT 1 — M TR BOR AR 73 e i 3R ¢
BRGEI T 2SR RE . Bk AL RER E ST . it 17—k
R 7 i M I e 6, L 2 ER A P PRAER S KAt L S, I L T i AT R T R 741
Oy I DA B AR W SR o b, RS A RS A, Beih 7R AEMI S, JHid 485 H4K
2 SRS BN S 3T E R B B E 2T G, SRR E A S3n] DUSE il %
N SCEER B AT IR, SO S PR 5 1S

O B2E-2 FRT U A%, R A HLESeal, R Ed R, JF HIZHREA IR,
AT T TR 5 7 SR B AR (R I o BT SRS, I I R AT LR PR R A
MHERE PP, Foridk FRT SURRAB s HA Gk, NFH—IKEFS] FFT a5 ]
PRI B, 2 FAAA T 36-2 FRT 504, b 1 3k Ak i 5L, IR
AT AR RE R TR P VR B R A I R L R S AS N A M R I, SR D is
BB RS, SEI0gt R, MHE T 52 FRT BEB B ER & 1 3.1%, IASI WU seih 2
Ko

AR 7 M I e e AR TR, L AUSE S BRI R AT, SEDL R RS . SR E
T AFAERE BOK RIEBPBRE B R ST it 7 — S S B EIRIE RS, ARG
RS B M e 2« BRIE AL, IRIESRH . 2 MEEERR . 2R T
REAW ER T BORSESE BN e 2 AL IR Dh E, 383 s i AR AE & 4 L iR SRS IE F2 88 T R AL I
WAE, HRIE B HUERIR R, SR IERAE B, MR IEREE, FIRALE 40s ity
Rk 12 G, PR R IER (A 455 % 3.37s.

KB (R R, PR R, BERIE



A L R TN 2 e VA7

ABSTRACT

For the immediate impact on the safety of power consumption and quality of power supply by
the running state of low-voltage power grid, it is necessary to monitor the voltage, current and
other parameters of low-voltage power grid in real time. The traditional monitoring equipment
which is lack of effective analysis of power harmonics that will cause great harm, can only monitor
the low-voltage branch lines locally, but cannot upload the data to the cloud for remote real-time
data acquisition, analysis and storage. At present, the automation degree of parameter correction
system of low-voltage shunt monitoring equipment is not high, which requires a lot of manual
participation, time-consuming and low efficiency in the actual operation process.

In order to realize the intelligent monitoring of low-voltage power grid, this paper designs a
low-voltage shunt monitoring system which can realize the functions of real-time acquisition of
multiple power parameters, data storage, on-line monitoring and fault alarm with the Internet of
Things technology. Meanwhile, a low-voltage shunt monitoring equipment is designed to quickly
collect large AC current data through Rogowski Coil, and analyze power harmonics based on
complex sequence split-radix Fast Fourier transform algorithm, and report the abnormal results in
real time. An intelligent gateway is designed to connect multiple low-voltage shunt monitoring
devices through 485 bus and report the data to the cloud platform. The power grid operation and
maintenance supervisor can monitor the operation status of multiple branch lines in real time and
receive the alarm information in time.

When the commonly used harmonic analysis algorithm of radix-2 FFT is realized on single
chip microcomputer, the amount of operation is too large and the operation accuracy is limited. An
algorithm for harmonic analysis based on the split-radix Fast Fourier transform of complex
sequence is designed in this paper. It is composed of voltage and current sampling sequences into
complex sequences. In this algorithm, the split-radix FFT algorithm is combined with the complex
number operation, and each harmonic value can be obtained only by one complex sequence FFT
operation. Compared with the base-2 FFT algorithm, The Times of multiplication and addition are
reduced. In the process of harmonic analysis algorithm, the improvement measures such as
reducing spectrum aliasing, reducing spectrum leakage and avoiding fence effect are adopted to
reduce the decline of operation accuracy. The experimental results show that the operation
accuracy is improved by 3.1% compared with base-2 FFT algorithm, which meets the expected

design requirements.
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Before leaving the factory, the parameter correction operation of the intelligent low-voltage
shunt monitoring equipment must be completed to achieve high-precision acquisition. The
traditional correction method has the problems of long time-consuming and cumbersome correction
steps. Based on this, an automatic parameter correction system is designed, which is composed of
intelligent low-voltage shunt monitoring equipment, correction upper computer and correction
machine body. Combined with network communication technology, multithreading processing
mechanism and virtual serial port technology to realize batch correction function of the equipment.
The correction process is started by clicking the start correction button on the correction machine
body. The correction process is controlled by the correction upper computer to realize the
automation of the correction process and simplify the correction process. 12 sets of equipment can
be corrected in about 40s, and the average correction time of a single equipment is shortened to
3.37s.

