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Spectral Analysis of DC Link Ripple Currents in
Three-Phase AC/DC/AC PWM Converters
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ABSTRACT

In this paper, dc link ripple currents for three-phase ac/dc/ac PWM converters feeding adjustable speed ac
machine drives are analysed in a frequency domain. The expression of the harmonic currents is developed by
using switching functions of the converter and exponential Fourier series expansion. The effect of the
displacement angle between the switching periods of line-side converters and motor-side inverters on the dc
link ripple currents is investigated. Also, the influence of asynchronization of PWM is observed. The result of
analysis is compared with frequency spectrum which results from PSIM simulation. The proposed analysis
technique is useful to understand the principles of PWM and to derive an equivalent model of the de link
capacitors in a high frequency range.
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Fig. 3 Per-phase harmonic equivalent circuits
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R[is,n

a7 4 MES Y ANE

Fig. 4 Phasor diagram for current and voltage
_ Hw.t—7)
e=FE,¢ (13

VM, E,& A8 27, i Sr1aEel 2
S5, = Qe 9 BAds Avlde Aole) )
Fatoltt,

29 4+ 39 3¢ 70l UEd AR, B4
oh, MYHY ATy d7HAS Yehle 9=
thooiZld [9Z9 AvEE S4B F4s,
AHEE FEAEY] HaE PEelrR A 48R
SR oA AME EHULE AEdlA
NEdon Ha

S E oA ZF AHFE e Zo] FAYEL

) & Up— €. inlwi- ot
fy= kzm{( o ) @Mt D, il 1)/3} (14)

v,— e jlw.t— @) i‘ — m2r(k—1)/3
= 1{ ( Z, ) =1

(16)
7t ko) Quld st Fdattd, &z, - 2,002,
A (160 T} 7o) Hjdrt

—m2a(k=1)/3 _ _ —n2/3 ___SIn AT
Zl € € sin(nr/3) (18)

4 (8eIH ALl B
2 Aol LE Aol
3ol mEHE 34 e e
o A (4% st ol EAEL,

= {(_ng;_e) M=) e*;'n2:r(/e*1)/3] (19)
n

n=—o0

of71M, n*3s, s=0,+1,+2, « -

D M ©0)



248 EJNE CEAG sk TR N3Nk 20021 6))

00 . y . _ -
X 2 Cpet e kDB @D
m=— oo

A7IM, v,= VaCyolth 4 @2De] A o 78

— i2a(k—1)(m+ n)/3

™
[\

— o pamtwi__sinim+ n)x (92)

sin (m~+n) 7/ 3

ANA, m+n=3s, (s =
ARl B 82 3ol 1

1 0
o weh A @2 4 Dol gleE igs o
3} o] wAH),

N Ve ((m+ nwd—
Z 3 c Cncm e/((m nw.t— ne)

« Z Z 37Ecme/((m+n+l)wet*77n¢) 3)

H=—0 m=—x n

o714, n+3s, s=0,+1,*+2- - -,

m+n=3s , s =0,+1,+2,

2 (23)& A YoM AFYadFE JeEls
AR TAAOI, 4 (el iggel el A
gejo] Faldd 39 HAAe o 2ol HoHArh

2

31—2_1 fo Lol * @ /thd( A (24)

71X, B2 A nzd AR BaAgoeln A
% 4ol g e A 9 98§
ndel ArE AR ARE A

A
23 741%94 2ei7haT A (23 A (24)

Vd _; iors
c )C jng e j2ms

e*j(7+n¢) e*j27rs (95)

4 (@) Fh5 9N A7Ya AFE ek
Ayrgel wAMolth A7 Fadel 3 nx
=

il %E}.
e,= Es e/’(w\t+o) (96)

A7V, E, oz AAMGE 2715 A%Eem, o
= 29 dol LhEpl v} o] 2 4
ARG Aole) gabstelrh. o Hgol MY o
o 10|28 g—— goltk,

o e olgdel 1 3

4 (9% fe el

4592 AANH A5E Hi %4
of mzg J¥e HEAZ stk AuEsel 9l
B9 294 Fapest $Ushd wzse] FHo o)
AEAZE AR 3, 3 A7) AwE s} nEe] 2
2 WHE 7+e] Wgizte] S wi=t}

