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ABSTRACT

This thesis proposes a new balanced switching with high-frequency transformer in high
step-up de/de converter. The advantage of the proposed converter is to reduce the common mode
conducted EMI using balanced switching technique. This step-up converter requires more
magnetic components than of that a conventional converter. Therefore, the integrated magnetic
technique is proposed to reduce two magnetic components into a single core. Finally, the benefit
of proposed converter, by reducing common mode conducted EMI with small amount of magnetic
components, is confirmed by the experimental results of the proposed converter comparing to of
that the conventional converter. The proposed converter is operated up to 70 W that results a
significant reduction of total common mode conducted EMI up to 10 dBuV at the frequency range
17 MHz — 24 MHz for the operating condition of the heat sink connected to ground without

auxiliary capacitances.
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Figure 7.9 Ratio of AC to DC resistance due to proximity effect.
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wanisnaaeunswiu TS Uitaveseesuuuia )
AU . X
30 9N AUIUIIN AU
. . nn v,
11399 M3 H1, H2 o V/div vn b uaz AV,
uaz R
AR AURAUIT I finda ngaen T o
.’ o % 31iila
A T vt 5uila ,
; unines
Tnan fMueon AU00N Aueon d
nio % (AV,/V))
(R) V,) () (av,)
() (V) (W) (V) (%)
1,002 100.1 10.00 0.050 0.0499
501.0 100.1 20.00 0.068 0.0679
3337 100.1 30.03 0.080 0.0799
251.2 100.1 39.89 0.100 0.0999
200.3 100.1 50.03 0.112 0.1119
167.0 100.1 60.00 0.112 0.1119
142.5 100.1 70.36 0.112 0.1119
M5 6.5 namsiausaau Iihsuidadweenverrsesnuuiiaus
namsnaaounseiu AT avoresuuuing naue
AU . .
310 31N AuuIn A
. . 2 Vo
N30 n139A HI, H2 uaz V/div vV uag AV,
uaz R
AW AunavIs Y finda TERATR PR 2
o % 51Uita
nMuA vl vt S1ila ;
) ; unines
Tnan AuN Muoon AUDON M
N30 % (AV,/V))
(R) V) E) (AV)
Q) (V) (W) (V) (%)
1,002 100.0 10.00 0.052 0.0520
501.0 100.1 20.00 0.064 0.0639
333.7 100.0 29.97 0.108 0.1080
251.2 100.0 39.81 0.108 0.1080
200.3 100.1 50.03 0.112 0.1119
167.0 100.1 60.00 0.124 0.1239
142.5 100.1 70.36 0.124 0.1239
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Intemational
Rectifier

PD-9.755

IRFP264

HEXFET® Power MOSFET
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ondary winding
!Ip Npl=HpZ (Mpl = pri. winding 1, Npc = pri.
(N2l = =ec. winding 1, NsZ = zec.

o outer leg - and Z
[ Turns}

[turns)

Wp=Npl=kp
n = Turn ratio (n =

2=Nac {Ccomparison

Yo_plot, I plet and n plo

cg = woltage drop on Cs for conwentionsl converter caloulation

Vaw max = approximsted meaiimum Vds the zwitch

=3

¥aw_compensated = Vow_max + approximated leakage

Ton mex = the desig mpaximum on time of the M
Dmax signed waMimam duty retic

"BOUNL™ = Lowdary
dip b = pri.
dip =
Mpc_k
Lp_min witimiw i

Fetaeen CCM and [CM made
arge during on time st "EODOMTC

current

Lp the selescrted pri. Lp_man
Tupeak naxd and Twpeak min = madimon 2nd pinloul Ra:sT12ing CULrent
Toffl = tiwme for pri. ourrent £8ll dowm Erom pesk o Zero

ourrent flow)

Load = Toffl 4t fo wz- zud To_min

pri. current
during Ton

T
on

d and conwventional)
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= Vo, D (duty ratio) and n for plot in figure(l) =~

0 Lih
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core wolume = Ve i =
Corelass kw per V wi =
¥ = Mindow Urilization Factor

EE = dizrance of the bobbin in winding window area

Ac and A2 = centor and outer Core s-zecticnal area

Ac nm2 snd As mmZ = Ac and A0 1n mwl Crom core datashest
Ap and A3 = Ac and Ao 1n mZ, Ap mui and Az mmZ2 = AC and A0 1n umue

Ap win and As min = approximated minipum Ac and Ao 1n wwl by calculartion

Y3on_at_Ton_max = 2ec, winding voltage during Ton when Ton 13 maximum
Gap = selescted gap 1n pe. by desimer
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lp mm, lp m, 1s m, 15 mw = total pri. and sec. mean length path in mw. and m.%

lg wm and lg w = gap in Lm. and w.

Fp and Rgp, Rs and Rgs = pri. and sec. core and gap reluctance
Pp_rtotal=Rp+Rgp and P2_total=Fz+Fgs = total pri. and sec. reluctance
Ls=Lzl=Ls3Z = rcalculated sec. inductsnce in outer leg 1 and 2
DC_Flux_Fri Ma« and DC_Flux

= maxXimam pri. and sec. DO fhae
Bdc p wa< and Bde 3 max = meimuw pri. and sec. DC tlux density

dFlu« pri1 and dFlux_sec = £lux zwing =cross pri. and sec. winding
dBac_pr1 and dBac_gec = flux density swing for pri. and zec.
= AC pri. and

Bpuax and Brwax = waximaw pri. and

Bac_pri and Bac_

flux densircy

total flux denzity

DU Flhue Fri dar = caleculated IO £lux saturation in the center |

1g min = winimum Jap to protect saturation Elux density
NI = rcaloualated wavimaw anpere- turn

Dow znd 7 o= ouarrent densarty in circoular wilJrms Auwp and tws Anp Sl
APYi iy : MInimGm cro winding 1n clroular wil

AT Wit = Wwipnlmiam e wminding in ci1roular wil

Apr: wwl and Asec wwl pri. and zec. winding in
Dpri muw and Drec ww = dlamerter for pri. and sec. vinding 1in L.

5 Hz, ¥ &0kHz, and % 1lz0kHz = 2kin d= g0 and 120 kHz
zEin_deprth wil=13 SDEHI+E ¢ wll

fav_ J40kHz

avwy sk depth_wm=avetage skan depth

Win”

Fkan _depth
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Input

sInpurt EE cores willimetres (mm)3

A=42.2; B=21; C=19.6; D=12; F=15.2; Emin=29.5; H=6.03; gap=0.4; Ac_mm2=235;
AL_value_per _n2=(355.7% (gap*(-0.82538))) /1000, u0=4*pi*(le-7); ue=1850; BB=1.1;
Aw_selected=276; Ve_mm3=23000; core_volume=Ve mm3; Bsat=0.3; Br=0.13; Dcm=650,
Bac_max=0.2; Brg=0.8%Br; Coreloss_kw per_V _m3=20; Ku=0.2; J=(1/Dcm)*(1/5.067e-4)

sElectrical Fequirewents or Goal of thiz design, Azswuws Efficiency 853 an

Vdc_max=30; Vdc_normal=24; Vdc_min=20; £=40000; T=1/£; Vo=100:
Po_max=70; Po_min=10; Io_max=0.7; Io_min=0.1; Eff=0.85; Vd=1;

zhefine Turn Ratic

=Nz, Np=

(Chercy and ploft ; Vary D and no1in figure .
figure(l)
Vi=24;

for n_plot=1:1:10:
for D_plot=0:0.0025:0.5;
Vo_plot=((14D_plot*n_plot)*Vi)/({1-D_plot):
plot3(D_plot,n plot,Vo_plot)
hold on
end
end
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n=5;
Turn ratio=n
T ESIon haxkilim ALF ol nages ST TR wawiand Feledt
Vcs=(Vo-¥dc_normal+l-(1/n))/(il/n)+1)
Vsw_max=Vdc_max+( (Vcs+Vd) /n)
« LiLie Cowpendstel [of lEaros LR AT e ETETL 2T Mo Zidee)

Vsw_compensated=2*Vsu_max

T=1/£

Ton_max=T*( (Vo-Vdc_min+2) / (Vo+(n* (Vdc_min-1))+1))
Dmax=Ton_max/T

Tt ¥ s £ £ Tof = 3t L i T

e oould ger the value of Toffl and Teffl afrer srepf had finished ir
zain Zteps can nor Eeparate from 3t

=Find dip b at boundary berween CCM and DCOH wodes
dip_b=({Po_min-(E££*Vdc_max*Io_min))/(Ef£*Vdc_nin*Ton_max))*(2*T)
*Find pinimum primary inductance in CCM mode (Lp win)=
Lp_min=( (Vdc_min-1)*Ton_max)/dip_b
Npc_b=sqrt(Lp_min/(AL_value_per n2*(le-6))), NpcO=round(Npc_b)
$%elect Npc and Wzc by changing Npel to even mumber, =o Npo:=Npc b oar
for i=2:2:30
if i~=NpcO
NpcO=Npc0+0;
else
Npc=NpcO
end
end
for k=1:2:31
1f k~=NpcO
NpcO=Npc0+0;
else
Npc=NpcO+1

end
end
Nsc=n*Npc
“Felect magmerizing (=pri.j inductancs
Hpo Hp b oand Mac = Nz b 30 Lp_
Lp selected=(Npc*2)*(AL_value per | n2*(le 6))
dlp ({Vdc m1n-l)*T0n max) /Lp_selected

5
"
F
¥
r
r
E
(=)
V

wan zelected 15 caloulated by sSip snd Lp_sels

Io_min selectedr[dlp/((Z*Tl/Ton max)]i((Vo/(Vdc mln*Eff]) 1)
Po_min selected=Vo*Io_min selected
nd lwpeak mavw and Tmpeak min-
help A=(T/(Eff*Vdc_min*Ton_max)):
help B=(Po_max+Po_min_selected- (E££*Vdc_min*Io_max));
help C=Ef£*Vdc_max*Io_min_selected;
Inpeak max=(help A*help B)-help C
Impeak min=dip