Keywords: Low-voltage power grid, Online monitoring, Internet of Things, Harmonic analysis,
Automatic correction
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M0 22 3 T FE s, B ] 2.30 Jirois Dy PA MR 4% s A3 B B0 A% SN SR AR B L e s

fi$% AL B.
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BT ETEFISREFREEM THRANERTTES

XoF HEL IR PR L S AT AT, T LN B RE T A M B AR S e R 2 R E-2 FFT
SR EAT VB b, 0T I i R AT AU S R, R BEEIE HERK, BEKEEA R,
NEENHT ARG 456 RGN AL 0 FRT RS IE T ok, Wit 72 TR 7511 SRFFT
VB AT AR, A VS A AT SR A AT, T AR AT R A SR, XA L2 FRT
HikmisE D, R, W TR REREE R AT i A B, METAE-2 FRT
%, SRFFT Siydis B M B AT o RIS SE XTI 20 M it F5 Hh n] B HA IR iR Z2 DR 3R 3R 7 A
SO I, DRI RS, S5A A ST T R BRI 2 s I8 A 3R AT B B A T S
B, B G REIEAT 1B BT DRIl

31 BESETHEEMNTHAEE S TEEZAR RSN
3.1.1 R RIE

FITA (¥ Ji 390 o A0 e W A 1 9% AT 3% 9% R BT AL AV I 75 R B EAT Hid o ) P e B4
ook S 5 (B IR)EAT 208, o ARSI 50Hz IR /> B g T2 &, M
TR R T &L,

i T e L A 8010 90 0 A i AR sl ) PR R L e A AR s A U F e A
T3 A L BRI 5 VR R 0.

fBE A7 AL T H R B L T L A B AR A 3 N ORI A IS 5, IR A TR L Ik
HL I AR R A8 L - G i Al HiR e (3-1) A1k (3-2) it

N
U(t) =Ugp + 2 Uy sin(hes,t +6,)
= 3-1)
=a, +Z[ah COS(ha)nt)+bh sin (ha’nt)]
h=1

it)y=1,, +ZN: . Sin(ha)nt+(oh)
" (3-2)

N
=, + Y[ ¢, cos(ha,t)+d, sin(ho,t)]
h=1

\
/|
-

U, =+a’°+b?,U,, =a, 6, =arctg % (3-3)

h
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Lin =+/C2 + 0,2, lom = Cor 0 =arctgg—h (3-4)

:
B-LAICB-2) 1, 55 g C b LA B FE B 1 LA Ao 24 h =106, U, sin (haat +6))
R L, sin(hot + g, ) FoR B R, S RIHUIRBEFEE . 4h=23.N M, JLARBCERT M
Ui, Ho, Uy o Lo SEREh SRR . HRIOIEM, 6, @, %PRLh ok, B
IR, &, .+ b, BERE h YO BRSO IE L R, G v Oy XL h U P AR A I
WAEML T2 R R

a, =U,,sing,,b, =U, cosd, ,c, =1, sing, d, =1, cose, (3-5)

Upw =87 +0,7, 1, =4/C,7 +d,2 (3-6)
ah . c'h

6, = arctg b—,bh #0; ¢, =arctg d—,dh =0 (3-7)
h h

FITBL, AR A I0E B AR 52 250 BURSR S h OSBRI AR AL, Sttt AT
Bt BUEAFAET — DUGARRIE B S IEBAR A o, HKYE (5 I ZOH 8 ) R

.
a, = T3 [% u(®) cos(hart)dt
, f (3-8)
b, =~ joZ u(t)sin(hayt)dt
2 I
== [% i) cos(hetydt
, 2 (3-9)
d, =+ _[_ZTZi(t)sin(hwlt)dt
1 L
8= IZZ u(t)dt
(3-10)

1.l
o= [7iat
2

CARL DN B, Oy 7 TAETHENL ETE S, R RESE S A B SOy HUE 5, sk
(3-11) :

a, :iM_luk cosz—”hk
M &= M

b, =23y, sin 2 hi (3-11)
M iz M
1 M-1
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A M Rom RIS, AR ECR IR 80E T RiE, AR A=t

u(t) = f u.e™  (h=0,+1+2,..) (3-12)
h=—o0
1L 0 1 L 0
Up=2 IZE u(te "t U, = = IZZ u(t)etdt (3-13)
X (3-1) F (3-12) MR A5 H PL R RIA
1 . : 1 . y
U, =§(ah —jb,)=[U,[e™, U, =§(ah +jb)=[U,le " (3-14)
DRI, oF %0 8 T S B0 25 1554 L 25 ¥ (Diiscrete Fourier Transform, DFT)AbFE, fEfE15
H
U, = Ly g e (h=0,1,2,....(M /2)-1) (3-15)
h_ﬁ K =VU,44,....
k=0

312 AFXRERMSH

N T G AETH UM e g ESEEL,  ARAE BB A IR B A e, 2

{U (h)=a, - jb,

I(h)=c, - id, (340

2430 (3-8) v (3-9) . (3100 . (3-16) fle ™ =cos(hat) — jsin(heyt) » 7T LATEH:

T

1 2 ~ jhat
Uh)=— j;u(t)e dt
) (3-17)
I(h) = Ti IZTzi(t)e‘j““’ltdt
3 (3-17) W52 FB R A Fym A B AR e ik 5, 45530 (3-16) RRBHER H
1 .
ah=5[u (h)+U"(h) ]
B, =2[U()-U" ()]
(3-18)

1 .
ch=5[|(h)+| (]

dh:%[l(h)—l*(h)]

AP I S VA S0 ] S ) P R SR SRS S AT SR IR R R AE R AR, SRR O KL 133
FEFEFI{u(k)}, A% A ST DFT 284, W (3-19) FiR:
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U (h) = DFT [u(k) _%Ki[u(k)wh”] (3-19)

DFT AL B G Jo R A IR F AT BRACP 1,  Bse x(n) /2 KN /LA BRI 51,
A% FH ) DFT AR

Z
,_‘

X(K) =Y x(MW™ k=012, N-1 (3-20)

i
o

AR IDFT -
X(K) =+ NzfX(k)WN " k=012 N-1 (3-21)

