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AHOTALIA [loxkasano Heeamu@Hull 6NIUE HUZLKUX 2APMOHIK 8 MOOYIbOBAHIN 3MIHHILL HANpY3i IHEepPMOpPI6 3 2ANbEAHIYHOK
p038’s3K010 Ha macy ix mpancgopmamopie. Onucano cnocib Gopmyeanns 6inoapHoi MoOyIb08anoi Hanpyeu, wjo CYmmeeo
3MEHULYE BMICI HU3bKUX 2apMOHiK. 3anpononosano euxopucmogyeamu psd Qyp’e 080x 3MiHHUX 015l aHanizy cnekmpa 6inoasaphol
MOOYIbOBAHOT HANpYeu, Wo 0036051 ONUCAMU CNEKMPALbHY XAPAKMEPUCMUKY HAnpyeu y KOMRAKMHIU Gopmi 0nis 008iIbHO20
3HAYeHHA napamempa kpamuocmi mooynayii. Onucano 06a pizHux 6UnaoKu QopmyeanHs OINOAAPHOL HANPY2U 3ANEHCHO 8i0 SHAYEHHS
napamempa kpamuocmi mooyaayii. Ilpoananizoeano cnexmp nanpyau 3 6inoaapror mooyaayiero. [lokasano, wo ocHoéHa yacmuna
eHnepeii Hanpyau 3 OINOIAPHOIO MOOYIAYIEID NEePedaEMbCs 2APMOHIKAMU HABKOIO YACMOMU, WO 606I4l MEHWA 8i0 Yacmomu Hecyyoi
GyHkyii.

Knruosi cnosa: o0eononspua Hanpyea, IHEepmMoOp 3 2aNb8AHIYHOIO pO38 A3K0I0; psi0 Dyp’e 060X 3MIHHUX, CHEKMPATbHA
Xapaxmepucmuxa.

A BIPOLAR VOLTAGE MODULATION SPECTRUM ANALYSIS

L. V. VERBYTSKYI

The department of Industrial Electronics, Faculty of Electronics, National Technical University of Ukraine “Igor Sikorsky Kyiv
Polytechnic Institute”, Kyiv, UKRAINE

ABSTRACT Features of power grid based on renewable energy sources are described. The necessity of isolated power converters in
the power grid is shown. Low harmonics negative impact in modulated AC voltage based on unipolar pulse width modulation for
transformer weight of isolated invertors is underlined. An approach of bipolar voltage generation with inverting every second
modulation pulse that significantly decreases the low harmonics amplitude and allows to decrease the transformer weight in several
times is described. A double Fourier series implementation for bipolar voltage analysis that allows expressing a signal spectrum
characteristic in compact form for any multiplicity parameter value is proposed. Representation of modulated signal based on two
variables of carrier and modulation functions is considered. Two different cases of modulated voltage generation depending on
multiplicity parameter value are described. Bipolar voltage signal representation based on the sum of two unipolar signals with two
times lower carrier function frequency is proposed. Bipolar and unipolar modulated signals spectrum components of double Fourier
series are calculated. Spectrum characteristic of bipolar voltage modulation is analyzed. Transmission of the significant energy
amount of bipolar voltage by harmonics with frequencies near two times lower value than carrier function frequency is proved. A
case with multiplicity parameter which is multiplied to number four is noted as more desirable due to decreasing the first harmonic
value. A proposition about subsequent improvements of bipolar voltage modulation is given.

Keywords: bipolar voltage modulation; isolated invertor, double Fourier series, spectrum haracteristic.

KOXKHOTO JIPYroro iMyJibCy MOJYJIOBAaHOI Halpyru
IHBEPTYETHCS, 110 JI03BOJISIE nepeMarHiqyBaTi
TpaHcopMaTrop 3 4YAaCTOTOIO, BJBIUI MEHIIOI HIX
yactota Hecy4oi ¢ynkuii IIIM i 3meHmmTH raGaputn
TpanchopMaTopa MiHIMyM B JeKinbka paziB. Tomy
aKTyaJIbHOIO 33/[au€l0 € aHali3 CIEKTPy Hamnpyru
iHBepTOpa, siKa (OPMYETBCS HA OCHOBI PO3TIISTHYTO
METoy MOAyJIslii. 32 yMOBH BUKOpHUCTaHHs psiny Dyp’e

Beryn

[HBepTOPH HANPYTH YaCTO BUKOPHCTOBYIOTBCS IS
(hopMyBaHHS 3MIHHOI HaIpyTH Mepexi Bil aBTOHOMHHUX
IDKepesl JKUBJICHHS, 30KpeMa BiJHOBIIOBAJIBHUX JDKEpPEI
eneprii (BJAE) [1,2]. ®opmyBaHHS BUXiJHOI Hampyru
IHBEpPTOPIB  3IIMCHIOEThCS  IMITYJIbLCHUMH ~ METOJIAMH,
HayacTile MUPOTHO-IMITYIbCHOO MoAysmieto (IIITM).