Firid

Toffl Full Load=(2*Io nax*T)/Impeak max
Toffl Min Load=(2*Io_min selected*T)/Impeak min

TofE] ateed Tof 1 mar net anclude leakage

rances eftect:

d Nac:

'n the condition of Lp_selected
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N=c_b*%

Lp_min=
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T

F 1 Trio Tvi durirs ¥
Ip during Ton

Fiovd lpon mae o lpdn Lin (LEMlioie 2r: LINIWSAW 3Welads
Ipon_max={(Po_max-(Eff*Vdc_min*Io max))*T)/(ELE£*Vdc_nin*Ton_max)
Ipon min=dip/2

Ip_rms_max_Ton=Ipon max*sqrt(Ton_max/T):

IRty DEIWSEY S04 FeColuilsl’r Tius S iEEsnL N oL PRED s

Ip_rms max=sqrt(({(Ton_max/T)*{Ipon max*2))+(0.5%Io_max*Impeak max))
Is_rms max=Io_max*sqrt(T/(T-Ton_max))

help D=(Ipon max*(Ton_max/T)):

help E=(0.5*Impeak max*Toffl Full Load*(Toffl_Full Load/T))
Ip_av_max=(help D)+(help E)

Is_av_max=(Io_max*T)/(T-Ton_max)

d¥o_max=0.5:

ripple_factm:=dVo_mafoo|

Rmin=Vo/Io_max

C_total min=(Dmax*T)/(Rmin*ripple_factor)
d¥rr Cp max=0.3

Cp_min={ (65e-6) *Impeak max)/(dVrr_Cp_nax)
Cp_selected=2200e-6

dVrr_Cs_max=0.2

Is_OFF_max=Io_max/(l-Dmax)

Cs_min=((65e-6)*Is_O0FF max)/({dVrr_Cs_max)
Cs_selected=470e-6

Csl=2*Cs_min, Cs2=Csl
C_total_min=(Cs_min*Cp_min)/(Cs_nin+Cp_nin)
Csl_selected=2*Cs_selected, Cs2_selected=Csl_selected
C_total_selected=(Cs_selected*Cp_selected)/(Cs_selected+Cp_selected)
dvr_selected=(Io_max*Ton_max)/C_total_selected
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BE. Syxss Integr zv- InieTox

Np=Npc/2, Npl=Np, Np2=Np, Ns=Nsc, Nsl=Ns, Ns2=Ns

Ap min=(Vdc_min*Ton_max)/(4*Np*Bac_max)*1000000
Ap _mmZ=Ac_mmZ, Ap=(le-6)%Ap mm2; Vson_at_Ton_max=(n*Vdc_min)/4
As min={ (Vson_at_Ton_max*Ton_max)/(2*Ns*Bac_max))*1000000
As mmZ=Ac_mmZ/2, As=(le-6)%*As_mmZ;
1L Ap mmZ>Ap min
Centor_Leg='TE:'
elae
Centor_Leg='ND'
end
1f As_um2>As_min
Outer_Leg='VES'
else
Outer Leg='N0O'

3Define reluctance 1h magnetlc circultss
lp_mm=2% (F+((B-F)/2)); lp_m=0.001%*1lp mm
lg_mm=gap; lg_m=0.001%lg mm
Rp=lp m/(u0*ue*Ap), Rgp=lg_m/(uO*ip), Rp_total=Rp+Rgp
1s_mm=2% (F+((B-F)/2)+(Emin/2)+H/2); 1s_m=0.001*1s_nm
Rs=1s_m/(uD*ue*As), Rgs=lg m/(u0*As), Rs_total=Rs+Rgs
zApproximate secondary inductance by caloulations
Ls=(Ns*2)/Rs_total
Lsl=Ls, Ls2=Ls
TMaiwum DC wamertic £laxs
DC_Flux_Pri_ Max=(2*Np*Ipon_max)/(Rp_total+(Rs_total/2))
DC_Flux_Sec_Max=DC_Flux_Pri_Max/2
Maximuw DE maqmeric flax density®
Bdc_p max=DC_Flux_Pri_Max/Ap, Bdc_s_max=DC_Flux_Sec_Max/As
“Maximunm £lue 2wing or mavimum AC £lwe during [Ton]=
dFlux_pri=(Vdc_nin*Ton_max)/(2*Np),dFlux_sec=dFlux_pri/2
Mawimwawm AC flud density-
dBac_pri=dFlux_pri/Ap, Bac_pri=dBac_pri/2
dBac_sec=dFlux_sec/As, Bac_sec=dBac_sec/2
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“Mamamnan “oma) flus demzytys
Bpmax=Bdc_p max+Bac_pri+Brg, Bsmax=Bdc_s_max+Bac_sec+Brg
1f Bpmax<Bsat

Bmax_Centor_Leg='VE:Z'

els

hd

Bmax_Centor_ Leg='NL'
end
1f Bsmax<Bsat

Bmax Outer Leg='YEZ'
elz

o

Bmax_Outer Leg='HNO
end

DC_Flux_Pri_Sat=(Bsat®ip)-((Vdc_min*Ton_max)/(4*Np))-(Brg*Ap)
lg min={({(2*Np*Ipon_max)/DC_Flux_Pri_Sat)-Rp-(Rs/2))*u0*ap) /2
if (gap/1000)>1g min

gap="'YEZ'
else

gap="'HN1"

aictiat: o aupebe-furn to check the e soned gab & darashes
3 ALz on ANPEE I r the = Sges 1 iarashs

NI=(12*Ip av max)+(60%Is_av_max)

t8elect pri. and s

g

c. wire zize from Ip,rm2 mad and Iz, rwe max in circular wils

Apri min=Dcm*Ip_rms max, Apri min mm2=Ip_rms_max/J

Asec_min=Dcun*Is_rms_max, Asec_min mm2=Is_rms_max/J

3Wire size in ciroular mils

5WG25=400; SWG24=484: SWG23=576; SWGZ22=784; SWGZ21=1024; 5WG20=1296; SWG19=1600;

SWG18=2304; SWG17=3136; 5WGl6=4096; SUGL5=5184; SWG14=6400; 5WG13=8464;

%Find Primary wire zlzeX

if  Apri_min<SWGL8
Primary wire_size='Z5WGld, diameter=1.21%0 um. sectional area=1.1670 mm*2!
Dpri_mm=1.219, Apri mm2=1.167

elzeif Apri min<SWGl7
Primary wire_size='3WG17, diameter=1.4220 nm. sectional ar
Dpri mm=1.422, Apri_mmZ2=1.589

elseif Apri_ min<SUGL6
Primary wire size='ZWGLE, diamerer=1.6260 nm. sectional area=Z2.0750 mm*2!
Dpri_mm=1.626, Apri_mm2=2.075

elseif Apri min<SUGLS
Primary wire_size='3UGLS, diameter=1.5290 mm. sectional area=Z, 6270 mn*2'
Dpri_mm=1.829, Apri_mm2=2.627

elself Apri_min<5WGl4

=1.5850 mm~2'

m
v
n
i

Primary wire size='ZWG14, diameter=Z2.0320 mm. secrtlonal area=3, 24530 wo" 2
Dpri_mm=2.032, Apri_mm2=3,243

elge
Primary wire_size='¥Very Large (MNone)'

end

*Find Secondary wire sSizes

if  Asec_min<SUGZ5
Secondary wire_size='ZWGZS5, diamweter=0.5000 mw. sectional area=0.1%63 mm*2'
Dsec_mm=0.5, Asec_mmZ2=0.1963

elseif Asec_min<SUG24
Secondary wire_size='35WGZ4d, diameter=0.553
Dsec_mm=0.5583, Asec_mmz=0.2452

elzaelf Asec_min<3SWGZ3
Secondary wire_size='ZWGI3, diameter=0.&0%9%
Dsec_mm=0.6096, Asec_mmzZ=0.2919

wm. Sectional area=0, 2452 mnt2'

sectional are:

E
Iy
=
L
"
I
=)
s
o)
—
=]
2
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ezlself Asec_nin<3WGZ2
""" L7112z

Dsec_mm=0.7112, Asec_mm2=0.3973

elself Asec_nin<3SWG21
Secondary wire size='35WGZl, diamertsr=0.5128
Dsec_mm=0.8128, Asec_mmz=0.5189

elsellf Asec_min<SWG20
Secondary wire_size='3WGZ0, diameter=0.
Dsec_mm=0.9144, Asec_mm2=0.6576

elzeif Asec_min<SWGL9
Secondary wire_ size='ISWG1lY, dismersr=1l.
Dsec_mm=1.016, Asec_mm2=0.8107

zlzelf Asec_min<SUGLS

Gl4a4

QLa0

Secondary wire_size='ZWG18, diamerer=1.2150
Dsec_mm=1.219, Asec_mmZ=1.167

elzelf Asec_min<3WGL7
Secondary wire_size='ZNGl7, diameter=1.4220

Dsec_mm=1.422, Asec_mm2=1.589

else
Secondary wire_size='Very Large (HNon=]'
end
£%kin deprth 1n wil = sqrr (£}, Sav <0kHz 13

1
(For zacquare wave, I wvalue or
3_40kHz=2837/3qrt(40000);

average_skin_depth_mil=(S5_

the skin depth (40,

oo,

Tam .

the

80 and 120
S_80kHz=2837/3qrt(80000); 5_l20kHz=2837/sqrt(l120000);
40kHz+5_80kHz+35_120kHz) /3