Hrw, _e v, fESY (3200 AT, B X (k) FHEFLE N -1 E AN RE R,
X (k) 243 DFT 125, &4 N(N =) XEIMM N2 RE3F, ik HEALEAT Feikih HiHFE
IR LE A A, R N SRR, THENIEEEIRE 20, EER B, i ELE
5 A 52

3.1.3 FFT BEAXtE 5i%#F

HT ARG RN Z STM32 A HUE SR G S, SHEELAHR AR, 2
LA RIS IEHE, RIERAREEIT. A TRDIEHESE, B PR AR % (Fast
Fourier Transform, FFT){X# DFT #EATHEALEE, FFT ARYE DFT JefE R WX FI%E S, &9
DFT g5 Hp 3L i, S8 —ANKM DFT 740 0 LA DFT J751, SRS 245 is 5
ffH BT, 8 A= DFT-FFT & #un KWK 3.1 s .

1(0) (0
A(4) “ A X(1)
T Qo
© . 2> O
v,
- ’:"
a3) X(5)
a( i w3 X

K] 3.1 DIT-FFT A8 ¥R & &

FFT B IRZ A, & WE 5 A FFT Bk 3.1 Fran,  GHIX F Sy i) s B A4 o5 3
ATXFEE

35



IR A REE R & 5 a N 2 ] e =X VA 88
2 3.1 WL FFT Stk

SR AR S SR AR SR R

$£-2 FFT ik LA 2 F i 18] 2 A0 1l U 2 5 SERUU T, PR 5 S B
IREHEHL EZ ES0ia ] 1) A LR, R TR T
\ NN BB, HisFMEN
B4 FFT ik LA 4 11 i 18] 25 550 1 U 2 5 -
IR
SREFT £ XHE S R A 2k -2 FFT 505, W& SREAINER I SR8 m >, H
75 K F -4 FRT Sik8 IRARBON R IR

Zoom FFT 503k W EMBU— N TEREHL T FFT 424 R R, BHERD

N 3.1 UM W FRT BRI B o A nl sn, AHBCT Hofth JUM FFT 3%, SRFFT
SR IEAT HE A BE S eV A IR B R D, S A AR RGINRE S, B SRFFT Sk T
WA B NTFEAR IR FHR. X DFT. F£-2 FFT. 3&-4 FFT UL K SRFFT f3Ryk ANk
BEBGEAT S, W3k 3.2 k.

7 3.2 DFT MJUFR FFT BIgeykAnmnizia Bk E b

=% 41 DFT H-2FFT H-AFFT SRFFT
N=2m
e hn e | hn F’° |
16 1024 24 | 152 | 20 | 148 | 20 | 148
32 4096 88 | 408 68 | 388
64 16384 264 | 1032 | 208 | 976 | 196 | 964
128 65536 712 | 2504 516 | 2308

Xt 3.2 H R EE AT AT T LUK B, BERR R TR R BE S SRR SN BB i i .
e 128 NEAERAEEA, X H A HI3E4T DFT. -2 FFT. SRFFT iz &5 Hillak, Siitfh

114 BB S 8], a3k 3.3 P
* 3.3 JUM L s H A

RGNt DFT 32 FFT SRFFT

BATHE] (S) 54.49 0.08 0.06
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X5 3.3 HEE AT AT R, XS R —HE 128 S s B BE R AT T A AT s S AL B
I}, DFT 38 S AL FE I 8] B¢ Kok 54.49s, T 3E-2 FFT 509221 SRFFT K475 Hiz S A] 73 51 & 0.08s
H10.06s, SRFFT Fraghflafcfd, AHET36-2 FFT SLia St la46 5 7 25%, 4Kk S E0UE
5 RIN, FIH SRFFT BT HR i B AL B 2 MR, 87 538 1 SRFFT &
EHIE S B T A8 R GHEAT Ut Ao A B .

3.2 EFEFF)8) SRFFT X E R &I+ 5
3.2.1 EF%| SRFFT &:%i%it

73 %3 (Split-radix) PRd {# HLIH- 224 (SRFFT) Sk G2 R B R I -2 FRT S 5
SIPAIBATIES, RAME-4 FFT S0EX &5 5 ST B H. Hxd N =27, ¥ {u(n)} &I
N=APS:

u,(r)=u(2r) r :0,1,2...,5—1
u, (r) = u(4l +1) 2 (3-22)
U3(r)=U(4|+3) |=01112-'-lZ_1
X (3-19) #ATEEEEEE, 4
WN :e—j(Zﬂ'/N)’W,\’l‘ :ej(Zﬁ/N) (3_23)
JlIE=p
N/2-1 N/4-1
UKk)= > u(2r)-W*+ Z u(4l +1) - w4 Z u(4l +3) W+
r=0
N/2-1 N/4-1 N/4-1
= DU (r) W, + Wy D u(1)-Wgh, +Wie< D~ ug(1)- W, (3-24)
r=0 1=0 1=0

U, (K) + WU, (k) + WU, (k)

3 (3-24) 1, U (k) Zu(r) N /2 5 DFT, U,(k) 2 u,(r) N /4 5 DFT, U,(K) /2 uy(r) 1

N /4 5 DFT. (RIEHESEIEF 945 4L
U,(0=U,(k+)

UAM=UAk+%J k:Ome%—l (3-25)

N
Us(k) =Us(k+7)
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U (K) =U, (K) WU, (K) + WU, (K)
U (k1) =U (k)= WU, () + WU, (0