Aol AmE e} e ~9d Foesl

#Zoia 7hggt B9z ¢yt 0] ofw T el
w9 AFE U o 2 FFE oha Zo] 1w
.
Ton= tacrn®’ ™+ T 2n

o7|A T AR FelHE ongit)

a9 5v AR AFEa AF A¥He s
Bk WA ¢,=0,7278 W, BEZ2HFY HEA
7} 5]’\7]’ g, ol o] Afol TrE9 AWEd
A FAREE FREE A7) AR HY] gttt

O 6@ ¥AG gy= /29 WE HERL, (b)

T gy=rxd W] FAHE} IHE &F 7o T
A B

Ae Yehith a”elA wolRe] ¢,= 7o

Trel e A Az wEld AAEHzE z2=
AHga 2 AF7} 4*7} "oy a2l ¢y= /2,
3a/29 W, BF Rro]l H2vh HW 2 EdFE F
7} fch



3¢ AC/DC/AC PWM ZufEle] A 78 a el &9 Fa5 949 sy 249

Lictt

T
J K
w

Tacr 1 Pst_ « | 1 To

2w ¢ . A Ty Ty I Ta T
n s e, AL O , ERALPEN
\ o o = LicR f 1

/ Licr 1

O8 5 AMMFe AR MFelel HA

(%) 2wy & (ofzl) ZiHE] &
tion of phase current and dc link current
op) inverter (bottom) conver ter

-
«
(&3]
—~
- @
[«

ldet

t
(a) TdLL -
Pst L % o
2n fs d(RT
t
. A
‘Ps[ ) A J ;
2n fS :_g, [ )
(b) Ty

ld(R

i_lflLJ |_fJ |
J8 6 HIZol e &R T2io BY
(a) ¢y=n/2 (b) ¢u=n

Fig. 6 Superposition of the freewheeling state with
regard to displacement angle

6. sl A2 AlZlold 23} v|w

A%317] sl PSIME o] &3] AlEdo]Ag 433}
gk AlEHolHd 27 ¥ 1o FojAu AFHa
Agte v,=30[ V1ol AMAEE C=3300[ £F]°)
% 2v RitE A fEAEVY ASFE uE
A=
E 1 AlEg2oM =AH
Table 1 Simulation Condition
AuE = AW =
R L 0.02(@], 3.3[mH] Motor[3% 2]
ug 1 08
W97k 0.9 0.81
3420/60 [Hz] 3420/60 [Hz]
I
AT sy m s ST A

¥ 2 S9ZNEY| M1 melolg

Table 2 Ratings and parameters of induction motor

3-7, 4=, 2200V], 3[Hpl

R,=0.83[£2], R,=0.91[2]
L,=3.25[mH], L, =3.25[mH)], L= 166] mH]

T 78 PSIME o] &8 AjE# ool o3 dojx
AFda Aol H3E BeAvh dHE HETaes
el 237 o] 60[Hz]olth.

Oy 82 ¥l 79 AR deHE 1xg ~dFE

o= FFT 1 ol3] doiz éierlE}. 1Y 9 Yol

Aoz ANe Ao o TRl nxm -~

EHg B JE} AWE 839 AF"Ea AR, <

Hao] AFHa dF aga AMAHE 52

H
=4 ‘%r«l Tk RS vEhd Aow Algeol
S

¥ rxorlr = o > gl
o
9

Aaksh Aol d AohE 73
o] Ael QAT AWE %
A Fore s ¢ A0 3 AAah
stolA AAE AL 7] PWME 7HAste] 4a)
Hoh T AwAoz s wi TEA 1
%7 PWMe] AH2®d WE7] pPWMe| AFea o
EAF0] WA QTS AgUolde Fo nBFT

oy 113 12+ d57] PWMA] 242 sy o4
Z3} oA E e GEAFe 275 ehi,



260 EJE R sl BT L3N 20024 611

AT . . . LA ; . . . - . . . : . R

(0 S0 180 2%0 360
degrees of fundamental priod

(a) PWM 7iH{E| 224 & ZRE 3 MF
(a) Dc tink current of PWM converter output side

eita,
(c) HTAIE H&F
(c) Capacitor current

T YT T} ‘ 18 8 MEY3 MEe Txa AHEY (AS2olM)
o l| H} | iH ‘ i H %. {l’ i‘ ||| Fig. 8 Harmonic spectrum of dc link current

=i | | ‘ I’ l (simulation)