3a HeoOXiJHOCTI 3a0e3NeueHHs eIEKTPUYHOI 1301l Ha
BHUXOJ[I BCTAHOBIIIOIOTHCS TPAHC(POPMATOPH. 3a YMOBH
BUKOPHUCTAaHHS KJIaCH4IH1 Mo dikarii 1M,
TpaHcopmarop  iHBepTOpa  IEpEeMarHidyeTrscst 3
YaCTOTOK MEPEXi, IO 3YMOBJIIOE HOT0 BEIUKI TadapuTH
[3].

Jns  3MeHmeHHs TabapuTiB  TpaHCpopmaropa
BUKOPHUCTOBYIOTh Moxaubikanii IIIM 3 mBomoisipHOIO
MOZYJISILIEI0, 32 YMOBU BHUKOPHCTAaHHS SIKOI, MOJAPHICTH

OJtHI€T 3MIHHOT CMEKTP MOYJILOBAHOI HAIPYTH MOMIIUBO
pO3paxyBaTH JHIIE Y YUCENLHOMY BHUJI, IO YCKJIaTHIOE
aHaJi3 1 3011bIIy€e 00CAT PO3paxyHKiB yepe3 HeOOXiIHICTh
CYMYBaHHS CIIEKTPY KOXKHOTO Iepiona Hecydoi (yHKIi.
Bukopucranns psny ®dyp’e nBOX 3MIHHHUX — J03BOJISIE
OlucaTd YacTOTHY XapaKTepHCTHUKY MOIYJIbOBAaHOI
BUXIJJHOI Hampyru y 3ropHyTi ¢opmi, mo crpoirye
MOIAJIBIINH aHami3 [4-8].
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Ljiab podoTu

Mertoro crarTi € po3podka METOJMKH PO3PaXyHKY
CIICKTPY HAmpyTH 3 JABOIMOJISPHOK MOAYJISALIEI HA OCHOBI
psny @yp’e 1BOX 3MIHHMX Ta aHali3 CIIEKTPY OTPUMAaHOL
Hampyrd 3a3HaudeHoi moaudikamid IIIM 3anexHo Bix
3HA4YEHHS IapaMeTpa KpaTHOCTI MOAYJISIIIIT.

OcHoBHMIT MaTepiaj

3a ymoBu BHKOpHUCTaHHA pany Dyp'e nBox
3MIHHUX OJHAa 3MiHHA, HampUKIax X  HPOMOpIiifHa
4acToTi ® Hecywoi (yHKMil, x = @/, iHmA 3MiHHa,
HamnpuKiIax y — 9actoti Q Monmemorouoi ¢yHKmii y = Q-f.
Jus HIIM curHamy BigHOMIEHHS MK 3Ha4YeHHIMH
napaMeTpiB X Ta y JOpIBHIOE 3HAYEHHIO MNapamerpa
Moaymsii x / y = P.

Koeditientu psany @yp’e aBox 3MIiHHUX Cpyy, K1 €
CIEKTPAIbHUMHU CKJIaJOBUMH CHTHAIy 3 KpPaTHICTIO
BIJHOCHO 4YacTOTH Hecydoi (YHKIII 1 KpaTHICTIO n
BiJTHOCHO 4aCTOTH MOJYJIOI0Y01 (QyHKIIi, po3paxoByIOTh
3a (hopMyIIor0:

1 2nXx) )
Com =— | [ fOe2)/ ™ axdy, (1)
0 X1

ne flx,y) — QYHKIS, CIIEKTp SKOI pO3PaXOBY€ETHC.
3actocyBanHs psnxy Dyp’e IBOX 3MIHHHX Jda€
MOJJIMBICTh PO3paxyBaTh CHEKTPAIbHY XapaKTEPHCTHKY
MOJIyITbOBAHOTO CHTHAJY B aHAMTHUHIN (opmi. Dopmymna
IUIA  pO3paxyHKy AaMmIUNTYyOH TapMOHIKM Kk BHXiZHOI
Harpyru Cy Ha ocHOBI psiny Dyp’e ABOX 3MIHHUX € TaKOIO

[9]:

Cr = 2. Contle—mp)- 2
m=0

Po3rnsiHeMO BHITQOK OIHOMOJSIPHOI MOIYJISIIIT
tuny 1IM-2, axuif nepeBa)kXHO BUKOPHUCTOBYIOETBCS IS
¢bopMmyBaHHS ~ BHXIIHOI Hampyrd iHBepropiB  [9].
Crextpanbhi cknagoBi Cy, IS IBOTO POy MOIYJIAIIT 3

CHHYCOIaJIbHOIO MO/IYJTIOIO YO0 byHKIiE0
PO3pPaxoBYIOThCS 38 (POPMYJIOKO:
H x w(1+pusin(y)) 27 w(1-psin(y))
= 2 5 e/(mx+ny)dxdy_ J e/(mx+ny)dxdy —
a 0 w(1-psin(y)) 7 (1+psin(y))
m (7
_ H(_ 1) [J’ej(mmsin(y)my) _ ej(—lmr/l:m(_v)-*—ny)dy _
. 2
2jmr”
2z
J.ej(fmlwsin(y)Jrny) _ej(mltysin(y)Jrny)dy]’ (3)
z

ne H — aMmmuiiTyia Mo/lyJIbOBaHOT HAMPYTH,
W — rauOuHa MOAYSILiT HAIPyTH.