Uk+ %) =U, (k+ %) ~WU, (k) -WU, (k) (3-26)

3N N, . .
Utk+=7) =Uik+0)+ WU, (K) = WU, (k)

& 3.2 sy SRFFT B (IR0 (158 — i &
U, (k)

o— > U (k)
=1
w() | N2sDET | UkaNID) N UkaN T4
oO—
u,() | N/4sDFT U(k+N/2)
O—
u, (1) N/4 55 DFT U (k+3N/4)

K 3.2 /rZLHE DIT-FFT HL1 5 — %K

ABLEH, —ANN £ DFT AEB /MR — A N /2 /500 DFT LU A N/ 4 % DFT, &
1E L TRMEIRIE 5, A4S L M 2 70 75 B AT W e LA (R T BB, TR0 FR 3 Ik -2
(399, N /2 f5f9 DFT FIN /4 fif DFT 1 LAEEHHT L BIRIE S, LR RIEFR MR T 2.
B, B0 N=2", RERS SRR m %, MRS EILE N A LB ST, T4
S N ANEURE LA AN ANARGIEE T, 1414064 2N, MEB T, B
N =4N, +2N,,, (3-27)

HeFTHI, BB RRHWIERIT, AERE-2 MR ITIE B G, 5 m JUE/E N /4 /i
HTT, BIERAE S I =mif, N =N/4RRZAFA, sk (3-27) WZED T, JIf
ET HEE | JUIE TR NN, -

N

N, =E[1—(—%)m-'+1} (2<l<m) (3-28)

WA ZIBE AR 2T LB EE NN o N
& _EN[L 1
Ntotal _IZZ:NI _IZZ: 6 |:1 ( 2) j|

1 N 1
=N ——+(-D"x= 3-29
s \n g -1 5 (3-29)
lem

6

CLAEE AR BT 7 BEHEAT PR IR AN I, PRI, SRFFT B30 i) B2 3R B a,
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IR INRE m, 72 -

N
l 1 (3-30)
3

RYE L EHEFRIED, 2N =2"I, SRFFT BkHR & rafikis HiEug b, MERT -2
FFT 59k, B HS T 33%, FHET3E-4 FFT 513, LB 1 11%. SRFFT 52
pic i e e = Ry 3 P e = W5 | Ko A VA 2 S P N S W 2 = 1 31 VA= A s o SR
GRIET DS

ARUAERE AT, SRFFT BAE HA RA R AL RIS T4, Mt ik Ag
AR HIH R EFA, ¥ SRFTT BykREHus Ha Gk, NF—IREFA FFT i
S AT DRI OB BB . B {x(n)} 2 N SIE S, H SRFFT RiEAy:

X (k)=SRFFT [x(n)]=XR(k)+ jXI(k) n=0,1..N-1 (3-31)

(33D 1, XR(k)FEm X (k) BSEdB,  XI(k) R X (k) R
TR SE B MR A R B M P F {u(n)} . FBFRFPFIDN{i(n)) > {u(n)} A {i(n)} LR K
A {x(n)}» {x(n)} BIRIEN:
x(n) =u(n)+ ji(n) n=0,1..N-1 (3-32)

St {x(n)} #EAT SRFFT 185, RIAISRH—XHE S ik, 8.
X (k) = SRFFT [x(n)] = SRFFT [u(n)]+ jSRFFT [i(n)]=U (k) + jI (k) (3-33)

RN (3-31) A (3-33) , WTLASK H R A FEL I B A0 E 43 3l A «
U (k) =%[XR(k)+ XR(N —k)]+%[XI (k)= XI(N—=K)] (3-34)

(k) = %[XI (K) + XI (N —k)]+%[—XR(k) + XR(N —K)] (3-35)

HgAR 3D & (3-4) MK (3-18) RIal#ES & ik s &k .
o = XR(K)+XR(N k)
< 2
XI(N —k)—XI (k
b, = ( 2) (k)
XR(K) + XR(N —k) (b >0
. XI(N =K) = XI(k) =
“ arctg XR(k) + XR(N —k)
XI(N —k)— X1 (k)

(3-36)

(3-37)

arctg

)
(0<k<L) (3-38)

+180°(b, <0)

A (3-38) L R m I A
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3.2.2 RERFZRMHIE T
3221 REEE

KH SRFFT SBn KA G 5 SEHUE BT, (5 S LI ke Bl )5, 1
e — RS, RERETERIE=DTTM, 20l REIR. BB WAL
Zh

(1) BBIAR

o RAEAT B B BUE 538 O ESAE 5 i R 5 5 S B AR LA & ¥ I R A3
RSN, DFT J@UTESN [R5 5 [ AR, 1 e ZEAT 5 5 R, SRR 75 2
RRERREN, BUEE T RmIFE N £, AR SRR {AHET 21, RA
W T ZAEN, SREE Y S U A REHER S MO S S BT, TS B 4 I
WA, AR SIS R IURES, Wk 3.3 Fin. AT LU ORI 1 7 2R A
WHREIS, BIREER GRS NE 3.4 Fix, RERRI™ERERAE f, 1R N
H,

16 T ; T r | T ; T 80 T T T T
14T | ‘l 1 Tor l
12t “ | 1 60 “
L . |
B[ ‘ ‘ (| 1 a0 ||

II |I . l
B I 1 30 1 I

i 1
all I ." \ . 20t i H

A il i
2r ’/ q '/\.& L N . 1 or /:- '\,\.
o= —— | s e e 0 — e
-1000 -800 -600 -400 -200 1] 200 400 600 800 1000 2000 -1500 -1000 -500 0 600 1000 1500 2000
3.3 FlikRSMER B 3.4 B ICRAEIAR e A1