212

zZectional area=0,3273 wn' o
zecrional area=0.5189 wwZ
zectional area=0.6576 muptZ'
s2Triomal area=0.28107 wm' o
zzorional area=1.1670 w2
zecrtional area=1. 5850 ww"d
oA G PR

kHz)

are averaged

avyg_skin depth mm=0.0254%average_skin depth mil, Sav_40kHz=avg_skin_depth mm

Double_of_ Sav_40kHz=2*S5av_40kHz

3Check the effect of the 3av_d4d0kHz: Multiple Wires or Jingle Wire 2=
Dpri_per_ S_ratio=Dpri_mm/Sav_40kHz, Dsec_per_$5_ratio=Dsec_mm/Sav_40kHz

if Dpri_per S _ratio>=7

Primary wire='Multiple wire'
else

Primary wire='Zingle wire'
end
it Dsec_per_5_ratio>=7

Secondary wire='Multiple wire'
else

Secondary wire='Zingle wire'
end
sCheck
Av min={(Apri_mm2*2*Np)+(Asec_mm2*Ns) ) /Kw
if Aw_selected>=Aw _min

Ay_min='Encugh Winding Window Ares'
else

Aw min='No Encugh Winding Windeow Ares'
end

approzimated Worst Case Fri. and JFec. lindindg

lupl mm=Npl*2*(D+2*Dpri_mm+2*BB+C+2*Dpri_mm+2*BEB) ;
lpr_mm=Np2*2*(D+2*Dp:i_mm+2*BB+C+2*Dpri_nm+2*BBJ:
lup_total mm=lwpl mm+lwp2 mm; lwp_total m=0.001%lwp_total mm;
layerl=(Nsl/3)*2% (H+2*Dsec_um+2*BB+C+2*Dsec_mm+2*BB)
layer2=(Nsl/3)*2%* (H+4*Dsec_mm+2*BB+0. 2+C+4*Dsec_mm+2*BB+0. 2)
layer3=(Nsl/3)*2% (H+6*Dsec_mm+2*BB+0. 4+C+6*Dsec_mn+2*BB+0. 4)

lwsl_mm=layerl+layer2+layer3;, lws2 mm=lwsl mm;

lys_total mm=lwsl mm+lwsZ mm; lws_total m=0.001*lws_total mm;
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lus_total mm=lwsl mm+lwsZ_mm; lws_total m=0.001*%lws_total mm;
Approxmimat=d Worst Case DU Fesigrancs

Pcu=2.2*1le-8, Copper conduct.1v1ty—?cu

Apri m2=(le-6)*Apri mm2, Asec_m2=(le-6)*Asec_mm2
Rdc_pri=(Pcu*lwp_total_m)/Apri_m2, Rdc_sec=(Pcu*lws_total m)/Asec_nZ
=hpptovimzred Worst Case AC Resastancs-

h_pri=0.866*Dpri_mm, h sec=0.866*Dsec_mn, Fl pri=l, Fl sec=l
Proximity Pri=((sqrt(Fl_pri))*h pri)/Sav_40kHz

Proximity Sec=((sqrt(Fl_sec))*h_sec)/Sav_40kHz

Rac_pri= S*Rdc_pn, Rac_sec= lz*ndc sec

Lo ss = L zze Windineg Lozzzsz

Pw_pri_loss= :(Ip rms maxl*ZJ*Rac_pn, Pw_sec_loss=((Is_rms_max)*2)*Rac_sec
Vcore_m3= (1&—9) 1’::n:arn=_-_'.rolu.me, Pcore_loss_}m=Co:eloss_kw_per_V_m3*Vcore__m3
Pcore_loss watt=Pcore_loss_kw*1000

ApprominzTad Toecal Transtormer Lozzes

Tr_total losses_watt=Pcore_loss_watt+Pw_pri_loss+Pw_sec_loss

l _gap=0.2;
Surface Area mm2=2%((A*((2*B)+1_gap))+(((2*B)+1_gap)*C)+(A*C))

Surface_Area m2=(le-6)*35urface_Area mm2

Surface_Area in2Z=(({l10%4)*Surface_Area m2)/6.4516
;13I\:|\!*I\ill!lIIIIIIIII!!|{IIl|\I\|J‘I||i:I\II\I‘::\iili!ll\I\I\I\l\lhllil\-\l
The End
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The Analysis of Balanced and Unbalanced Circuits Effect on
Conducted Electromagnetic Interference in a Boost Converter

T. Dumrongkittigule*

V. Tarateeraseth**

T. Maneenopphon*

W. Khan-ngem*

This paper proposes the analysis of balanced and unbalanced circuits, effect on conducted electromagnetic interference on
a boost converter. Balanced circuit method can reduce common-mode conducted EMI efficiently. However, it requires
another EMI suppression such as EMI filter to meet the EMC regulations. The analysis is clarified by comparison of balanced
and unbalanced circuit with the condition of with EMI filter and without EMI filter. It is shown that the balanced circuit
results a better EMI reduction and no any advantage in efficiency of the system comparing with the case of without EMI filter.
In contrast, the EMI reduction of balanced circuit is worse when the EMI filter is integrated.

Keywords: balanced circuit, boost converter, EMI filter

1. Introduction

Many of the switching power converters are not properly
designed for EMI consideration, so it cannot meet the EMC
regulations. One method to reduce EMI in switching power
converter is called “Balanced Circuit”. (1) This method can
reduce EMI by reducing common-mode conducted EMI,
which is generated from the drain or collector of an active
switch to frame ground via its heat-sink and parasitic
capacitance. Most of conventional switching power
converters use unbalanced circuit topology, which generate
a lot of EMI, especially, common-mode conducted EMI.

This paper proposes the review of the concept of
balanced and unbalanced circuit to reduce common mode
conducted EMI in a boost converter (section 1) and
proposes the analysis of two modes of operation for
balanced boost converter, (section 2: theory). The operating
condition to test conducted EMI and to test electrical
performance is shown in section 3 (experiment). The key
issue is the experimental among four cases. The first two
cases are balanced and unbalanced circuits integrate with
EMI filter as shown in Fig. 1. Other two cases are balanced
and unbalanced circuits without EMI filter included in
section 3. Then, the experimental results can be seen in
section 4, and then the analysis of the experimental results
aspect of conducted EMI and electrical performance can be
shown in section 5. Finally, the conclusion of this research
is proposed in section 6.

* Research Center for Communications and Information
Technology (ReCCIT), Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang (KMITL),
Bangkok, 10520, Thailand. Phone/Fax +662 737-3000 Ext. 3322,
E-mail: kkveerac@kmitl.ac.th, tanakanit@yahoo.com

**  Faculty of Engineering, Srinakharinwirot University
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Boost
Converter

EMI Filter =

Frame Ground

Fig. 1. Balanced and unbalanced boost converter integrated with
the EMI filter.

The concept of balanced and unbalanced circuit to reduce
conducted EMI in a boost converter by considering
unbalanced and balanced boost converter is shown in Fig. 2
(@) and (b) respectively. Conventional boost converters
frequently use unbalanced circuit. The drain voltage of the
MOSFET comparing with the frame ground changes very
rapidly can cause the common-mode current (icom) to flow
from the drain of the MOSFET to frame ground via its heat-
sink and parasitic capacitance (C.) between the drain and
the frame ground as shown in Fig. 2 (a). On the other hand,
in case of balanced circuit as shown in Fig. 2 (b), voltage
between the drain and the source of the MOSFET
comparing with the frame ground changes simultaneously
with opposite polarity in the switching time. These two
voltages are the same in magnitude but in an opposite
polarity cause the common-mode current (i, ;) flows from
the drain of the MOSFET to frame ground via its parasitic
capacitance (Cy). icm > flows from the source of ihe
MOSFET to the frame ground via (C,,) simultaneously with
opposite polarity in the switching time. This feature is
different from the case of unbalanced circuit, source voltage
comparing with the frame ground which has a few changes.
Then, both currents are cancelled by each other, causes the
total common-mode current flows in the frame ground
reducing.
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Frame Ground

(a)

l]:: 52 -.srll

Frame Ground

(b)

Fig. 2. Concept of balanced circuit converter to reduce conducted
EMI (a) unbalanced boost converter (b) balanced boost converter

j i
[mm con |

Although, this is an effective method to reduce common
mode conducted EMI, but this method can not suppress or
reduce differential mode conducted EMI. So, it requires
another way such as EMI filter to meet the EMC
regulations. The experimental results and analysis of the
features are shown in sections 4 and 3, respectively.

2. Theory

The mode of operation of balanced boost converter is
described in this section.

Two Modes of Operation

The analysis is confined to the continuous conduction
mode of boost converter (2, 3).

Mode 1: switch Q is on

This mode starts with the switch Q of balanced boost
converter, shown in Fig. 2 (b), is on and the equivalent
circuit can be shown in Fig. 3 (a). Every component is
assumed to be ideal to simplify the analysis. When the
switch is on, the inductor is series connected. The dc input
voltage (V) is divided by voltage divider and equally drop
on each inductor (7;/2). The voltage across of each inductor
is equal to V;,/2. Each inductor is equalled value to /4 by
wrapping both coils in the same turns and polarity. In this
mode, the current flows in each inductor (i) is equal to
input current. Both inductors will store energy until the end
of this mode. Then, diodes (D, and D) which are reversed,
current flows in both diodes are zero. Finally, load resistor

1649

will be parallel connected with the output capacitor. Then,
the load voltage is equal to output capacitor voltage, while
the discharge current from capacitor is equal to the load
current.

Mode 2: switch Q is off

This mode starts when the switch Q is off, the equivalent
circuit can be shown in Fig. 3 (b). In this mode, both
inductor voltages (¥, /2) are forced by magnetizing current
to reverse their polarity and discharge energy to their load.
Then, both diodes (D, and D) will be in the forward bias
region when input voltage plus inductor voltage is greater
than load voltage. So, input current will flow through the
inductor and diode (D;). This current charges output
capacitor and shares current to its load. Finally, load
voltage is equal to output capacitor voltage, while the load
current is equal to the input current minus the capacitor
current till the end of this mode.