3 ypaxyBaHHSM YMOBH HEHAapHOCTI MOIYIIOKOUOL
¢byukuii (sin(y) = -sin(y+n)) Bupas (3) MOKHa 3BECTH 10

BUOY:
_ H(—l)m ]T_ej(m;w.yin(y)Jrny) _ e_/'(—mmt.\'in(yHny)dy _
mn . 2
2jmr”

]5e/(rr1/!;mir1(y)+n(y+7r)) _e./‘(*”’”ﬂfi”(}’)*”(V*”))dy —
0

H( 1) ." J(mausin(y)+ny) e/(—mﬂysin(y)Jrny) )(1 _ (_l)n )dy —

2jmra*

H 1
— j sin(maysin()e™ (1—(~1))dy.  (4)

Jnsi mapHUX 3HAaYeHb 7 3HAYEHHS CHEKTPaIbHOL
CKJIaZI0BOi TOPiBHIOE HYIIO, Cy2ny = 0, a U1 HEApHUX:

c _2HCD

m(2n-1) —

Sops (muzr),m >0, )

ne Ju(y) — dynkuis beccens nepmioro poxy [10,11].
Jis Bunanky m = 0 B ¢opmyni (5) 3 SBIs€THCS
HeBu3HaueHICTh 0/0, micis yCyeHHS K01 OTpUMaEMO
C, =uH;C,, =0,m=0. (6)
CnexkTp Hampyrd 3 IHBEPTYBaHHSIM IOJISIPHOCTI
KOXKHOTO ~ JIpYyroro iMIyJIbCy pO3paxOBYeThCsS  Ha
ocHoBi BupasiB (5)-(6) 3 CyBOM KOXXHOTO JIpyroro
IMIyJIBCY Ha KyT T 0 MOJYJIOOUill ¢yHKOii y i Ha
KyrT P-m mo mecywii ¢ynkmii x, puc. 1 a, 2 a. s
OKpEeMHUX BHWIIQAKIB MOIYJAMii, Komm mapamerp P
KpaTHHi nBOoM, P = 2k, i xpatHuii dotmpsoMm, P = 4k
aHAITITHYH] BHpa3n CHEKTPATBHUX CKJIaJIOBHX
BIZIPI3HSIIOTBCS MK CO0OI0, TOMY BOHHM aHAi3yIOThCS
OKpEMO.

Bunanok P = 4k

HiarpaMy MOJIyJIbOBaHOI HAmpyrd AJsl BUMAAKY
P =8 mokazani Ha puc. 3 MOIyTbOBAaHOI HANpyru
3a 3akoHoMm [IIIM-2, wHaBemenoi Ha puc. 1 a,
(dopmyeThes JIBOTIOJISIPHA Harpyra [IJISIXOM
IHBEpTYBaHHS MOJSPHOCTI KOXHOTO APYTOTO IMITYyIBCY
Hanpyry, puc. 1 0.

Jnst po3paxyHKy CIEKTpPY ABOMOJSPHOI HAlpyru
BOHa DO3KIAJAEThCS Ha JIBA MOJYJIbOBAHUX CHTHAJIH,
HaBegeHuX Ha puc. 1 B 1 puc. 1 r. L{i curHamu marTh
BJBiYi MeHIy KpaTHicTh Mopynsuii P*=P /2 =4
IpU Takid e 3aJeKHOCTI MOAyNror4oi (yHkuii y* =
y. ToMy 3HaYeHHs 3MIiHHOi X" 3MEHUIYEThCS B JIBA Pa3H, X'
= Py = Py / 2, TaKoX 3MEHUIYEThCS 3HAYEHHS
napametpa rmbunu Moaynamii p° = p / 2. PosrsHemo
OCOONMMBOCTI  MOJYJAIIl CHTHANIB, HABEACHHX Ha
puc. 1 Bipuc. 1 1.
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I

3

8 10w 12m 14 16m X

a) YHINOAAPHULL MOOYIbOBAHUL CUHAT, O) OINOIAPHUL MOOYIbOBAHUL CUSHAT, 8) Nepuiil
MOOYIbOBAHUL CUSHAN,; &) OpY2uli MOOYIbOBAHUL CUSHAIL
Puc. 1 — Imocmpayisa ¢popmysanns mooynvosanoi Hanpyeu 01 Kpamuocmi mooyaayii P = 4k

