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Abstract

By increasing use of new energy to reduce the negative effects of burning fossil fuels to supply
electricity, the need for power electronic converters have become very important. Due to sudden changes
in load or input voltage level, the converter used as a voltage regulator in a certain range of output
voltage changes should quickly return to its reference value, which should analyze the dynamic behavior
of these converters and the speed of its dynamic response to any interference is discussed. Because the
initial boost converter has a delay in its transfer function due to the right half plane zero, it is possible
to use structures to eliminate this delay. The use of coupled inductor in non-insulated structures is one
of the structures that can be repaired in this field, which in addition to removing right half plan zero of
the transfer function, increases voltage gain, reduces voltage stress on circuit semiconductors. In this
paper, a new coupled inductor structure is proposed to remove the right half plan zero. The new structure
will be accompanied by an increase in gain, but the voltage stress on the switch is limited, and on the
other hand, due to the position of the coupled inductor, the input current for this structure will be
minimized.
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Figure (1): Proposed converter
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Figure (2): Converter key waveforms

D)



6595 w95~ o ~ LS Slgzaese [ sanl Bl Joe So 2k g Julos

el 1F) IS8 llas (6,15 Conds O gl (1)) JSE o oo ail,) ol Ll

Ol Oley crl 5o w)ls 1B (sSas (Wbl ;5 Dot 9923 9 iS00 Colan 4 89,8 S alS o Gloj o lo_ti] Jol cons
Jog yro Ol )0 D)8 wlS Azl o A Wb pe Gl et Ojgod 995 e 0 il 90 3929 4 azgi L LS
Loty Jal sgi00 r2g, (ZCS) M jao (508 sz Ll o ool b 5 s

9 5oL Jl 5o 695,5 hs azmis o vl GusSa (Wbl )0 Dot 9520 5 Cel bog S St o yo fti o] pgo consg
Lot) Ul as aalgs Co o3l 5L el ameis 10 45 Conl gy cikoo 8o, 5l addss Jl> 50 Cr (31 Cuizees

Dot 0923 &2,k 51 63959 hho 5 gy il by S i )3 35800 S35 S S T2 o 3 o ] pom oty
Ol (rl wgdioe Jite 4yl Caow & o (i il 50 ol (B (655 izred 5800 JEe Cot (295 31> 4
L@z%) USe] 05 Lpgels ZCS Lyl s o Ds 39589 o yao 4 b b oo LialS o &0

aaly> (plg) g 4135 )3 pelitae (bl ;0 Doz 3o ta olej o (bl alS (il (2905 b leson s U] pler Cong
b Oge 4Doz 3l shsee Dbz WS o0 5L ) (2o 3B sl S 51 Uil 5Ly 9 Cs (515 Az o el
L) U] sy (iLa/n) Jlade 4 6wl oo L2l

lout

D03, po2

—> Do2 —outy, loury,
. T Ds . Tli Ds
V i V ips 1t
fl Dsl ; s Vo2
Mos Mo Rs ¥
1 3 Vout
— I — I
—> _
3 Ver ot DOl_ ) +\£Cf Ipo1 D01__+
vin s it v T s it E v T VYot
o ot
Vo | Vs
(<) (<)
iDos D02 inul,
. szs
V ip 1+
i Vo2
V
+ V- +=?L R EE J\rlout
— Lv 57
I | Ver ipe P01 | +
vin . it v TVt
|i S .
l YLF

(@)

|Do§ Do2 lout,

iDoa 202 iout,
e Ds
wlf il
- b
v, S
+Vii— e 2 Vout
— 1+ 57
K] | . Ve ipo D01_
; . ik €Ty, T
Vin —ViK
|sl S ..
™
Q)

Pl Caxdg (9) |t t3] Pgw Cardg (Z) i o] pgd Caumdg (&) (to_ti] Jol oy (1)) “SéM Hbsle Jolwo )|M (Y) s

[t4ﬁt5] w W 9 (a) ‘[t37t4]
Figure (3): Equivalent circuit of converter states, (a) state 1 [to-t1], (b) state 2 [t;-t;], (C) state 3 [to-ts], (d) state 4 [ts-t4], (€) Status 5 [ts-ts]