+ v - 4, D,
L)

+ 14 ieT iR Y+
l"l“ — (- ;: R g ‘Im
- L’f,; -

L ]
—K}-
= l'la’...’ + D_..
(a)
s l"./.-? + iL .Dj.
- —_
— D+ By
ln‘c R
i 14 +
by = TR RS
- LA =
°
f'b’m L1
+ \",_.f':’ - D:
(b)

Fig. 3. Two modes of operation of balanced boost converter (a)
switch O is on. (b) switch O is off.

3. Experiment

The contents of the experiment of both balanced and
unbalanced circuit in a boost converter composes of 4 cases
as shown in table 1. Fig. 4 shows the experimental circuit
balanced and unbalanced boost converter. Fig. 5 shows the
experimental circuit for conducted EMI testing.

Table 1. Four cases of experimental

F::;;_?::n?f Conditions
1 Unbalanced Circuit without EMI Filter
2 Balanced Circuit without EMI Filter
3 Unbalanced Circuit with EMI Filter
4 Balanced Circuit with EMI Filter
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The EMI filters are shown in Fig. 1. All parameters are
as follows: L sy, = 6 mH, C, = 470 uF, Cy (in) = C, (out) =
2.200 pF.

(b)alanced circuit

Fig. 4. The experimental circuit of balanced and unbalanced
boost converters.

7 R )
mn oul
LISN T -
coada ke
('S ’T\ l !r.‘wn
Frame Ground
(a) Unbalanced circuit
L4 D,
il — N ]
+ +
!‘in; : Vuut
- LISN . -

L4

Leom l (-‘-‘ 51 Teom 1

Frame Ground

(b) Balanced circuit
Fig. 5. The experimental EMI test set up

The opened loop operating conditions of boost converter
are as follows:
* Operating condition 1 is to test the conducted EMI
as shown in Fig. 5: V;, =15V, V,,, =30V, f,=100kHz, D
~ 52 %, Rpoaa= 100 Q| L =400 4 H.

** Operating condition 2 is to test the electrical
performance, power efficiency and ripple output voltage as
shown in table 2: P, = 9.0 W, f; = 100 kHz, D = 50 %.
Other parameters are the same as in operating condition 1.

4. Experimental Results

The experimental results of operating condition 1 (*):
(EMI) and 2 (**): electrical performance in section 3 are
summarized in table 2. The efficiencies and ripple output
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voltages in the table are calculated by (P,/F,)x100 and
(AV,1¥,)x100 respectively. The significant waveforms in

Fig. 7-10 are measured in operating condition | (*) for the
analysis of the balanced circuit technique. All figures show
the balanced circuit compare to that of the unbalanced
circuit without the EMI filter, Fig. 6 shows the drain (Vp.
avp) and the source (Vs.gyp) voltages to ground. These two
voltages simultancously change with the same magnitude
with opposite polarity in the case of balanced circuit as
shown in Fig. 6 (b). The common mode currents flow from
the drain and the source of the MOSFET to the frame
ground can be seen in Fig. 7. These two currents are
cancelled by each other for the balanced circuit, causes the
total common-mode current flows in the frame ground is
much reduced shown in Fig. 8. Fig. 9 shows the frequency
domain of the drain and source currents to the frame ground
in frequency range 0-25 MHz. And also, Fig. 10 shows the
frequency domain of the total common mode currents in the
same frequency ranges.

Table 2. Summary of the experimental results

Balanced circuit Unbalanced circuit
Issues (1 (2) (3) (4)
With Without With Without
EMI filter | EMI filter EMI filter EMI filter
Case (1) Case (2) Case (3) is Case (4)
is worse is better the best in is the
than (3) than (4) in low freq. worst in
* o high freq. (150 kHz. -2 alr;osl all
Conducted fre 2-30 MHz.) but in it
& : tin
EMI MHz. but high freq. Excop
(150 kHz. in low (2-30 MHz,) freq. 1-2
-2MHz.) | freq. is the i the samf; MHz.
Same.as as case (1).
case (4)
%
= 89.248% | 90.301 % 90.456 % 89.168 %
Efficiency
*k
Ripple 0.161% | 0171% | 0.156% | 0.168%
output
voltage

Note: The operating condition is described in section 3
* operating condition 1
** operating condition 2

The frequency domain of the drain and source currents to
ground in the case of balanced circuit in Fig. 9 (b) and (c)
are almost the same amplitude in all frequency ranges. This
is to confirm the common mode current cancellation in all
frequencies (0-25 MHz) of balanced circuit technique. In
addition, the frequency domain of the common mode
currents which flow in the frame ground for the balanced
circuit in Fig. 10 (b) is less amplitude than the case of
unbalanced circuit in almost all frequencies range exception
of the range about 9-10 MHz. This phenomena is occurred
due to the sclf resonance frequencies of two inductor
components in balanced circuit case at 9.075 MHz and
9.679 MHz, measured by impedance analyzer.
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Fig. 11. The experimental results of total conducted EMI

Then, the experimental results of conducted EMI testing
in operating condition 1 (*) shown in Fig. 11 (a)—(d) are the
total conducted EMI (DM and CM mode) of four cases of
the experiment. The results are plotted by peak detector in
Fig. 11 (e)—(g) for comparing the total conducted EMI
between balanced and unbalanced circuit with the case of
with and without EMI filter. Fig. 11 (e) shows the
advantage of EMI reduction of balanced circuit over of that
unbalanced circuit about 20 dB during 2-20 MHz. Fig. 11 (f)
shows a very interesting results with integrated EMI filter,
where unbalanced circuit results a better EMI in low
frequency range (300 kHz - 3 MHz) while the peak of both
circuits arc mostly the same. Fig. 11 (g) shows all cases of
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cases of experiment

the EMI experiments. The analysis of these interesting
results will be analyzed in the next section.

5. Analysis

The contents of analysis are composed of two parts. The
first part is the analysis of electrical performance and the
second part focusing on the conducted EMI.

The first part begins with considering the experimental
results in table 2, which are no significant difference in
efficiency and ripple output voltage for all conditions. This
is described by considering two modes of operation of
balanced circuit in section 2. It operates in continuous



The 2005 International Power Electronics Cozr21flerence

conduction mode (CCM). It is revealed that balanced boost
converter differs from unbalanced boost converter on the
inductor part and the diode as shown in Fig. 2. In case of
inductor part, it is the same in the total inductance between
balanced and unbalanced circuit because each inductor in
the case of balanced circuit is equalled value (L/4) by
wrapping both coils in the same tums and polarity which
yields the total inductance to be L (4). Moreover, one added
diode is added to yield balanced switching condition, but it
is the same in functionality of diode in a boost converter.
The analysis is confirmed by considering Fig. 12 which
shows the instantaneous voltage (v,,) and current (is,) of
the switch. It shows that they are almost the same. The
current /5, , when the switch is on, is ramped up linearly by
magnetizing inductance effect of both balanced and
unbalanced inductors.

CHI=20V CHZ=500mV - 2us /div
DC DC ;i

d Switch: ON Switch: ON
|
A Pow Vow

NORAL 10DMS /5

Switch: ON

isw

Switch: ON

Esw

(a) Unbalanced boost without filter

[ CAT=20V CHZ=500mY T — Am/av
oc 100 [>T 3] ¥ (2us/div)
H NORAE 100MS /5

Switch: ON | ) l Switch: ON

Switch:
b

Switch: ON

iw

(b) Balanced boost without filter

Fig. 12. Instantaneous voltage (v,,) and current (i) of the
switch

The second part, the analysis of conducted EMI begins
with considering the summations of the experimental
results in table 2. The result shows the worse EMI reduction
of balanced circuit comparing to of that unbalanced circuit
integrated with EMI filter in the low frequency range (300
kHz - 3 MHz). The phenomenal is described by considering
Fig. 13 (a)-(f). They are tested in the operating condition 1
(*) and plotted by peak-development. The patterns of
comparison are shown in table 3.

Figs. 13 (a) - (f) show the experimental results of total
conducted EMI for the six cases of the comparison. Some
interesting results are shown and discussed as follow:

= Fig. 13 (a) for case (1), it is found that when all
EMI filter components are integrated, unbalanced circuit
results a better EMI reduction in low frequency range (300
kHz - 3 MHz).
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Table 3. Patterns of comparison

: Condition of EMI Filte
Six cases of ondition.g ilter Components

comparison
Balanced Circuit | Unbalanced Circuit
o Fig. All EMI filter All EMI filter
13 (a) components components
@) Fig. EMI filter without | EMI filter without
13 (b) | Cy(in) and Cy(out) | Cy(in) and Cy(out)
3) Fig. EMI filter without | EMI filter without
13 (¢) Cy(in) Cy(in)
@) Fig. EMI filter without | EMI filter without
13 (d) Cy(out) Cy(out)
G) Fig. Case 1 comparing )
13 (e) to Case 2
©6) Fig. ) Case 1 comparing
13 () to Case 2

Note: The position of Cy(in), Cy(out) and other EMI filter
components are shown in Fig. 1, their values in
section 3.

= Fig. 13 (b) for case (2), when the EMI filter is
composed of Cx and Ly, but without Cy (in) and Cy (out),
the EMI reduction of balanced circuit result a better EMI in
almost all frequencies range.

= Fig. 13 (c) for case (3), the effect of Cy (out) is no
significant difference in the EMI reduction of both balanced
and unbalanced circuit in almost all frequencies range when
the EMI filter without Cy (in) is integrated.

= Fig. 13 (d) for case (4), the effect of Cy (in) in the
case of unbalanced circuit results a better EMI reduction in
the frequency range (300 kHz - 4 MHz) comparing to of
that balanced circuit when the EMI filter without Cy (out) is
integrated.

= Fig. 13 (e) for case (5), this figure shows the effect
of Cy (in) and Cy (out) in the case of balanced circuit. The
EMI reduction is significantly reduced in low frequency
range (200 kHz — 2 MHz) when these components are
integrated with the EMI filter of balanced circuit comparing
to of that the case of without these components.