Curnan puc. 1 B Ha nepmiii monoBuHi nepioxa, "
= (..7, MOJIYJIFOETHCA BiJHOCHO TOYOK X~ = /2 + 2mm, Ha
Apyriii monosuHi nepioxa, y* = m.2n — x* = 3n/2 + 2mm.
GopMmynu U1 pO3paxyHKY CIEKTPaIbHHX CKIIaJOBHX
Cyunl € TAKUMU:

27 (3-psin(y))/2
ej(mﬁ"y)dxdy _ j

7 7(3+usin())/2

g (= 7 (14 pasin(y))/2
Cmul = >
2

ej(m”""')dxdy] . (7)

0 7 (1-psin(y))/2

Ilicas HeckmamHux mnepeTBopeHb (opmyna (7)
MaTUMe BUJI:

C

=2 ((l - 1)"’*")Ism<mzwsm(y)/Z)e'”‘dyj (8)
7[

VY dopmymni (8) € HeBu3HaueHicTh mpu m = 0, 11 ii
YCyHEHHs po3paxyemo iHTerpain (7) A 1bOTO BUIMAAKY
OKpeMo:

H (= 71+ usin(y))/2 27 #(3—psin(y))/2
Com = Py e’ dxdy — I e™dxdy | =
7T\ 0 2(-psin(y))/2 T 2G4 psin(y)/2 )
H P
- ‘2‘—[(1 (1) [ e psin(y)dy |
T 0
BigMinHicTh MOJIYJIbOBaHOTO CUTHAITY

300pakeHOro Ha puC. 1 'y HOPIBHSHHI 3 puc. 1 B mojsirae
y TOMy, IIO Ha Iepuiii monosuHi nepioga, y* = 0..w,
CHIHaJI MOJLYJIFOETHCS BiJIHOCHO TO4OK X~ = 3m/2 + 2mm,
Ha JPyTiii monoBuHI nepiona, y* = m..2n — x* = n/2 + 2mm.
dopMynu JUIS PO3PaXyHKY CIEKTPaIbHHUX CKIaJOBHX
Cyun2 € TAKUMU:

27 w(1-psin(y))/2
e/ (meny) dxdy— J'

7z w(1+psin(y))/2

H x w(3+usin(y))/2
mn2 = 272_2

e’ (mx+ny) dxdy] —

0 z(3—psin(y))/2

H
= (J) [(( )" —(- 1)”)Jszn(mﬂysm(y)/Z)e’"}dy] (10)
7f
H 7 w(3+usin(y))/2 ) 27 w(1-usin(y))/2 )
w2 =~ I e"""dxdy—j edxdy |=
27[ 0 7(3—usin(y))/2 7 w(l+usin(y))/2

_ _ﬂ{a—«l)") [ ef"yusin(y)dyj. (11)

27

CrnexkTp Hampyrd 3 JBOIOJSIPHOIO MOJAYJISIIEID €
CYMOIO CIIEKTPIB IBOX CHTHAJIIB:

c =C +C, H(f)

mn mnl

— (=D = D"+ (D) x
(12)

(13)

xJ. sin(mmusin(y) / 2)e’™ dy;
0

Con =Con + G, =0.

Bupa3 (12) He mopiBHIOE HYIIO 32 YMOBH ITapHHUX
n, n =2k i Hemapaux m, m = 2k +1:

4H ~2m+1 4 ) ) .
Coomean = %[Im«zm —Dusin(y)/ 2)e’ ’dy]. (14)
0

Ha ocnoBi ¢opmyn (2) i (14) po3paxoByeTbcs
cnekTp curHany. OCKUTBKHM CIieKTpasibHI KOMIIOHETH Ciy
MAIOTh MAapHi 1HACKCHU 27, MO CICKTP CUTHAIY MA€ JIHIIC
NapHi rapMOHIKH.

Bunanok P =2k
HiarpamMu MOIyIbOBaHOI HANPYTH U BHUIIAIKY

P = 10 moxazani Ha puc. 2. OCHOBHa BiIMiHHICTH
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MOl CHTHATYy Yy TOPIBHAHHI 3 TMONEPEIHIM
BunmaakoM P = 4k mondrae y HemapHOMY 3HauYeHHI
napameTpa KpaTHocTi Moaysauii P = P /2 =5 curHanis,
300pakeHuXx Ha puc. 2 B 1 puc. 2 r. CurHai, nokasaHuit
Ha pUC. 2 B, MOJYJIOETBCS BITHOCHO TOYOK x* = m/2 +
2mm, TOMy BiH Ma€ KpaTHicTb MoayJsuii P;* =[P/2] + 1 =
6. CurHai, mnoka3aHud Ha puc. 2 T, MOIYJIOEThCA
BITHOCHO TOYOK x* = 3m/2 + 2mm, TOMy M HBOTO
napameTp KpaTHOCTI MOAYJALii Mae 3HaueHHS P,° =
[P/2]-1=