: ‘ "l

(b) PWM QIHE 224 & AREI MR q
(b) Dc link current of PWM inverter input side

Frequency spectrum of the PWM converter

(A]]

o Il an | a

| NN
| o 3,24 &84 70.08 T3.82 1404 1728 20,16 20.68
A | A4 1 i 3.6 648 7.2 10.44 13.68 16.92 20.52

o | il ik | Atk Il ARl Frequency [kHz)

(a) PM ZBIEl 38 = AR ME

(a) Dc link current of PWM converter output side
(c) HuAIE HF "

{(c) Capacitor current

J8 7 AREA MF ay (Asdold)

Frequency spectrum of the PWM inverter

Fig. 7 DC link current waveform (simulation) ° ﬂ”
: * Lo L “q”n n il

Froquency e

‘ spectrum of the PWM C;',""';rﬁfr (b) P ?_“:H E‘i ,C;!EH‘ § &%%’li 7HE(GOHZ)
(b) Dc link current of PWM inverter input side at 60Hz

Frequ

) “ l L of fundamental frequency
11RO S SOTTIN W00 0 R 9 S0 W
Etticney k12 i~
(a) PWM |9_-“:HE1 %Eﬁi é &%%3 KJ'IET o Frequency spectrum of the dc link capacitg
(a) Dc link current of PWM converter output side .
VVVVVVVVV ) HN H H
nfl il Hﬂ nﬂﬂ I
,,,,, [ 3.24 6.487.2 10.08 13.3214.04 16.92 20.1e20.88
3.6 6.84 10.44 13.68 17.28 20.52
Freguency spectrum of lhc PWM inverter F’.eq“ency [kllz]
- o (c) H@AIE MF
A’U' TR O (c) Capacitor current
B i L T -2 —
ftyed
(b) PWM QlB{E] Q8] & ZFH 3 MF(60Hz) a8 9 AFRYT MFe Dxm AHEZ(sHA)

(b) Dc link current of PWM inverter input side(60Hz) Fig. 9 Harmonic spectrum of dc link current{analysis)



34 AC/DC/AC PWM AMElSl AF9a 8059 Tk 99 814 251

Frequency 1kHz]

(a) PHM ZBE} 3% NP3 HF
(a) Dc link current of PWM converter output sid

Frequency spectrum of the PWM inverter
CJ analysis
2 simulatiol

" ﬂﬂ
e e,

as1

rreq:.“e'fcy |kuq'”
(b) PWM ClHE| = X7 MF(20H)
(b) Dc link current of PM inverter input side

Frequency spectrum of the dc link capacitor

T analysis
@ simulation

e —
»
53

03

|

0
v 324 333 XTI E] T047 1044 13 3115.681404 1692 171 To.e 2088
A4 1038 1351388 17.02 17.24 2052
Frequency [kHz|

(c) HTAIE| MF
(c) Capacitor current
a8 10 ARY3 MFe nxul ABEY bW

Fig. 10 Comparison of harmonic spectrum of dc current

£ = 3400,

56.5-3420/60.53
56.8=3420/60.21
57.0=3420/60.00
572=3420/59.79
574=3420/59.58

0§ M R ef s

I8 11 8|37 P Eo Qe B AR
Dxu AHEH

Fig. 11 Harmonic spectrum of inverter input current for
asynchronous PW

£ = 3420H;

5653420/ 60.53
56.8=3420/60.21
57.0=3420/60.00
s . §7.2-3420/59.79
. §74=3420/59.58
- — t

(¢ 5
ra-

v xp oef s

=

28 12 H|S7| PaMel E9 AHoAle B/
DFEIo AHEH

Fig. 12 Harmonic spectrum of dc capacitor current for
asynchronous PWM

-
5A
£ | :
= * A4 . .
0 : . + i
3;7 ‘ PR A !
9 g . ' .
256 . . |
g8 . LY Y
w 85
b
£ s
] ;
= i
91 !
a i
L Y
n o 3 2% an
6 3 2 3 6 n

displacement amgle)
a3 13 #Zt g0l e 2R3 2 ENF
Fig. 13 BMS value of dc link ripple currents as
a function of displacement angle ¢

Hl%7] PWMe el 7] PWMe] 7499 224
7ol A77h 2A 2R &7) fiEdl ~9AFHrrL
28 =ovhd A AFEs HE7] PWMe A9l