= Fig. 13 (f) for case (6), this figure shows the effect
of Cy (in) and Cy (out) in the case of unbalanced circuit.
The EMI reduction is significantly reduced in the frequency
range (200 kHz — 10 MHz) when these components are
integrated with the EMI filter of unbalanced circuit
comparing to of that the case of without these EMI filter
components.
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= Finally, the results in Fig. 13 (e) and (f) for case (5)
and (6) show the great effect of Cy (in) and Cy (out). In the
case of unbalanced circuit the effect of these components
can significantly reduce the EMI than the casc of balanced
circuit especially in low frequency range (300 kHz - 3
MHz).

Therefore, this is the reason why balanced switching
technique requires the optimization design of EMI filter
especially Cy (in) to yield the best EMI reduction result.
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Fig. 13. The effect of Cy (in) and Cy (out) of EMI filter
when used with balanced and unbalanced boost converter
(total conducted EMI results of case (1) — (6) in table 3)

6. Conclusion

EMI reduction in boost converter between balanced
circuit and unbalanced circuit is investigated under with
and without EMI filter. Balanced circuit without EMI filter
results a better EMI reduction and the same efficiency of
the system comparing to of that unbalanced circuit. In
contrast with integration of EMI filter, it shows that the
unbalanced circuit results a better EMI reduction especially
in the low frequency range (300 kHz - 2 MHz) because the
great effect of Cy (in) of the EMI filter in case of the
unbalanced circuit can significantly reduce the EMI than
that balanced circuit.

Therefore, balanced switching technique requires the
optimization design of EMI filter, especially Cy (in). Trade
off between balanced circuit technique and EMI filter and
also the optimization design to yield the best result can be
the further work of this research, focusing on self resonant
frequency of all components.
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Abstract

This paper proposes the study of low frequency
magnetic shielding in 1 kVA power transformer. Three
kinds of materials are selected to be the magnetic
shielding material. One plate and two plates shielding
and also the effect of grain orientation of the metals are
the main points to study in this paper. The metals which
have good magnetic shielding properties will be selected
to make a shielding box. Shielding effectiveness (SE) of
this box 1s shown in this paper.
Keywords: magnetic shielding, shielding material,

shielding effectiveness (SE)

1. Introduction

Many of the power transformers and transmission
lines are the source of radiated emission especially in
high power level. The effect of this emission can cause
the unusual working in other devices, equipments and
system such as the vibration of the screen on computer
monitor from magnetic field, this condition may be
occur in the small area plants which their electrical room
closed to the office. This paper proposed the study of the
reduction of the radiated emission from low frequency
power transformer by magnetic shielding. In the next
section, the review of magnetic shielding theory is
presented. Then, the patterns of this experimental are
described. Next, the experimental results are presented.
Finally, the conclusion of this work is presented.

2. The Review of Magnetic Shielding Theory [1]

This section shows importance theory about
magnetic shielding. All equations in this section are
derived in Donald R. J. White’s book in [1]

Field Theory

Time varying electric and magnetic field will be
happened when the conductor conducts the ac current.
The well-known mathematical forms of the time varying
electric and magnetic field as shown in equation (1) are
Maxwell’s equations.

A ] | }
cos g
or

o _ Z,IDxsinG ( iy N 2 Y g +[

o SgIOASNG | cosp—] =2

¢ a2 2xr ¢ 2xr ¢ 2

. 2Z,IDzcosB|( i Y A Y

E, = ——— cose + sing
A= 2rr 2rr

IDxsind A
HovL]m[( = ]smgo*\[\1 mt.q?l (N

3 2nr

In equation (1), this conductor 1s the short-wire
conductor. (Conductor length (D) is shorter than
wavelength ( 1 ): D << A.). Other parameters as shown in
this paper are defined as follow:

7z, = free-space impedance ( Z, =377 )
= current in short wire
A = wavelength
8 = zenith angle to radial distance r
r = distance from short wire to measuring point
@0 = 2rr/i- wl
@ = radial frequency =27 f
t = time=1/f
¢ = I/Jue = 3% 10" misec
H = magnetic field
E = electric field
Z, = wave Ilmpedance
Z = metal Impedance
o = skin depth
4 = permeability
£ = permittivity
o = conductivity
0O —pr=A/2r —» r)i/2x
| NearField | FarField
5 ;
Loop
Conduucur/\ i )
i ar
f —/ 3
x’ ‘‘‘‘‘‘ ¢
Fig. 1  Electric and magnetic field from loop current

2.1.1 Near Field and Far Field

The boundary of near field and far field are defined
by distanced from short wire to measuring point (r).
If r(¢ 1/2x, electromagnetic (EM) field will be “Near

Field” and if »)) A/2x , the EM field will be “Far Field”.

In this study, the longest measuring point is 50 cm.
The value of A/2x is equaled to c¢/2xf (f is the
frequency of the current and voltage of the power
transformer: 50Hz.). So, the value of A/2x is equaled to
3x10"/(2% 7 x50) = 9.55%10° m., it shows that the longest

measuring point is shorter than /27 . Therefore, all the
fields in this study are in the near field. These fields are
generated from loop current of the power transformer.

So. they will be considered as “Magnetic Field”. The
magnitude and radiated direction of these fields are
shown in (1) and Fig. 1. (It is in the spherical coordinate
system [2]) In contrast, the electric field in the near field



due to the loop current is small effect. Therefore, this
study will be focusing on magnetic shielding.

2.1.2 Wave Impedance (7, )

Wave impedance is the impedance of the wave which
has been propagating in the space. In case of magnetic
field in the near field. wave impedance is as follow:

zw:(zjr]xzoﬂ (2)

2.1.3 Skin Depth (5)

Skin depth is defined as the distance from the surface
of the metal where the current density has fallen to 1/e or
37 percent of its value at the surface. The relationship
between material properties and skin depth of the
shielding metal is as follow:

PR . (3)

Jr fuo
2.1.4 Metal Impedance (Z,,)

Metal impedance is the impedance of the metal
which will be used to shield the magnetic field. The
value of metal impedance is depended on material
properties. The relationship between material properties
and metal impedance are as follow:

Zz, = & 21#"0—‘" (Q) for metalo!| we (4)
v0'+j0)£ o

Wave and metal impedance are the importance
variables to determine the shielding effectiveness (SE),
SE will be discussed in the next item.

2.2 Magnetic Shielding Effectiveness (SE)

The SE can be defined as the ratio of powers at the
receptor without the barrier and with barrier [3]. In this
study, the SE of the magnetic field is as follow:

H-field SE(dB)= 20 log,,, [%] (5)

According to (5), suffix b represents the quantities
before shielding or the quantities at the receptor without
shielding barrier. In addition to, suffix a represents the
quantities after shielding or the quantities at the receptor
with shielding barrier. SE will show the capability of the
shielding material, if SE1 (metal 1) is higher than SE2
(metal 2), it implies that metal | is better than metal 2 for
magnetic shielding. SE can be written to three terms in
the mathematical form due to the properties of wave
propagation in the shielding material as mention further.

The mechanism of electromagnetic (EM) shielding
(only magnetic shielding in this study) can be described
by three losses. First, The EM wave (incident wave) is
propagating in the air to encounter the metal. Some is
reflected as shown in Fig 2. So, it is attenuated by
reflection, called “Reflection Loss™. Second, after the
first reflection, the attenuated wave will propagate from
air to metal at the left border. Then, it propagates
through the metal to the right border. Some is absorbed
in the metal. called “Absorption Loss”, this loss is
depended on the thickness and permeability of the metal.
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Fig. 2
Third, the EM wave inside the metal (after reflection
and absorption) will encounter the metal at the right
border. Some is reflected at this point or internal
reflected, the EM wave 1s attenuated by internal
reflection is called “Re-Reflection Loss™. The incident
wave is much reduced by these losses. The mathematical
form of SE related to these losses can be written as
follow:

Wave propagation through shielding material

SE(dB) = Ayp + Ryp + RRyp (5)
A(H! =131.41,,, N "MH: Hr Of (6)
2
(1+k)*
= L— .
R g =20l0g = (7)
2 g
k—1)" —0.234 (1+ )
= | E =] e dB
RR = 20l0g, o (kﬂJ e (8)

Where, 4,3 , Rsp and RR,z are absorption, reflection

and re-reflection losses for metal o we, wu,and o,

represent the relative permeability and relative
conductivity of the shielding material, & is the
importance parameter. The value of & is defined as the
ratio of wave and metal impedance (k=7 /7,: wave

move from air to metal). So, this is the reason why wave
and metal impedance are importance to determine the
value of SE as mention above in section 2.1.4. Parameter
k in this study is used to shield the low frequency
magnetic field. The value is as follow:

k=r{2nfou, |, 9

The value of SE in theory can be found by replacing
all the equations (6) to (9) in (5)

3. Experiments & Trend of SE in Theory

The experimental model of this study is composed of
three parts as shown in Fig. 3.

First part is the source of radiated emission. This is
the low frequency magnetic field from single phase
power transformer (1 kVA, 220 V, 50 Hz, turn ratio 1:1).
The experimental circuit is a power transformer which
generates voltage to lighting load, 600 W. Second part is
the victim of radiated emission. This is a computer
monitor which is set at the measuring point A in Fig. 3.
Point A is the position that the computer monitor starts
to vibration and the magnetic field equaled to 10 mG
before shielding. Third part is the way to reduce the
radiated emission. This is the shielding metal.
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Iron shielding but it is selected for Sheet
the purpose of comparison.) (Trade name:
¥ 23RGH PJ090)

L_, Theselectedmetals | ]

are transformed to

) One Platc shielding plates Two plates
of metals is selected of metals are
to shield the ‘ o| selected to shield the

A

magnetic field magnetic field

% ¥ 5  R—

(i) (ii) (iii) (iv) ) vi)
Vertical || Horizontal || Vertical || Horizontal Vertical Horizontal
Grain Grain & & & &
/) ) Vertical || Horizontal || Horizontal || Vertical
Grain Grain Grain Grain
n (=) (/) (-h
L 2 Y
A 4 ) 4
Nine Cases
Three Cases 1. Iron & Iron
1. Iron Plate 2. 23RGH PJ090 & 23RGH PJ090

2. 23RGH PJO90 3. Aluminum & Aluminum
Plate 4. Iron & 23RGH PJ0S0

3. Aluminum Plate 5. 23RGH PJ090 & Iron

6. Iron & Aluminum

7. Aluminum & Iron

8. 23RGH PJ090 & Aluminum
9. Aluminum & 23RGH PJ090

.