Ilepmmii MOAYIbOBAHUN CUTHAJ, IO MOKAa3aHUM
Ha pHc 2. B, pO3paxoBy€eThcs 3a (hopMyItro:

H x w(l+pusin(y))/2
_ &) ey —
2

mn3 2
7 0 w(1-psin(y))/2

7 w(1+usin(y))/2
_ej/m+j/zm[’ ej(mr+ny)dxdy —
0 7 (1-pusin(y))/2
H m
(J) {(1 (=nm" )I e sin(mmusin(y)/ 2)dyj (15)
ﬂ- 0
_ - aaQepsin(y)/2
e dxdy —e’™" I

0 (1-wusin(y))/2

H x w(l+pusin(y))/2
= 2

Cos =—5 e/”ydxdyJ =
2

0 w(1-pusin(y))/2

H [ jny o
—zf(a—en)krunmw@}

(16)

BigmoBinHo, Apyruii MOAyJbOBaHMH CHUrHal,
300pakeHU Ha pHuC. 2 T, PO3PAaXOBYETHCS 3a TAKOIO

(dhopmyioro:

H x w(3+usin(y))/2 )
2n 0 7(3+usin(y))/2
x w(3+psin(y))/2
_ gl immP ej(m,r+n)/)dxdy] _
0 7(3+usin(y))/2
myoem
—_ H(—12). @) (1= (=1)"*")x
Tym 17)
,z
J. e’ sin(mmusin(y)/ 2)dy;
0
x w(3+usin(y))/2
ond — _21_17( e dxdy —
0 7(3+psin(y))/2
7 73+ psin())/2
—e’”"I I e/""'dxdy] =
0 7(3+usin(y))/2
s
—())] e usin(y)dy.(18)
0
Crexrpanpai  KoMmrmoHeHTH Cy, CHTHaIy 3
OIMOJISIPHOI0 MOAYJISIIIIEI0, MOKa3aHOMYy Ha pHc. 2 0 €
CYMOIO CHEKTPaIbHUX KOMIOHEHT Cppz 1 Cupa IBOX
HpoaHaﬂi?;OBaHI/Ix OJHOIIOJIAPHUX MOOYJbOBaHUX
CHUTHAJIIB:
Cpr = Co+ Gy = LI (- cty - 1y = 1)
w'm (19)
P
><J. sin(mausin(y)/ 2)e’™ dy,
0
Con = Cous + G =0. (20)

A A
H I | | I | H I I [ | [ | I | I
A 12n 14w 16m 18m 20m ¥
0 ™ = k3 a3 > 0
21 ' A % £ AN I
¥
I
A A ,
NP f 3m
o ! el 2 2 il .
% hor ! ,.-""“"\\ : 6m 13m  8m 17n 10m
: , | 2 2
| | I | | [ ( I
8 2
a) YHINOAAPHULL MOOYIbOSAHUL CUSHAT, 0) OINOISIPHUL MOOYIbOBAHUL CUSHAT, ) NePUUlL
MOOYbOBAHULL CUSHA, 2) OpYeUll MOOYIbOBAHULL CUSHAL
Puc. 2 — Imocmpayis gpopmyeanns moodynvosanoi nanpyeu 0nsi Kpamuocmi mooyasayii P = 2k
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Puc. 3 — Cnexmp 6inonaproi nanpyeu onsa eunaoxky P = 22

AHaNOriyHo 10 NONEePeTHHOTO BUTIAIKY HEHYIHOBI
3HAQYEHHS CIEKTPaJIbHUX KOMIIOHEHT npu n = 2k i m =
2k+1 po3paxoByroThes 3a hopmysioro (14):

4H(j)2m+1
@mi)(2n) — m
3 SH(j)2m+l 0

C2m-1) ;sz (Cm—Dmu/2)x

U sin((2m =) musin(y)/ 2)ej2"}’dyj =

0

X ! + ! (21)
k-1-2n) (2k—1+2n) )

Po3paxyHok cniekTpy

Criextp OImMOISIPHOI HANpPYTH, PO3pPaxoBaHOI 3a
¢opmymnoro (21) mnsa BumagkiB, P = 2k i P = 4k wmae
AHAJIOTIYHY CTPYKTYpY, 3a3Ha4YCHy i BUMaaky P = 22 i
p = 0.5, mo noka3zHui Ha puc. 3.