™



VAT NFY Sl o g ooy o)l foo)loz Sl /5 oo ()0 Sielignr sla g, 4y 85

g o0 ZCS Loyl o ] ol Ghgels el a5 oy o a0 4 Dot 3l (g e by T Lo yo [t t5] ey Cunsg
O t5 oy 5o wulS (ol (309, b Sy (nl 0,5 Salss e g el adgl o 5l (595,9 Gl pled Loy cnl o
Le-vy Jseal b oo

5Udg 0 g Jodei Y-
1Bl @ols @S Sl Bro S slacundy a5 (Jge 5o

V.
<V"1>T =0 Vipd+ Vi (1=d) =V (1-t) =0= Vo, = (1_":1) M)
V.
<VLp>T :O—)Vcrd+Vcr(1—d)_VC01(1—d) =0 :>VCr :VCol(l_d) - (1_|ra) X(l—d) =\/in ™)
Vin
Ves =1(Vou =V ) =1 gy Vo ®
n*d=V,
VCs _W -
n*V.
VCoZ = (1_d|; ©
_ Vo _(n+l
M _V_in_(l_d] (;)

b gold o jLdg g5 —V-Y

D1 dlgz> Cop 51>
V.

Vs =Vpu = Fmd) 40
nvV,
VD02 = VDs = ﬁ M)

b ol aou ubyw -Y-Y
oley ead 50 0lS by Sy oS Gl a az g b el anulxe LB Q) alal) 5t by jo s Gl Gl i Sy

. DTs
Ay = (VCOI = Vg )W ®)
iS—peak = iDol_peak = Iin +AiLK (QED)]
. I
ID02_peak :ﬁ QRD)
. Ai
IDs_peak =% QAP

o) G}l).b -Y-¥
WS 09 Gigels ley 0 Cr b eizren .l Doz 923 5l 55000 by b plp oldST g loy 50 Cs o5 b~

®



6595 w95~ o ~ LS Slgzaese [ sanl Bl Joe So 2k g Julos

nxl,xD
_ VY
Ty eV on
l,x(1-D)
_ X
Cs %X x Vs fs b
|
C.=—__ o VO
oL 90X x Vi, s 00
|
2 = X<V, e
L og dales e 69555 Glz ey 4 )0 w05 o0 )18 Lisog)s hlos s 99 (53,5 35 Jog ol o3l US 5o
. D
A, =V — Aay)
Lo L

5e5 6l 5 555 aslizal (1Y) I (V) sloalal, il LT o)y ¢ 55 (25 51 olss oo sl slagolrang bl gl
Glailis oo 6l pien ol a5 Sl S s Wl Geimen 28,5 S (1Y) I (V) glaalad, 5l e slayLall
B 10 ) 5 sS abily oyt 5 Cilite 50 Com b oy Lialidl Blizmen Lol gy walss SBrarice /0 5 5 SasS

335 o0 S 35 (55, Sy i el Sl o Rl ogdle el (pl g walyS Sbicews

&3 leioy Juo Sl jlid)y Judond g 4 joni - Y
ol cdl lad Sk Jaw ooy, cpl 5l (SO 0ges ooliul 2oL, sla Jae 5 o)lg5 oo pimmmns Slips (L3, oo gl
S9lS 0,50 S5 o Ll o lacaasg plad o (65,5 00iiSo 53 sla Lol sl Laslgy g 51 s g, 2l 5o 05l
> S jo 1) Jow ol Gles oo slae Seoliss JS a5 s $5005 0,90 S (1090 S 98 s ax g5 L ogd g0 48,5 Lawgie
O3 Ol o &S sl lacandy 500 4 Cad (6y0S Hlews loj s Jol Camdg 8,k 5 cily Ll s jlae el
5 5,k Hlade s ool duwlre DY olre (o i cal 4y o Slino jlid, wuad  Sly Judo 4 0gad Hlaicd o
Ok lade g 395 Clad ey yo 093 2 (L bawgte 5l 65 eSle sln mizmen el a5 Gl (b Al
Sy bdals b,z g byl 5l lawgie plp Cdl> glad (WSl Jow sl ouls solawl log Hles jo  ciid calw