¥
Magnetic fields before and after shielding will be
measured in practical to find the shielding effectiveness: SE
SE high = Good shielding
SE low = Bad shielding
¥
The metals which have good magnetic shielding property can be
designed as a box shielding to cover the source of radiated emission.

Note: Tron and Aluminum are non oriented material and we can not
see their grain line but we assume one side of plate for vertical
grain and other side for horizontal grain as shown in Fig. 5

Fig. 4 Flow chart to show experimental process

The experimental processes are described shortly
corresponding to the flow chart in Fig. 4. The materials
which have good magnetic shielding properties will be
selected. so, we selected grain oriented electrical steel sheet
(trade name: 23RGH PJ090) [4] and iron due to their high
relative permeability (z,) which is good property for low

frequency magnetic shielding because the absorption loss
will high corresponding to (6). In addition, the reflection
loss will high if the value of u, is high because the

R, term is depended on the parameter & which is low when
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4, 1s high as expressed in (9). Then, because of u, 1s very
high for magnetic materials. So & << 1, and then, the &, term
will high when k 1s very low (& <<1) according to (7) and
(9). However, if a magnetic matenal also has a high value
of relative conductivity (o,), the parameter & may be not
low such as & is equaled to 1, #;; will be 0 dB. Next, re-
reflection loss ( RRyz ) is depended on k& and 4, for

magnetic material. However, If £ is much greater than |
( k>>1), RR 5 will only depend on 4, . It may be a bit

misleading to calculate R,z and RR,z separately [1]. We

calculate them separately for explanation. However the total
reflection is the summation of R,z and RR 5 .

In this study, we also selected the non magnetic material
(aluminum) for the purpose of comparison and to study of
the magnetic shielding property when the non magnetic and
magnetic materials are joint overlap with each other. Then,
we cut the metals to the square plates 60 cm. * 60 cm. The
thickness of these plates is as follow: grain orented
electrical steel sheet = 0.23 mm. iron = 0.5 mm. and
aluminum = 0.5 mm.

3.1 Approximate Trend of SE in Theory

In this study, we measure the H-field at the point A in
Fig. 3 which is the point of the victim but we must measure
the H-field at the point B for calculation in (5) to (8) of one
plate shielding. So, we only use the calculation results to
describe the trend of SE at the same point for any metal. In
this calculation, the material properties ( x, and o, ) for
23RGH PJ090 are from its specification and reference [5]
for 3% silicon content in the grain oriented silicon iron
alloy. So we use the maximum value of u, for grain
oriented electrical steel sheet at 40,000. In addition, u, of
pure iron and aluminum are 4,000 and 1 respectively [2].
Other parameters and the calculation results are in table 1.

Table 1 Calculation of Losses and SE in Theory*
Calculation Results (dB)
Hr | O | k | Asp | Ryp | RRyg | SE

Parameters

Materials

oram Onentec 140,000 [ 0.037 0058 | 8.22 | 13.64 | 0372 [22.23

“lectrical Steel

Iron 4,000 [0.178 {0432 11.6 | 1.49 | 0.084 |13.20

Aluminum 1 0.66 [49.17] 038 | 22.1 | -15.18 | 7.34
* Shielding distance (r) at 40 cm. Thickness (mm.) are 0.23. 0.5 and

0.5 for grain oriented electrical steel, iron and aluminum respectively.

The calculation results show that grain onented
electrical steel sheet at high permeability is the best for one
plate low frequency magnetic shielding. The second is iron
and the last for aluminum.

3.2 Experimental Test Set Up

We set the experimental model as shown in Fig. 3, then
we measured the magnetic field by EMF meter (EMF —
827, 50-60 Hz. three wide ranges: 200 mG, 2,000 mG and
20.000 mG). And then, we move out the computer monitor
and set the EMF meter at the point A (The point that
computer monitor starts to vibration or H - field = 10 mG
before shielding). Next, we measured H - field at point A
after shielding by the shielding plates and find the SE from
(5). The shielding plates are composed of six types of grain
orientation corresponding to the flow chart (i-vi). The
vertical grain (/) and horizontal grain (-) are defined as the
direction of grain orientation of the metal and also the



symbol (//), (--), (/=) and (-/) in this paper represent the grain
orientation of shielding metal 1 and 2 respectively as shown
in Fig. 3, Fig. 4 (flow chart and note) and Fig. 5.

Radiated Victim:
Emission Computer
Souics Moniror
Magnetic e sy
Field -'-_-—' Vo
- .
= il
= Horizontal =} ‘ég?vm-n,
= Gnin(-) 7 ¢! Grain (/)

Fig. 5 Grain orientation of the shielding materials
Finally, we bring the good shielding materials to
construct the shielding box as shown in Fig. 6 and Fig.7.

The experimental results are shown in the next section.
Ton

Power
Transformer

Haick
AN
1€

Right
AR
[T

g 40 cm .
Fig. 6 Shielding Box is composed of six sides
Front View: A, C

[e— 22 cm. —»

Side View: B, D

=14 cm.
i5em. ¥

je—22cem. —

3
E
i

+> «—19cm.—» «l.5cm.

15 t:rni
4.25cm. T
5.5 cm.I n‘g
E Power
425¢cm, N Transformer
=

Top View: E, F
Fig. 7 Sizes of the shielding box in cm.
4. Experimental Results
The results are the magnetic fields (mG) measured at
the point A in Fig. 3. All the results are shown in Appendix
A. In this section, we show the SE in dB. The results and
analysis are as follow:

* Iron / and others represent materials and grain of one plate shielding
as explained in section 3: experiment.

** /I G & 1 and others represent materials and grain of two plates
shielding as explained in section 3: experiment. (G = grain oriented
electrical steel (23RGH PJ090), 1 = iron and A = aluminum)

Materials

and Grain

23RGH PI09%0

W RGHPINO
o _

Iron

Al _

Alununnun

40
Shichling Distances (cin.)

Fig. 8 SE in dB for one plate shielding*
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Fig. 9 SE in dB for one plate shielding*
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One plate shielding
Fig. 8 and 9 shows the SE (dB) of one plate shiclding,
the results are as follow:

% Grain oriented electrical steel sheet is the best
shielding material in this study for one plate shielding both
vertical (/) and horizontal (-) grain in all the shielding
distances due to their highest SE, the reason is due to its
highest permeability as described in section 3. Iron is the
second. The worst material 1s aluminum. The results are the
same trend in theory (section 3.1) but different in measuring
point (A and B). So, if you nced the real value in theory,
you must include the effect of the wave propagation in the
air from B to A, this lead to the complex calculation
because we only need the approximation trend in this study.

< The highest SE occurs at the shortest shielding
distance closed to the power transformer for grain oriented
electrical steel sheet and iron. So, we should shield as
closed to the power transformer but far enough for heat
transfer.

% Aluminum is not good for low frequency magnetic
shielding due to its low in SE for all shielding distances.
The reason is because of its low in permeability (low x,) as
described in section 3.

<+ Grain orientation of one plate shielding is very low
effect for shielding property in all the shielding distances
and all shielding materials.

Two plates shielding
The SE (dB) results for two plates shielding are shown
in Fig. 10 to 13, the results are as follow:

% The best SE result for two plates shielding is double
plates grain oriented electrical steel sheet (G&G /-) at 15.39
dB and also G&G -/ at 14.89 when the shielding distances
closest to the power transformer.

< The same metal two plates shielding results a better
SE value comparing to of that one plate shielding at the
same shielding distance in all the metals in this study.

% The highest SE occurs at the shortest shielding
distance closed to the power transformer for all cases of two
plates shielding except A & A. So, we should shield as
closed to the power transformer but the distance should far
enough for heat transfer.

<+ Grain orientation of two plates shiclding is no
significant effect for aluminum and iron. In contrast with
the grain oriented electrical steel as shown in table 2

Table 2 Comparison of shielding property

Plate number One plate Two plates

Grains f . = /- -/
Matenials M | G | i | G | W (vi)

G e aEE = = = =

I - * e = 2 -

A - * - - - -
G&G - - LRt >k LR R L LR LS
I&[ - - *® o e .