Eneprist curnany, CKOHIIGHTpOBaHa y TapMOHII 3
HOoMepoM P/2 = 11 BIANOBIAHO 1O CHEKTPANBHOI
XapaKTEepUCTUKH, II0Ka3aHOi Ha puc. 3. AMIUITYAU
An = 8 OIYHHMX TapMOHIK MalOTh 3HAYEHHs, OPIBHSIHHI 3
OCHOBHOIO rapMoHikoio 3 HomepoM 11. IllupunHa criekTpa
1mo0sm3y ocHOBHOI rapMmoHiky; Af = (2An + 1)Q = 17Q.
Monynsmist 3 mapameTpoM KpaTHocTi Moxyssiii P = 4k €
e(EKTUBHIMIO, OCKUTHPKH MOIYJIhOBAaHWHA CHTHAJI Mae
OJTHAKOBY KiJIbKICTh IMIO3UTHBHUX 1 HETATHBHUX IMITYJIBCIB
Ha TIOJOBWHI Tepiofa, M0 3MEHINYe 3HAYEHHS IIEepIIoi
rapMOHIKM B CIEKTpi. binonspHa Momymsiiis J03BOJISIE
3MICTUTH Tepeaady SHeprii B 00JacTh BHCOKHX 4acTOT i
3MEHIIy€e Bary Tpancopmaropa maist 06ox P =2k i P =4k
BUMAJIKIB. IMonanbme TOJIMIIEHHS CIIEKTpPY
MOJTyJIbOBaHOI HAIpYrW MOJKIJIMBE 3a YMOBU YCyHEHHs
HU3BKOYACTOTHUX OIYHHUX T'aPMOHIK.

BucHoBKH

Y crarTi aHam3yeTbCA CIEKTP HAmpyrd 3
OIMoONAPHOI0 MOAYJSAMiel0 Ha OCHOBI psaxy Dyp'e mBox
3MiHHUX. [loka3aHO MOXKIMBICTH Tepenadi eHeprii Ha
YacTOTi, sKa JIOPIBHIOE TIOJIOBMHI 4YacTOTH HeCy4ol
¢ynkuil. TakuM YmHOM, LEW THN MOXYJISILIi JT03BOJISLE
3MEHIIUTH Bary TpaHcdopmaropa. [Ipore, uepe3 3HauHMi

BMICT HHM3bKOYACTOTHHX TapMOHIK BKa3aHa MOIYJISIIs
BUMAarac IoJajblIoro BJOCKOHAIEHHS.

Chnucok JiTeparypu

Zhong, Q. Control of power inverters in renewable energy
sources and Smart grid / Q. Zhong, T. Hornik // John Wiley
& Sons Ltd, 2013, 411 p.

2 Zhiliang, Z. An Optimal Control Method for Photovoltaic
Grid-Tied-Interleaved Flyback Microinverters to Achieve
High Efficiency in Wide Load Range / Z. Zhiliang, X. F.
He, L. Yan // IEEE Trans. Power Electron. —2013. — 28. —
11.—P. 5074-5087. — doi: 10.1109/TPEL.2013. 2245919.

3 Koutroulis, E. A bidirectional, sinusoidal, high-frequency
inverter design / E. Koutroulis,J. Chatzakis, K.
Kalaitzakis, N. Voulgaris // Electric Power Applications,
IEE Proceedings. — 2001. — 148. — 4. — P. 315-321. —
doi: 10.1049/ip-epa:20010351.

4 Holmes, D. Grahame. Pulse width modulation for power
converters. Principles and practice / D. Grahame Holmes,
Thomas A. Lipo. / IEEE Press Series on Power
Engineering. - 2003. - P. 724, - doi:
10.1109/9780470546284.

5 Bepounxmuii, E. B. cnonb3oBanue asoitHoro psaa dypse
U pacueTa CHeKTpa MoAynupoBaHHBIX curHaioB / E. B.
Bepouuxuii / Texuiuna enexmpoounamira. — 2014. — Ne 4.
—C. 96-98.

6 Mihret, M. Optimal Synthesis of Output Voltage Waveforms
for Multilevel Cascaded Single Phase DC-AC Converters /
M. Mihret, C. Odeh, N. V. Angirekula, O. Ojo // Applied
Power Electronics Conference and Exposition (APEC), 2013
Twenty-Eighth Annual IEEE. — 2013. — P. 2690 — 2697. —
doi:10.1109/APEC.2013.6520676.

7 Lau, W. H. Compact Analytical Solutions for Determining
the Spectral Characteristics of Multicarrier-Based Multilevel
PWM / W. H. Lau, Bin Zhou, S. Henry, H. Chung // IEEE
Transactions on Circuits and Systems I: Regular Papers. —
2004. - s51. - 8 — P. 157-158. - doi
10.1109/TCSI1.2004.832790.

8 Vasca, F. Dynamics and Control of Switched Electronic
Systems: Advanced Perspectives for Modeling, Simulation
and Control of Power Converters (Advances in Industrial
Control) / F. Vasca, L. Iannelli // Springer-Verlag London,
2012.-493 p.

9 Bepouuskuii, €. B. Oco0mMBOCTI poO3paxyHKy CIEKTpPY
Hanpyrd, MoayiboBaHoi mo 3akony LIIIM I i II Ha ocHOBI
noagiitHoro psgy @Dyp’e / €. B. Bepounbkmii //
Enexmponixa i 36 ’a30x. —2015. — Ne 5. — C. 36-45.