(2) BT

LIS AME 5 BRFE T ZI A B BUT ST DFT a5, @7 5 i —3 5, FRyE#
Wb, A2 X B A S N T A B . B AT AR, W] RS S AR A A (AT
XTI AL AU AR B 28 2

JGUE TR AN 2B A B e, 5 SR ALY R, PAERREISR, XL
Pt EE M, s 3.5 NIEXWAE SR, fE S B, s A 3.6 Fis
B LR o I R it e (4 iR AL 5 DS D FH e A7 A ) 0 pR ARBE EAT FR, TR S S
HER—E I RIR, SEUFIE LR MIAY . Fkitds o Bl ek, ik
J3E 55 0 R RSO P60 I T AT O, R R BB 55 AR 2 S AR i 5 PR S DD OGRS, R e B
R —EREOL T, EREAE DRI, TR R, S e 10, P 5 i& i & R
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SO TRE T AR, T LA R 0 55

AVAVAYARRVAVAV

K 3.5 IE5ZAE 5 BE K 3.6 Skt ER LR

VS B TP A T8 T Lo P i P AV 22 55 et AR > B T I BLAR, Rl 2 ifs S
WIS BV B de P 995 50, ] RERE A AR (15 S AR, X R /)

T RAHERAT,

(3) =Rk

X AR 3 S R S [AE 5 AT DFT 185, SRR R IELE 50l E e 1, 2
ER g o, GEEMEEE DO, TS S B ERE g p B s P, X
G 5 U SO A2 58T U R A I, MRS SN RS, VRS B A — A FH AR ) &
SR 45 SR BRE A o WA A0 52 e s A R PR B L (R 2R, AR B RS A R G A T
P, MRS OB A 06 SR 2 388 21 1 — N ML

3.2.2.2 giitiE

(1) B RE

PTG VR B (A PR, — RO IR RCORAEAUR £, S MR ECRAIR, — kR
2.5~3 IS S RV R, (B RETIEIE SR KRR R . 55— R R
PURB IR . 6 f, @AM T, (55 /ERFER LT IR HE, ZdmT £/ 2 AR
Gy, LR RER T BOR AR S, HA R A 3.7 FiR.

Y
Xa(t) BN 1&&2;;%& %M AD#Ef] Iy ® Xy [nJ=x[n]wy [n] \ N XN[k]
S

wy [n]
Bl 3.7 RHPUIR S 8 45 1) AL BRI RE
(2) Wb B e 2R
AR B B R e B o M 45 R HERR T . O T D i R, T DL I A 1 5
FoE SR HE R AE B 7 2, A mT LIS & 2 I K B T e O AR B R 1) 07 ok — 2P 0k

=

= o

(3) S HI A=

R SRR 5 5 B e WA AN e A HI 7 3L, AR A RIZR AL 51, SR ATANIA]
(75 FRAMBI A RN o 3T H BRAC 51, ]I I S SsoR B fi i) 77 3K, 3045 e B 1
Xt RIS XS PR A AR R AN, 4iifed 1 42R TR B, it DARERSAT R i A RN . XS TEFR K
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FEF, AT R, T LIGIISRARE SR, I8 I A O B SR A R
3.2.3 EF%) SRFFT &AL

I B A AT W 0 M S TR I T R BT ADC Bl R R, R R A B R B
BEAT LB AL R, 4 AT R T R A1 SREFT SRR A

3.2.3.1 ADC RHEFigit

RGHAT B A TRT, T ERBUR G . 35T ) v | AR R 1 Sk iy
A, AR ) = AR V203 it SPI 5 1 L FLR TR 4G ADC I B A%
iy 2 a0 DAL IR AT W0 b . T B R N SR A S 128, R4 SRS T B E
6.4KHz.

V9203 BA 7 BT i RE Rt R 2/ AADC | mliE T DMA 5 U T RUE £ s, IR
i SPI B2 1A Al B F & 3% 7 B LR/ FEIE ADC JEEAIE, BEHAIE A 6.4KHz, 22bitADC
B0, 2 RGN BT Ny 6.5536Mhz, O FSRESTR N 6.4Khz. 24 R GURAE Tk
50T, B 7 BREE AL A, SRSy 51.2kHZ, K E )y 32bit I, fAKHIf%
By Z N 1638.4kbps . N T ARIUE R R G M AR E MAE TR, MEENRIKERN
3.2768Mbps, AT T K )& g 2 KT 3.2768Mbps.