A&A - - * i * *
G&l - - T Eh 'Y [T
]& G - & *xE xxx L LR ]
G&A - = e e e P
A&G E = xx an e xw
I& A = & * % - e %
A & I . - L -5 - %

Note: G: Grain oriented electrical steel. I: Iron, A: Aluminum
Maximum SE in dB regardless of shiclding distances (r):
*0-3, %% 3-6, %" 60, ¥+** 1013, ****+* 1316 (dB)
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Box shielding

One layer box shielding is constructed from grain
oriented electrical steel and iron as shown in Fig. 6 and 7 to
shield the power transformer which its lighting load up to
1,000 W. The value of SE measuring at 40 cm. is 14.49 dB
and 11.92 dB for grain oriented electrical steel and Iron
boxes. Other experiments is described in appendix A.10
5. Conclusions

This paper has presented the study of low frequency
magnetic shielding. Grain oriented electrical steel (23RGH
PJ090), iron and aluminum have been selected to shield the
magnetic field from | kVA power transformer. Trend of
shielding effectiveness (SE) for one plate shielding has been
predicted when we know the material properties. The
experimental results show that grain oriented electrical steel
is the best for one plate and two plates shiclding (when each
plate is difference in grain orientation). Box shielding has
been constructed from grain oriented electrical steel and
iron to show the SE of the metals.
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Appendix A

Experimental Results of Magnetic Shielding

A.1 Grain Oriented Electrical Steel (23RGH PJ090)

i ** Magnetic field after shielding (mG)
Shielding One plate Two plates
distance Grain orient Grain onent of two plates
(cm.) (1) (i1) (i) (v) (v) (vi)
/ —_ I —_— | — —/
10 4.8 4.7 4.1 4.1 1.7 1.8
20 5.9 5.9 54 54 34 34
30 6.8 6.9 6.3 6.4 4.7 4.7
40 7.2 T2 6.3 6.4 5.4 53
50 7.3 7.3 6.3 6.4 55 5.5
A.2 Iron
. ** Magnetic field after shielding (mG)
Shielding | ——ne plate e FEREE
di N Grain orient Grain orient of two plates
istance - — ‘ -
(em.) (i) (i) (1) (v) (v) (vi)
/ — 7 —_— /— —/
10 7 7.1 5.9 59 59 59
20 79 7.9 6.9 6.9 6.8 6.8
30 8.4 8.3 7.5 7.4 74 74
40 8.6 8.5 7.9 7.9 79 7.9
50 8.6 8.6 7.9 7.9 79 7.9
A.3 Aluminum
& ** Magnetic field after shielding (mG)
Shielding One plate Two plates
distanice Grain orient Grain orient of two plates
(em.) (i) (i1) (iii) (iv) ) (vi)
/ —_ i — ] — —
10 9.8 9.7 7.9 7.8 8 8
20 9.8 9.8 7.7 FT LT T7
30 9.8 9.8 7.7 bz 7.3 7.3
40 9.9 9.8 T.7 7.7 7.7 fixs
50 9.9 9.8 7.8 7.8 7.8 7.8
A.4 23RGH PJ090 & Iron
% ** Magnetic field after shielding (mG)
Shielding Grain orient of two plates
distance (cm.) (i) (iv) (%] (vi)
I - — /— —/
10 3.6 4.1 4 3.7
20 5.1 5.2 5.1 5.1
30 6.1 6.1 6.1 6.1
40 6.6 6.6 6.6 6.6
50 6.6 6.6 6.6 6.3
A.5 Iron & 23RGH PJ090
” ** Magnetic field after shielding (mG)
Shielding Grain orient of two plates
distance (cm.) (1) (iv) (v) (vi)
" — — /] — —
10 4.2 3.5 3.9 3.6
20 5.1 49 5.1 5.1
30 6.1 6 6.1 6.1
40 6.6 6.5 6.5 6.6
50 6.7 6.6 6.6 6.6
A.6 23RGH PJ090 & Aluminum

-

** Magnetic field after shielding (mG)

Shielding Grain orient of two plates

distance (cm.) (iii) (1v) (v) (vi)
I —_— f— —

10 34 34 29 3
20 4.6 4.5 44 4.5
30 5.5 5.5 5.5 54
40 5.9 5.9 59 5.9
S0 6 6 59 59

A.7 Aluminum & 23RGH PJ090

. ** Magnetic field after shielding (mG)
Shielding Grain orient of two plates
distance (cm.) (1i1) (iv) (v) (vi)
/" —_— y — —f
10 3.7 3.2 3.4 3.6
20 4 3.7 39 38
30 5.1 =) 5.1 5.1
40 5.7 5.8 5.8 5.8
50 6 6.1 6 6

A.8 Aluminum & Iron

** Magnetic field after shielding (mG)

*

Shielding Grain orient of two plates

distance (cm.) (i) (1v) (v) (vi)
" —— /— —/

10 5.3 54 5.4 5.4

20 6.1 6.1 6.1 6.1

30 6.8 6.8 6.8 6.8

40 72 71 7.2 v

50 73 73 73 7.3

A.9 Iron & Aluminum

** Magnetic field after shielding (mG)

Shielding Grain orient of two plates

distance (cm.) (iii) (iv) (v) (vi)
I —_— [ — —/

10 5.4 53 5.3 5.3

20 6.2 6.2 6.3 6.3

30 6.9 6.9 6.9 6.9

40 7.2 12 7.2 7.2

50 7.3 713 7.3 7.3

Note for A.1 - A.9:

* Shielding distance is the distance from the power transformer to the
shielding metals as shown in Fig. 3.

** Magnetic field after shielding is the magnetic field which is
measured at the point A after shielding as shown in Fig. 3.

A.10 Box Shielding

Grain Oriented Electrical Iron B
Steel Box ron. Bax
Structure Magnetic Magnetic
of box Field (mG) SE Field (mG) SE
shielding
Before | After (dB) Before | After | (dB)
Shield Shield Shield | Shield
Allsides | 501 1 379 | 1449 | 200 | 5093 [ 1192
are closed.
“'Side C is
only
opened for| 201 95 26.51 201 30.03 | 16.51
heat
transfer.
Note for A.10:

(1) The experimental test set up of the box shielding is shown in Fig. 6.
Other parameters are the same at section 3 but lighting load is increased up
to 1,000 W.

(2) Structure of these boxes are shown in Fig. 7

(3) Measuring point is at 40 cm. far from the center of power
transformer in the direction from side A as shown in Fig. 6

(4) Side C in Fig. 6 is opened for the purpose of heat transfer. It results
the best SE when we measure it at the measuring point in (2) but when we
measure at the opposite direction (40 cm. far from power transformer in the
direction from side C), magnetic field after shielding is 234.67 mG., this
lead to the negative SE at - 0.7 dB
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A New Integrated Inductor with Balanced Switching
Technique for Common Mode EMI Reduction
in High Step-up DC/DC Converter
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Abstract — This  paper proposes a new integrated
inductor with balanced switching technique applied for high
step-up converter. The advantage of the proposed converter
is the reduction of the common mode conducted EMI using
balanced switching technique. This step-up converter
requires more magnetic components than that of the
conventional converter. Therefore, the integrated magnetic
technique is proposed to reduce two separated coupled
inductors into a single core inductor. Finally, the good
feature of proposed converter, by reducing common mode
conducted EMI with small amount of inductors, is
confirmed by the experimental results of a 50 W converter.

I. INTRODUCTION

High step-up DC/DC converter with coupled inductor
1s proposed by Qun Zhao and Fred C. Lee in 2003 [1] and
K.C. Tseng and T. J. Liang in 2004 [2-3] as shown in Fig,
1 (a). The main advantages of this converter are the
recovered leakage energy to the output, high voltage gain
with low duty ratio, low voltage stress and also the
alleviated reverse recovery problem. However, the
common mode conducted EMI is still high especially for
the hard switching. Therefore, this paper presents an
alternative way to reduce the common mode conducted
EMI by using balanced switching technique, which is
proposed by M. Shoyama, G. Li and T. Ninomiya in 2003
[4]. Fig. 1 (b) shows the idea of balanced switching
applied for high step up converter by adding some
components. Each coupled inductor is modeled as an
ideal transformer. Where Np), Np; and Ny, N, are a
number of tums of the primary winding and the
secondary winding, respectively. This feature leads to the
higher losses than that of the conventional converter

caused by the added magnetic component. To reduce the*

size of proposed converter, this paper also includes the
integrated magnetic technique [5-6] to reduce two
discrete magnetic cores into a single core inductor as
shown in Fig. 1 (¢). Each primary winding (Np,, Np,) is
wound with the same turns, layers and the flux direction.
This winding feature causes the total primary inductances
of the proposed converter identical with the conventional
converter. In the next section, the operation principle is
presented.

II. PROPOSED TOPOLOGY AND OPERATION PRINCIPLE

The theoretical key waveforms of the proposed
converter are similar with the conventional converter as

+ +
v, Rg v,
Ng, D, Cs,
. ]
(©
Fig. 1. Unbalanced  and  balanced switching  converter.

(a) Conventional unbalanced converter (b) The idea of balanced
converter (c) Proposed balanced converter with integrated inductor in
high step up converter.

shown in Fig. 2, which is included the waveforms of the
added components such as the primary current (ip;) and
the secondary current (is,). Moreover, the operation
principle related to the theoretical key waveforms of the
proposed converter is also resembling with the
conventional converter (six modes in [1] and five modes
in [2-3]) except the added loop current in the secondary
winding ( Ng, ). Nevertheless, this loop current is the
same as of another secondary winding ( Ng, ) loop all the
period of time. Even though, the operation principle of

17th International Zurich Symposium on Electromagnetic Compatibility, 2006 541



232

17th International Zurich Symposium on Electromagnetic Compatibility, 2006

the proposed converter related to the key waveforms will
not be mentioned in this paper, the analysis of the steady
state operation and DC transfer function using integrated
magnetic technique are presented.

atfon] [,
fm I : .
’.DaT I\r'oa,= IW I

Yoor™ Vopz
VC"T

Is I 'st™ Ts2 = Ipy1= lonz

“l [\arvml,

VpsorV,,

C Un G 66

Fig. 2. The theoretical key waveforms of the proposed converter.

ITI. STEADY STATE OPERATION AND DC TRANSFER
FUNCTION OF THE PROPOSED CONVERTER

The mechanism of transferring power to the output
using integrated magnetic technique in the proposed
converter is analyzed. The steady state operation is
divided in two parts. First part, when switch Q is on as
detailed in part A. Second part, when switch Q is off
detailed in part B. Part C applies the flux continuity and
flux balanced in magnetic circuit to find the DC transfer
function of the proposed converter. The analysis of all
sections is based on no leakage flux and no fringing flux.
All filter capacitors are assumed to be very large.
Moreover, the semiconductor devices are regarded as
ideal switching devices to simplify the analysis.