192

BICHUK HTY "XIII" Ne 23 (1245)


https://doi.org/10.1109/TPEL.2013.2245919
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Koutroulis,%20E..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Koutroulis,%20E..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chatzakis,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chatzakis,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Kalaitzakis,%20K..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Voulgaris,%20N.C..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2194
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2194
https://doi.org/10.1049/ip-epa:20010351
https://doi.org/10.1109/9780470546284.app1
http://techned.org.ua/index.php?option=com_content&view=article&id=685&Itemid=77
http://techned.org.ua/index.php?option=com_content&view=article&id=685&Itemid=77
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.C.%20Odeh.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.B.%20N.%20V.%20Angirekula.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.O.%20Ojo.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
https://doi.org/10.1109/APEC.2013.6520676
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8919
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8919
https://doi.org/10.1109/TCSI.2004.832790

ISSN 2079-5459 (print)
ISSN 2413-4295 (online)

CEPLA "HOBI PILIEHHA B CYYACHUX TEXHOJIOI'IAX"

10 Watson, G. N. A Treatise on the Theory of Bessel

Functions (2nd.ed.) // G. N. Watson // Cambridge
University Press, 1966, 798 p.

spectrum].  Tekhnichna elektrodynamika
electrodynamics], 2014, Ne 4, 96-98.
Mihret, M., Odeh, C., Angirekula, N. V, Ojo, O. Optimal

[Technical

11 Abramovitz, M. Handbook of mathematical functions with Synthesis of Output Voltage Waveforms for Multilevel
formulas, graphs, and mathematical tables / M. Cascaded Single Phase DC-AC Converters. Applied Power
Abramovitz, 1. A. Stigun // Aplied mathematics series — 55, Electronics Conference and Exposition (APEC), 2013
1964. Twenty-Eighth  Annual IEEE, 2013, 2690 - 2697,

doi:10.1109/APEC.2013.6520676.
Bibliography (transliterated) 7 Lau, W. H., Zhou, Bin, Henry, S., Chung, H. Compact
Analytical Solutions for Determining the Spectral

1 Zhong, Q., Hornik, T. Control of power inverters in Characteristics of Multicarrier-Based Multilevel PWM.
renewable energy sources and Smart grid. John Wiley & IEEE Transactions on Circuits and Systems I: Regular
Sons Ltd, 2013, 411 p. Papers , 2004, 51, 8, 157-158, doi:

2 Zhiliang, Z., He, X.F., Yan, L. An Optimal Control 10.1109/TCSI1.2004.832790.

Method for Photovoltaic Grid - Tied - Interleaved Flyback 8 Vasca, F., Iannelli, L. Dynamics and Control of Switched
Microinverters to Achieve High Efficiency in Wide Load Electronic Systems: Advanced Perspectives for Modeling,
Range. IEEE Trans. Power Electron., 2013, 28, 11, 5074- Simulation and Control of Power Converters (Advances in
5087, doi: 10.1109/TPEL.2013. 2245919. Industrial Control). Springer-Verlag London, 2012, 493 p.

3 Koutroulis, E., Chatzakis, J., Kalaitzakis, K., Voulgaris, 9 Verbytskyi, I. V. Osoblyvosti rozrahunku spectru naprugy,
N. A bidirectional, sinusoidal, high-frequency inverter modulyovanoyi po zakonu SHIM I I SHIM II na osnovy
design. Electric Power Applications, IEE Proceedings, podviynogo ryadu Furiye [Features of voltage spectrum
2001, 148, 4, 315-321, doi: 10.1049/ip-epa:20010351. calculations modulated by PWM 1 and II on basis double

4 Holmes, D. Grahame, Lipo, Thomas, A. Pulse width Fourier series]. Electronika i zvyazok [Elecntronics and
modulation for power converters. Principles and practice. communication], 2015, Ne 5, 36-45.

IEEE Press Series on Power Engineering, 2003, 724 p, 10 Watson, G. N. A Treatise on the Theory of Bessel
doi: 10.1109/9780470546284. Functions (2nd.ed.). Cambridge University Press, 1966,
5 Verbytskyi, Ye. V. Ispol'zovaniye dvoynogo ryada Fur'ye 798 p.

dlya rascheta spektra modulirovannykh signalov [Double
Fourier series using for calculating modulating signals

11

Abramovitz, M., Stigun, I. A. Handbook of mathematical
functions with formulas, graphs, and mathematical tables.
Aplied mathematics, series Ne 55, 1964.

Jani npo aBTopa (About author)

Bepouupkuii €ezen Bonooumuposuy — KaHANAAT TEXHIYHUX HAYK, TOLEHT, HallioHambHAN TEXHIYHUHA YHIBEpCUTET YKpaiHH
«KuiBcpkuilt momitexHiuHWE iHCTUTYT iMeHi Irops CikopcbKoro», HOIEHT KadeApw NPOMHUCIOBOI EIEKTPOHIKH, (haKyIbTET
enexTpoHikn, Kui, Ykpaina; e-mail: verbitskiy@bigmir.net.