YT EE AR T, AR I I DSCS S Hifk. BRRALE 32-bit, AHREE K%k 4G
J&, Jrik DSCS Eiehim. MR MCU @it SPI (S, FRHL 32-bit MUHdR . FH8 i
3k ADC #ant, fHEaeit&E8 A E SPI L4 ADC #dl . W E IHES I E SPI Hdid
DMA k77 im F 4380 7 RIEHHR, — k] DAL 4 32-bit M%dE, 1w B HER R 77 Lo E

5o

—{  REBMEADCHE |

v
REVIIHN {HBEV9203 11 1 SPI T A 1% 5| IIDSCS
ES l

] HEAE fEFRmain() \ v

JBIESPI2 1 V9203 T ki K E a4k
ADCHHEIE R
T E i 28 l

<ADC;HH€ — J]éﬁ%]‘?i“ V92033 SP1 I [ 4% 8. 75 [l 14 4048

% HIDSCSIEfE

—
NO
N N
FofbAbEE bR $

K 3.8 ADC KHEFER

ADC RAEAEE W& 3.8 . B4R B 44 E i T ADC £ R 4E, ADC KAFH [A]
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B 7, EEEITHTEES R E R BRI ADC RIAEIE AR, THES B IENE K E AL
FARNEE . R3] ADC % I RARI TR, A3 EAEPA b A A P e 5

3232 BT HFFI SRFFT MR AHIERFRI

TR RORE R A 2 (1 HL B /LI ADC AR I8 itie e A5 2 (1 B O 8 SRR B 4%
oo, RS SEBOGER T RE . EEE R X SRE IR T 0 b BB B s AT N
BACTE, SRS ARH G BB BT I T P S SRFFT SLikiaf, dhmvh 5 o i oh %
BE .

FEXTE B o T AR 2EAT I AR BRI, O 1 3Gt 5k, /RS 2 1K) B R B IR
BB BEAT N B AL B, AR EUANT DA R L SN . SRR BE PO AR AERY . LR R
A RIS 3.4 P

R 34 LR G R Bkt

wWRA TR S 55 PRI 2 )8 (dB) 55 PR P
VAT 4z /N -13 -6
=M 8z /N -25 -12
Hanning & 87 /N -31 -18
Hamming & 87z /N -41 -6
Blackman & 127/ N -57 -18
JEH (LS =7.865) —-- -57 -6

RAEXS R 3.4 v LR SR B R PEREAT 208, AT RAE HY Hanning & BR BN R & AR 0
THE RBOE bR HE. Hanning & AU RIZE, ERI MGG, SRR, S5
RAG/N, N T A RAPHI TS R, Hanning AR EW R RGO, M ER AN ) HAS B A
R, AR T HIE B . SR Hanning %O0E 5 3TN & Ab B 0T DL B B FRAR B IR -

LN Hanning & Ab3 5, X AT SRFFT i2%, T 5H &I AES 4. @it
FRPEH R R RSB IR E, RERNER IR IRE . ARV O
A 7 2ORA AR BRI I S BOEAT B 1E, BB IR T PR:

(1) % Hanning & J5, £ SRFFT HikiaEoR M S5

(2) K H R B R Al (P 7y H R, T8 AL T 35~65HZ [l

(3) RAFEKINE f5, SR H B A 2R P e A, A A 2 2 R I ) B KBy
1 y12;

(4) MRHE yi1 FIT yp, KA IE I A IRE RN R 45

(5) A AIRE3), BN K AR PILIATE KA yia M yie, ZRTTARYE yia F1 yie 12
TE5E k B4
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WU AP TR PR A 3.9 TR

\%Awmimu&Mmm@Mm‘ TnE ab e
IS _i s X P AT SRFFTIZ 5
| 7’((”)"1(“)“ i) | No | PR S
IR i
ot B TR A 1
ves QIO

K>

K 3.9 BT AR PR A
3233 IR RBEMERERITHERFRIT

FLRE T A RO 2538 5 P 25 U B R AL R AR Bk R i it FE v, H
2~N R IR & EANE I S A R RK R TR AR T 1L 52 BB KRR R,
VI B 5 I o i 1) LB R RS 1 U i Wi A 2 5,

MR < IR R B B R R AR A HL S . IR AR A BB, 23 UHL I

Fon, HRERXD AN
UH =,/iU§ (3-39)
n=2

IH = /i 12 (3-40)

HebU L | RREE n UGBS R . IR RUE
N RH . HEREE S AR5 HRU, . HRI, KRR, HRERMT:
U
HRU_ =—"x100% (3-41)

1

HRI_ = II—”xlOO% (3-42)

1
He, U, L RREn PO R BIRARIE, U, | Fonm k. 086 8%E.
HE . ARSI BB AR R AT B THD, . THD, kR, HEFERWTF:
THD, = LL’J—H «100% (3-43)

1

44



WU HL T BRSO 2B 2 1 3

THD, = ? x100% (3-44)

WA A RSP S WA R )RR THR AR R 3.10 Fron. b, X[21[14) v HLE AN
EE/;.LEM 11 YOS, XIN]2EFFIREE, XRUOIRZRE IR, X, [11[3]1- X,[1[J]
3 310 R R B 9T A A O BRI IEAE AT AR S, X [1] A% 1 L AT L A R UL 1, X, [119]
ﬁ%ﬁﬂ%m%m%ﬁ%%&ﬁﬁ$,XJHE%B@%%%%&E%E$O
v

i N\ FRL AN L R A X [2][11]

YES

Lo

YES
A 4

s X IR1= ORI +(X00))

_ XI[1[3]
X,[1[3]= atan(XR[l][J]j

X, [109]
X,[0][0]

X 0]=

<
g
HAX, 1] = ixm]m/ﬁ

THHEX[1]= / (X,[11[31)° x100%
> i )

B 3.10 IS A AR I AR R L B T AR ]

3.3 1R ST HTThREMIK

FH 265 A 2 % M 0 48 48 5 AR Y BT U T (0 18 0 2 A TR AT ThRe Ak, A 7 Il ),
PRI R IE SRS JRm , fERIE &AM BB ErT DLW A Seif 1) AR S HE
B FE KRB IR & seE i 3.11 Fow, W FEEFEWE 3.12 ik, RIES
s E WK 3.13 Fis, RIEGERHBISHE/RFME 3.14 s, W& LR TRIE G4
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B LT B OR SA 2A R 3C