Agetriets W AV §le AR Aladth
2% 13 A ¢,0 drE AFdA dEdR
o] AaxE udekdth  AeMFE odE ARl
[=3]
=

T
EAF7F HAF Ha, ¢u=n/2Y

o

B odFdaE aRdsr] FEe AMEEE 3
ac/dc/ac PWM Z1HE] Alxdle] AF8a g ZHFE
T oA siasiant. AME e QMEle] ~9
Agtgot A Fge e Fald G4 ANE Foko &4

ol Eglon e} A 1z SR



202 SEINE SR GGl VTS T3HE 20024 611

g olgalel WAHY, AFALHL 2 A¥II9
o] EAfe VAL GFE FoHoR B
gtk mR A%l Aus eHdAE dueel
qgaprt wekdl o] 39w wFSHOM, £

%7 PWM3} wslzto] 2JEdF] v JFE
o185 Aol Az AN

2zt PSIMS

g a4 7Mel Asteh & AAHgen olzRe A
bl 7lEel BEAe BT 5 Aok AdE AR
2 HEARe A4 Jlde PWM o3l waEE
ABARY FH5 AR ojsistcd wgol v,
AsAEe] Wi EARES ol§d FHelZe &
88 % Qo

¥ n o2 o

(1] J.W. Dixsen, A. B. Kulkarni, M. Nishimoto, and B.-T.
Ooi, "Characteristics of a Controlled-Current PWM
Rectifier-Inverter Link”, IEEE Trans. on IA, vol. 23,
no. 6, pp. 1022~1028, 1987.

[2] F. Kamran and T.G. Habetler, "A Novel on-Line UPS
with Universal Filtering Capabilities”, IEEE Trans. on
PE, vol. 13, no. 3, pp. 410~418, 1998.

[3] H Fujita and H. Akagi, "The Unified Quality
Conditioner: the Integration of Serles and Shunt
Active Filters”, IEEE Trans. on PE, vol. 13, no. 2, pp.
315~322, 1998

[4] R. Pena, J.C. Clare, and G.M. Asher, "Doubly Fed
Induction Generator Using Back-to-Back PWM
Converters and Its Application to Variable Speed
Wind-Energy Generation”, IEE proc.-Electr. Power
Appl,, vol. 143, no. 3, pp. 231 ~241, 19%.

[5] ML. Gasperi, "Life Prediction Model for Aluminum
Electrolytic Capacitors,” IEEE IAS Conf. Rec., pp. 134
7~1351, 1996.

6] M.L. Gasperi, "A Method for Predicting the Expected
Life of Bus Capacitors”, IEEE IAS Conf. Rec, pp.
1042 ~1047, 1997.

[71 P.A. Dahono, Y. Sato, and T. Kataoka, "A Novel
Method for Analysis of Inverter Currents”, I[EE
PEVDS proc., pp. 407~412, Oct. 1994,

[8] P.A. Dahono, Y. Sato, and T. Kataoka, "Analysis of
Ripple Components of the Input Current and Voltage
of PWM Inverters”, Int. J. Electronics, vol. &), no. 2,
pp. 266~276, 199.

91

"DC Link
on Electric

PD. Evans and R.J. Hill-Cottingham,
Current in PWM Inverters”, IEE proc.
Power Applications, vol. 133, no. 4, July 1986.

L. Sack, "DC Link Current in Bidirectional Power
Converter with Coordinated Pulse Patterns”, EPE
proc., in Trondheim, vol. 4, pp. 239~244, 1997.
Young-Wook Park, Dong-Choon Lee, and Jul-Ki
Seok, "DC Link Currents in Frequency Domain for
Three-Phase AC/DC/AC PWM Converters”, proc. of
ICPE '01, in Seoul, pp. 169~173, 2001.

2024, 19854 ME0 M7

. 1993 & oist ®o3e

tlf). 19874 ~1989H 933

. 19984 o=

Texas AGM Univ. 227 = &M A
Ch

53 H

MEH@EE2D)
1969'—4 39N 1900 20y M7|ZEtnt
19944 5 cfstal Mo|Zstat

(*4AH. 19989 = skl NMU|EEE B
QA(HEAD. 19984 ~2001d AMMEXL AYAL
ol

JaME ASsATL Mol
W~ sA PHN HAEESEE MY

AL