Ievgen Verbytskyi — Candidate of Technical Sciences (Ph. D.), Ph. D., Assoc. Prof., The department of Industrial Electronics,
Faculty of Electronics, National Technical University of Ukraine «Igor Sikorsky Kyiv Polytechnic Institute», Kyiv, Ukraine; e-mail:
verbitskiy@bigmir.net.

Byow nacka, nocunatimecs na yio CMammio HACHYNHUM YUHOM.

Beponuskuii, €. B. Anaini3 criekTpy Hanpyry 3 ABONoJsspHoo MoxyJsuieto /€. B. Beponnuwskuii // Bicnux HTY « XTIy,
Cepia: Hosi piwenna 6 cyuacnux mexuonoeiax. — Xapkis: HTY «XIII». — 2017.— Ne 23 (1245). — C. 188-193. — d0i:10.20998/2413-
4295.2017.23.30.

Please cite this article as:
Verbytskyi, I. V. A Bipolar Voltage Modulation Spectrum Analysis. Bulletin of NTU "KhPI". Series: New solutions in
modern technologies. — Kharkiv: NTU "KhPI", 2017, 23 (1245), 188-193, doi:10.20998/2413-4295.2017.23.30.

Toocanyiicma, ccolnaiimecs Ha 5my cmamuio cledyiowuM oopazom:

Bepouuxkuii, E. B. Aranu3 ciektpa HanpsbkeHus ¢ aAponossiHor moaysinueli / E. B. Bepouukuii // Becmuux HTY « XT1H »,
Cepus: Hogvle pewenus 6 cogpementvix mextonocusx. — Xappkon: HTY «XIT». — 2017.— Ne 23 (1245). — C. 188-193. —
doi:10.20998/2413-4295.2017.23.30.
AHHOTAIIUA [lokazano HecamuHoe GIUSHUE HUSKUX 2APMOHUK 8 MOOYIUPOBAHHOM NePEeMEHHOM HANPSNCeHUU UHBEPMOPO8 C
2aNbBAHUYECKOU PA36s3KOU HA maccy ux mpaucgopmamopos. Onucano cnocob gopmuposanus OUNOIAPHO20 MOOYIUPOBAHHO2O
HANpsJCeHUs, YMO CYWeCmBEeHHO YMeHbulaem cooepoicanue HusKux eapmonux. Ilpeonodceno ucnivzosamv psio @Pypve 08yx
NnepemMennbiX OJsi AHAIU3a CHeKmpa OUNOIAPHO2O MOOYIUPOBAHHO2O HANPSJICEHUs, YMO NO360JSEM ONUCAMb CHEKMPALbHYIO
Xapaxkmepucmuxy HAnpsidiCeHust 8 KOMRAKMHOU hopme OJisl NPOU3680ILHO20 3HAYEHUS NAPAMempa Kpamuocmu Mooyiayuu. Onucano
064 pasHbIX CAYYas GopMUPOBaAHUsT OUNOIAPHO2O HANPAICEHUS. 8 3AGUCUMOCU O 3HAYEHUs. NAPAMempa KPAmMHOCHU MOOYIAYUL.
Ipoananuzuposano cnekmp Hanpsdiceust ¢ ounonaprou mooyasyueil. IIokazano, 4mo OCHOGHAsL YACMb IHEPISUU HANPAICEHUS C
bunonapHol Mooynayuell nepedaemcsi 2AqPMOHUKAMU OKOJIO YACMOMbl, KOMOpas 6080e MeHbUe YaCnmOomyl Hecyujel (YHKuuU.
Knroueevie cnosa: osononsproe Hanpsidicenue; UHBEPMOP C 2ANbBAHUHECKOU pa3zesasKkoll; pso @Pypve 08YX NepeMeHHbIX,
CReKmpanbHas XapaKkmepucmuka.

Haoitiwna (received) 23.05.2017

BICHUK HTY "XIII" Ne 23 (1245) 193


https://doi.org/10.1109/TPEL.2013.2245919
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Koutroulis,%20E..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chatzakis,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Chatzakis,%20J..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Voulgaris,%20N.C..QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.Voulgaris,%20N.C..QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2194
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=2194
https://doi.org/10.1049/ip-epa:20010351
https://doi.org/10.1109/9780470546284.app1
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/search/searchresult.jsp?searchWithin=%22Authors%22:.QT.M.%20Mihret.QT.&newsearch=true
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
http://ieeexplore.ieee.org/xpl/mostRecentIssue.jsp?punumber=6516132
https://doi.org/10.1109/APEC.2013.6520676
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8919
http://ieeexplore.ieee.org/xpl/RecentIssue.jsp?punumber=8919
https://doi.org/10.1109/TCSI.2004.832790
mailto:verbitskiy@bigmir.net
mailto:verbitskiy@bigmir.net