E A 3.15 i

P 3.11 B BEAR s 7 % e I B % S 18 3.12 i MR

216.612 VA= 3.54990

0.01638 PF= 0. 96306

3.41870 8°= 344,37
&=-0. 95580 F = 49, 9995

K 3.14 KL & S HE R b K 3.15 s 2 TR & AN
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R FH R ARG s 7 e 00 a5 P DM 45 (10 25 U OB L I R FRL R S AL i 3.5 Bl

R 3.5 HUBAHL ARG 24

Kk UV ti ! C) L /A t [ ©)
1 219.884 34.625 10.5 28.465
2 0.743 29.378 0.032 9.684
3 1.589 178.431 0.078 70.652
4 0.147 51.241 0.004 68.234
5 1.576 112.437 0.080 50.381
6 0.169 100.021 0.008 18.245
7 0.352 52.054 0.017 171.561
8 0.112 19.187 0.004 42.221
9 0.569 44.629 0.031 153.856
10 0.141 15.367 0.006 19.247
11 0.253 74.236 0.017 41.736

RS H B S EE R, T DO S OB &8 A S AR E . N T IR IR
A MEHAR A BN, FIAH PM3000A 2 Aot 7 & sk Tl &, WKl 3.16 B,
PM3000A 72—l ] i& 500kHz &) ks 5 2 Dige L ) S8, W ESHEBE. H
Wi PR, . RS, METEEDNY 0~1500V, METT A 0.1~1MHz, BIE A R AL
M DL, K IH AT AP BERE 6 1 50, JEAR I SRS 5 =008 0.05%%) . % L ) 0 AT A N it
I A 5 TR N L s B B AR AR, B AT /R AR ) & 45 A L b A

PM3000A
oo DB EEB@ 0 o anazen

.....

ooooGEa

D@00 GEd

R

aeEsaa
.....

L e R R
oome
P G| ate !

o

sowan

.......

ol |
.

] 3.16 PM3000A Hi /&5 Hr i

R T I A ST U3 T 5 E A SREFE BVE 18 B B AR T 35-2 FRT By 21
HRregsE, AN TR 3E-2 FRT BEMER e Ekdllat, 4% PM3000A 45 IEE b
HEME . FET3E-2 FFT AR GERE S B! . WIS IARTHD,, #T SRFFT ME&X
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RS AR C, WS AR R THD, ATiE

it PM3000A WITHHIIE I & % D, « I S AR 5

THD, 5% 3.6 Fior.
2 3.6 1~11 YIS A FNIE R e i A 28

k B/ /% C' /% D! /% THD, (%) | THD, (%) | THD, (%)
1 | 1(221.348) | 1(221.100) | 1(219.783)

2 0.232 0.319 0.346

3 0.427 0.618 0.754

4 0.129 0.024 0.046

5 0.434 0.525 0.708

6 0.056 0.064 0.081 1.286 1.334 1.522
7 0.256 0.110 0.142

8 0.016 0.037 0.048

9 0.289 0.245 0.264

10 0.009 0.044 0.063

11 0.164 0.142 0.112

H-2 FFT #3, SRFTT &EDL A PM3000A 43 s & R 4k B 3.17 Fios.

0.9
0.8
0.7
0.6

%

B,

04
0.3
02
0.1

R A

1

-

BRI EE R B 5E

3 L 5

IR RE B -

w4 7 FFT =#=SRFFT PM3000A

K] 3.17 BN & R LK

HRAEZR 3.6 A AT %0, 1 PM3000A 75 FA) 45 VR VB VR A R I S 28 28 Ay 1.522 R b itk
8, FE-2 FFT MBI s A2 R 1.286, 5K N 84.5%, SRFFT M58 i o i AR
R 1.334, HHHENEE N 87.6%, M TH-2 FFT iHEMEIREN 3.1%. HRIFE 3.17 &K
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BT A B AT DL R B tH SRFFT #r4 SR TG IT PM300A 74k, M4 SR & Bk
TRFFIN) SRFFT HUEEVAREWS BOHERR AT L B s . LR S-S & AT
U AR AR A, AT SE A A 4 e Ik FEL RE S B AR R

3.4 KE/NT

REEIETE 75 SRFFT HIE B /b SE JF A SE O LB AT N4, 6882 R JE-2 FFT
SR EAT B b, R L A SR AN R PRV ST R AN M 45 AR R G0 p R U 5
e BT T OPEXT T, BH SRFFT Skt AT 8dm oA A ER BT e 3% (I T B d . S5 o0 AT
LR 7RI R B S S ARG P R R 22 DR R AN M R A%, A HHAH N ) o R i . RS I
AR T SEIAE T SRFFT HE B/ Dhse, F BRI 4r R/ ADC SREEFE P i 2k
T SRFFT AR F %It S H BN AR ERF R, REN REHFITIERE
SIRTIhEEMR, FREHETIE-2 FRT ARl PM3000A 7 2 AT A 2% il & 45 SR 3k AT &
KEFEXTEL M. TSR], Skl SRFFT Sk T34-2 FFT Skt SR i m
3.1%, ] LR ORI I B U S A, AT B S S S B L R T B AR A AR
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EMNE FEERESBEMNEENBIIRERGIRIT