Bl e O jgoipl o 0g dalgE (G50ldS 0,90

dx
— =Ax+Bu
dt OA)

y=Cx
Laiply (29,5 )oY 969959 lop U > ls X

Table (1): Specifications of the proposed high step-up converter
GOk Joe wliasiiin :(Y) Jgur

Al Hlado a>lg
Vin Y- Js
Vout AR g
Pt \o- oy
Fs o FRskS
L. YA- Sy e
Lp AR A5 S
LK Ve Sl e

Cs G Ve o s S

Ce2, Coy VO a5 e

*)



VAT NFY Sl o g ooy o)l foo)loz Sl /5 oo ()0 Sielignr sla g, 4y 85

X' :|:iL1 i, Ve, Voo Vea Voor ] O
u=[v, | )
y:[vout] ARY)
Ls ..\J)J‘).s 9 nd ‘5‘>9).> )L)J.g w‘,oc 959959 L)M))JLO w‘)..a B uu.’)JLO Il )|~>).3 w‘}@A w).al.n

0 0 0 0 —"(T__d) 0

1
0 0 -1 0 @-d 0
Lp Lp
0 Ci 0 0 0 0
r
A= 0 0 -nT -T _@-dT dT aw
LK xCs LK xCs LK xCs LK xCs
@a-d) @€-d) 0 0 -1 -1
Col Col R xCol R xCol
nx(dzT) (dZT) 9 —(dszR)—(ZxLK)
0
L 2xLKxCo02 2xLKxCo2 RxCo2 2xLK xCo2
B"=B" = i i 0 0O0O Y)
L, L,

C=[0 00 0 11] (Yf)

S8 JUKw Joo -Y-)

OlF e S8 JLSw Joo 3l oolawl b &ygocpl joabl atils o ()ld) Bl e (hod al acule iy
Sgd g0 48,5 a5 0 S oS Jleai b5 alais Joo 1) ¥olae slaylo s ples 0,8 s IS adais Joo | piacen OV oles
il og walss plp Soes JuSKw Joe ©j50 0l )3 Wgd oo (mgish SYolae ()l s> L

X=X+X )
u +U %)
¢+C v

(YA)

63939 4 579> W 5l heosd @l (lgiee SasS UKo Joe dilone 1 g 35800 Geend (V) abasl) SIF s Lo &5
B,5) Cewods 3l o lagylodl polae elwl |y w538

s Gl s @b glaaiy,; Giales 6l Olgiee ol Gad (28 5 a0 g IS e () hod @b & azgi b
(ot o 45 009 sike i (6] IS i 45 S o 3L (F) S 0 ool (F) UK yo sl ulad
97y poe Cel 51 roarine pitanns SbisS 45 )10 )18 o S dxmio 025 )0 15 hiod @l e B izren g el il
5L il o b 9gr loged ekt b yb 51 sl it 0320 o) 30 b Bl ey el s A oy
Pl e SLL B Grizren 5 09 waleS ans s Yl 2l Gl B )0 e 0 ool () JSS
5% 42,3 Y 5B el o1 ogdle 9 08 (oo 9l ) i (9392 B rosiee 325 S92 3503 & jp0 il 55 el a2 )5 -4
90 Hlly dtay dil> g Sloml Sl @lad 5 2

M



0 0 0 0 Voo 0
Ll
0 0 0 0 ﬁ 0
L,
0 0 0 0 0 0
F= 0 0 0 0 _n><T><Vcol TxV,, (Y4)
LK *Cs LK *Cs
! Ii 0 0 0 0
Col Col
nx(d®T)xV, (d°T)xV,, —(d*T)xV,,
0 @7V, (@ T,
L 2xLKxCo02 2xLKxCo2 2xLKxCo2 |
_Y%
vd g
)