A. Switch Q: ON

This stage starts when the switch Q is on as shown in
Fig. 3. The input voltage (v,) is applied on the two
primary windings, equaled a number of tums. The
applied voltage on ~Np and Np, during ton) or
VPI(ON) and VPZ(ON) will be equaled to V12, where t(ON)
is the switch on duration. Then, the primary flux (ip)
and the secondary flux (g = wgo) will be forced to
increase. They cause the induced voltages of secondary
windings Vsion, and Vs, ony Occurring in the direction
as shown 1n Fig. 3.

i5,=0 V, * HE
- Vsrwm + ot q ¢
[
! l ” | z o
fey I_ fop1 = a ;"E
e V — H
P1ON) —y
R T e il
H + L
P P
v [ Pr | isw + v&: f'\i R:.::Vu
H
" - . -
- —— o
- . 1]
— Vezom P s2 . H i
i i =
Pz Iop2 =0 E
H
) H
+ V. - . i
saom ) v
= Ca2 1
_ 5" 0 2 I -

Fig. 3. The proposed converter when switch Q is on.
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All the diodes are reversed bias. The energy stored in
all core legs increases in this stage. All capacitors
discharge their energy to the output. The flux changing in
each core leg can be found by Faraday’s law:;

(Ve1owvy + Vpaony) tow) V,DT

A =
or 2Ny v, M
Vsi1(omDT
Apg) = Y N (2)
1
Vs2om DT
Apgy = TN (3)
52

Where D is the duty ratio and 7' is the period.
B. Switch Q: OFF

When the switch Q is tumed off, the dropped voltages
on Ny and Np, during topry, Veiorry and Vpyopry, are
reversed their polarities by the effect of magnetizing
inductance as shown in Fig. 4, where torr) is the switch
off duration. Then, the primary and the secondary flux are
in the same direction with the previous stage but decrease
in  their magnitudes. The dropped voltages on
Nsyand Ng3, Vi orr) and Vsyopr), are also reversed their
polarities. Then, all the diodes are forward biased. The
primary and secondary currents charge all capacitors and
the power is directly transferred from the input to the
output. The flux changing in each leg can be found
similar with Eqns. (1) to (3) as shown in Eqns. (4) to (6),
respectively.

- ' IME
— HI
+ : .t +*
v, wad 23 Vep it RV,
i |
Fig. 4. The proposed converter when switch Q is oft.
~Venormtiorr (Ve — V)1 — D)T
Agp — nEFRUorR) _ —(Vo, — Vi)( ) @
2Np 2Np
“Vsi0rr)(1=-D)T  _y, 1 -D)T _
Apg = N o &)
51 Ng
A “Vs200r 1 - D)T  _y_ (1 - D)T ©)
Ys2 = =
Ng2 Ngy

Where Vp,opr) Is the dropped voltage during torr)ON
both primary windings (vVp)orry + Vp2(0oFF)):

C. DC Transfer Function or DC Voltage Gain

The DC transfer function can be calculated by
following steps. First step, using the flux continuity in
each leg, Eqns. (7) and (8) to (9) are calculated from
center leg and from outer leg, respectively.

|A¢ploy = |Avplopp @
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| Agsa |ON = |Apg, |o:-'p 9

Second step, by combining Eqns. (1), (4) and (7), the

Ve 1s found as shown in Eqn. (10). With the same

method, by combining Egns. (2), (5), (8) and (3), (6), (9),

the Vg, and Vi, are found as shown in Eqns. (11) and
(12), respectively.

| Agps |ON = |Apg |o]-'.n'

1

V(’-’p (1 — D) ! ( )

Vo = (=) Vsiom) (1)
D

Vosr = =D Vsa(on) (12)

Third step, the flux balanced concept in magnetic core
during the switch on duration, is expressed in Eqn. (13).

|AS‘9P |oN = |Apsi ION + | Apsy Iogv (13)

Fourth step is to combine Eqgns. (7) to (9) and (13)
(secondary windings: Ny = Ng; = Ng3 )

Vsicony +Vsacony = (Ns /2Np)V; (14)

Finally, the output voltage is equaled to the summation
of series capacitor’s voltage (Vo = Vg, + Vioa + Vs ).
Therefore, by combining Eqns. (10) to (12) and (14), the
DC voltage gain or DC transfer function is as followed:

Y£=1+D(NS/2NP) (15)
IV. COMMON MODE CURRENT CANCELLATION BY
BALANCED SWITCHING TECHNIQUE

Balanced switching converter [4] is an effective way
to reduce the common mode conducted EMI. For
unbalanced circuit, the drain to frame ground voltage of
the MOSFET changes very rapidly during the transition
period. It causes the common mode current flowing
through the frame ground via its parasitic capacitance. In
contrast, although the drain to frame ground voltage of
the balanced circuit changes very rapidly, the source to
frame ground voltage of the circuit also changes very
rapidly, but in an opposite polarity with equaled in
magnitude. This feature causes the iy, flowing from the
drain to the frame ground via its parasitic capacitance
(Cpg) and also the iy, flowing from the source to the
frame ground via (Cs;) simultaneously with an opposite
polarity as shown in Fig. 5. Both currents are cancelled
by each other. Therefore, the common mode current in
the frame ground (ir¢) 1s much reduced by this method.
To equalize parasitic capacitance values, the parasitic
capacitances are replaced by the auxiliary capacitances
(Cpe) and (Cse) [4]-

V. EXPERIMENT

A 50 W balanced switching with integrated magnetic
applied for high step-up converter is built to compare
with the conventional converter. The details of each
component and the opened loop operating conditions of
the practical high step up converter are as follows:

543

Components: Diode Dy Dy Dp; and Ds Dg; Ds, are
implemented with MUR 1540 and MURBS40, respectively.
Both converters are built with the MOSFET, IRFP250.
Output capacitors, Cp, Cs; and Cs; are implemented with
2200 pF and 470 pF, respectively. The coupled inductor
using integrated magnetic is an EE42/42-20W with a total
gap length (0.2 mm.). Np.= 12 tumns (Lp = 146 pH) and Ns
= 60 turns (Ls = 3,560 pH) are used for the conventional
converter. The proposed converter uses Np= Np; = Npp =
6 tums (Lprimary, o = 142 pH) and Ng; = Ns; = 60 turns
(Lss, Ls> = 1,740 pH), respectively.

Current Probe

irml
50 o
\J lec*—Frame Ground  C - Probe
Fig. 5. Test condition for common mode conducted EMI
measurement (high frequency current probe is used to measure the
common mode conducted EMI).

The first operating condition is to test the power
performances: the battery, 24 volts, is used as an input
voltage. Others parameters are concluded in table 1.

The second operating condition is to test the conducted
EMI as shown in Fig. 5. Duty cycle, D, is varied to
control with conditions: V;, = 24 V, V,,= 100 V, f, = 40
kHz, R ,0qa = 2002 and Pour =50 W.

Both operating conditions, the switching characteristic
of the conventional converter and tkz proposed converter
are controlled to the hard switching condition by low gate
resistance as shown in Fig. 6.

VI. EXPERIMENTAL RESULTS

The experimental results of the proposed converter and
the conventional converter under the first operating
condition are measured and summarized in table 1. Figs.
7 to 9 show the results of the second operating condition
related to the common mode conducted EMI testing. Fig.
7 shows the compared waveforms of the drain and the
source to frame ground voltages. For the proposed
converter, the waveforms are the same in magnitude but
opposite in their polarity as shown in Fig. 7 (b). The
current in the frame ground of the proposed converter is
significantly reduced by balanced switching technique as
shown in Fig 8. The high frequency current probe is used
to measure the common mode EMI (2i¢,,) with the EMI
receiver [4], [7]. These currents are converted to the
voltage across an equivalent terminator of 50 Q inside the
EMI receiver as shown in Fig. 9. The experimental results
show that the proposed converter Lias a better common
mode conducted EMI reduction than that of the
conventional converter in almost frequency range (150
kHz - 30 MHz) with maximum margin about 30 dBuV at
9-11 MHz.
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Experimental Results
Measured Quantities proposed | conventional
converter converter
1/p voltage: avg. (V) 24.27 23.34
i/p current: avg. (A) 2.189 2.196
1/p power: avg. (W) 52.10 50.63
duty ratio (D) 0.40 0.39
switching freq. (kHz) 40 40
o/p voltage: avg. (V) 100 100
o/p current: avg. (A) 0.477 0.475
o/p power: avg. (W) 47.65 47.52
ripple o/p voltage (mV) 152 74
efficiency 91.46 % 93.85 %
TABLE I

THE EXPERIMENTAL RESULTS OF THE FIRST OPERATING CONDITION TO
SUMMARIZE THE POWER PERFORMANCES OF BOTH CONVERTERS

I H0us /3
[C=RT3] { Mouss fite)
HORME100MS /3

¥

Fig. 6. The drain to source voltage of the conventional converter is
controlled to be a hard switching and also for the proposed converter.
THT=E T Tl T
BC XY DC WY {10us /div)
B ORI VRS /5.

(a) Conventional converter

THTEV THISOT T =T
-0 2 I -4} 1 (W) div)
3  NORML0OME/Y

B L = e

(b) Proposed balanced converter

Fig. 7. Drain to frame ground voltage (Vi) comparing to the source
to frame ground voltage (Vse).
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(a) Conventional converter
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(b) Proposed balanced converter

Fig. 8. Currents flow in the frame ground (i, 0.1 V/A).

Ref 75 dBuy Attan @ dB

Feak
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=
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The proposed bukmced converter
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(¢) The 2icy spectrums are plotted by peak envelope for comparison

Fig. 9. The measured common mode currents (2icy) of the

conventional and proposed converter are compared in frequency range
150 kHz to 30 MHz.

VII. ConcLUSION

This paper introduces a new integrated inductor with
balanced switching technique in high step-up converter.
The balanced switching technique offers a way to reduce
the common mode conducted EMI. As a result, under the
condition of hard switching, the 2icy spectrums of the
proposed converter are much reduced almost frequency
range (150 kHz to 30 MHz) comparing to of that the
conventional converter. The proposed converter also uses
the integrated magnetic technique to achieve the balanced
swilching condition with a single inductor. However, the
efficiency of proposed converter at full-load is 91.46 %,
which is 2.4 % lower than that of the conventional
converter. The steady state operation and the DC transfer
function are analyzed to describe the operation principle
of the proposed high step-up DC/DC converter.
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