PONBLEROR B L, SEORRT H LA R AL Roe st S LT e A
TUIRE, REEAR XTI A R AR I R IR AR SR A B
I, (B H S HIRRS BT R SEPR R P R . | ST R B, #OH
BEATR R #fl, DU R R 2, SCOLmRS RS, WE S RKENAT, HRNERK, 1
IERMEENEL, HRIEGERREREAG —. BEBAET K SELbrR, X 2170 HEe
SHREBR I FEIRBATHE T, vt 7 T8 BEAR s 70 i 0 e 46 10 I IR R 4
RIS, IR IE R AR I AT R IE, SCOURLIEHRE B3tk AR IE
1], MRS L, RLIE A IR s R R BEIE BIR EEER I A, DRAIE 1 REERF L ISt — 1k

4.1 EGBEESHRIER RS

[ Py S A SRR U AR, R O T N T e AR B B, AT R B NS
R A0 ] o ) R T SRIA BT IR Z T H . TAFERIES b, — I IS BRI 2,
IS AN RANIRE ER . £ L NRGRERZEIE T ANHL T, PHEREHERE
VAR 3 UK, P GRUERT Y 40s. AMER Y, MR ETT AP RED, RIERERK, A
X TN BORER LU, BOERCR 5 32 2 TR BV, BEIE e BB REERTE— 2
EREEP

Jak, BN TTRIETT SRS, AT BRI TR, AL N D T ER R
RAE#RAE . 8 H 7 U AR A SR IE T H R W B AT S HURE . 12 IE Ty Ui 3t
FR A a8 BEAT G AER S BLIRZ A, RAIFATIRIE T e (BRI RIEN, FENE
— BB A N FLIFURE TS D B BRI . “FIS5R & A AL IE R T8 8s, MR TAL4E N T
173, HARIERCRA Frdt e, RO Friaitl, (B AtBRN ENE — 3%
2 PRV ATE TR 1 PR BRAR AT P £ i

ARSI B BE A 20 e U B B B SRR AR G, ARE T DL AR IE TS S oy
B, PR TR . AT AR S AR AT SRR R, B TR A R AR L A A A
BT RAERSLIL L RES U IE, FIMLEAUE N TR Rl . i 2 AR A PRATL ) Sl e 4
ML R AL, RIR M RIERCR . JHId 48— 0 R 2R R DL A O RHA 55— 14 L A
T LA, PR P AR o SR B T — BT R B TR T BE, SEIURIE AR H 301k,
LB IE SR . RATRERD N T2, G N TR R AR B M, PRI IE 5 X
wRER LGk
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4.2 TR DA S Rkt
4.2.1 TR

MRAE B L KT, T EAEWIE T 1% B S IE 28 Goxd & AE R 70 i il B 25 12E AT
WERIE, KB IEREE ML, FREARIER 8], R IR, SRIEE Rk HAES
KA L 77 EIA R ANR 4.1 P RS EEEOK

R 41 WRESHCREEN E EOR R

RIEAZ T Fa b i
L A AT AR RE F £ 0.005
R LR A A AT e Frifi £ 0.005
LEEERZIPPIES A MEBCFIE D% Fw £ 0.01
P RZIPYIES A AT % Fw £ 0.01
FORY LI C AL IR A UE Fi %1 0.08

422 MIHFREIT

i DA B SR 5 SR 1 3 I B O AR B SO R B, A AR RN SR, X RE
s 73 6 M U e 46 B SR IE R AT et e ASCRTBOH I B A E R G E 2B & K
B BIEEMHL=87, W&lFNRIETAE, REFEX 12 §8&FATRIE, MKk
IE B RIS — AR SRR, I8 BRI EAIRIZ B IE iR . =& AT
PR L T SE R A R . FEARHE SRR AT R A IR IR 22 R AE AR IE B A Ik
b, RGBS NPAE T, % e SRR EAIHLZEAT XU A5 15 A AR IR
AN IE BRI IRZERIRZ S O, RIS LRE DN asiiiniatd, FEEwiEd
st AR I, BT R AR . 38R SRR B AR IR B AU S R R i KT
SRR . BEARLILRAE G, o HA N TR, —UIRIE P PR B s IE RGO 56 R
RIES R A W E RV I, IF R IE EAIYUR B4R R SRS K IE BRI G R 1R 2 o
HohE . T AR TRAEEESE LRGN EIRZ R ST SR EARE, RRE 2T BT IR
1E.

WL BL SRRk, SN R e I e S BRI R > 25 e O TR TR
Hm i G os, PRELR R IR, @ A0 A DTEORRUL R e DA B eR . &Lk |
RIS IE SR Z Sl s B0 5, T UDP I@fE MG TiEME . RIE AN B F)
FIER D SCHUEREAZ L, J:T Modbus PMSEBLETS . 8 1 SEIL 12 S RALAI B RENS [N 2EAT
RAE#AE, KA Z LR BT, RIBRIRIERE . AR IE R G4 HnE BnE 4.1 P,
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4.2.3 BIIRIERGKERARTH

N THRERIERER, ZHRIE RG] 2 2R B R SEILN i I EAR L, JF
RAATR e & AL B o I8 I R A0 A DTHEOR MR Dt B I 22 5 LR 755K

(1) B OEARKNA

REA S FR AR AL T2 B & MBI BOR, R AT 9 AT St e AT 12 DM [R) L RENS SO R
PPV 1] B0 2 Rt 2 101 0O Rt A 11 5 SRR A B 474 1 B — MR AN IR 5 8 T A3 B3l AE 7
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