(277x10°)S° + (4.05x1010) 5% + (2.07x101) 53 + (1.14x10%0) $2 + (7.57x1023) S + (3.44x1028)
8 4+ (2.11x10°)S° + (2.58x10%) 5% + (2.38x10M4) 53 + (1.68x10M8) 52 + (1.69x10%2) S + (9.77x10%°)

Sgin oo 0adlive sl y oo a0y 5 LU (6030 T gm0 o y0 4T das o lis T et als i (P) S5

Pole-Zero Map

60 |

Zero=-17.2454.11  |— > °
Pole = -0.0338+32.4i

20 - Zero = -0.0402+18.61 | ~——
\ \ Pole = -0.363+8.48i

0 x o Pole=-6.31 | —>x
Pole =-0.363+8.481 |——>
20 Zero = -0.0402+18.6i

Pole =-0.0338-324i |~ >
Zero=-172-54.1i |~~~
o

100 -50 0

40 —

Imaginary Axis (milliseconds"‘)

A
S

60 b | |
-250 -200

"~ Real Axis (milliseconds’1)

Jro @b o g o (41 :(F) b
Figure (4): Pole-zero map of the conversion function

nnnnnnnnn

T ul

N

Phase Margin = 98.2 deg
Fc=34.7KHz
Closed Loop Stable ' yes

L |
o n .

3b 4l ok b o2 sloges :(B) JSib
Figure (5): Bode diagram of open loop conversion function

M



VAT NFY Sl o g ooy o)l foo)loz Sl /5 oo ()0 Sielignr sla g, 4y 85

‘‘‘‘‘‘‘‘‘‘‘

50 i U A J YLy AR

a0l il
) Settling time = 12.3 ms

S il
H

Rise time = 0.217 ms

Figure (6): System step response

Silwdmd @l -¥-Y

G5 Hled amo oo L |y (69959 Ly Sy (A) S0 el ool ools lid jo golpainy [LSLle Gl gilwas mls
() IS8 a4z gi b vged 655k 6995 Oluz 08 a5l Olsier 6959 5l sy ile Bi> & 90 10 0l S5 A
09y by 5o D58 wlS izmes g Cunl e (g5 Sl A Cod oS el Cdg AD ply e Lol wldS 5Ly S
oy 4 45 amoco bt |y Dot 0320 51 s ol g Uy L5 (GIH) +) USS i o Jae ZCS Lyl s oy
2 odle sl ZCS Lyl s T 0, Shas oims i 45 ssl 45 35 Doz 5 Ds (slasesd sz Sodbco hgals ZCS
Oley 59 1y pimms aiesg o po Gl 50 505 (V) JSo sl (29,5 5 5l 52eST (o0l aas 50 2 (g5, 5B L5
oy Gl L 29l oo odalie a5 WS Gles wadpe L (25,5 SWs 5 (29,5 slagls Wy 55, p asl- e O
Sezy pas o 4 el @y Selins Gy oaies LA a5 S oo Rl £9,8 BB o (2,5 S5 s
Olg Jlade a4 axgi b aS Canlosnl &g Voo 29,5 5l 50 Jaus lei «(Y) Jgao o el Conl) Coons axbo o jo0
dmslns Joe (Lol el ool (V) Jgaz ;0 a5 g po 9 Loyl lae slageols aas Sy (128,57 L5 10 9 (6395
el 2oy A5yl s ledi] oo IS alais 5 45 dad o L) V) UK el 0y,

T Ay o ¥

Amio v yio Bdo el 0anl3El slaJoe ,o VY] V8] Glags 1o alie onis J3s5 il b sl il 51 oolictul
aalg> jlogge Db 4 jlae (68955 Ol 0ad JhsS e Glyieds (63,9 il sl oslitul s a4 el o oo Cel) Saon
3 peries Slouns 5l (6 ks WS 5 (goloiing JLSlu g dls llae (6955 e mie sl Gl g8 Cnl 45 S
ol aolin 5 Shos )18 (639,5 ola cuiS Ll 5l bsS calu b onds a5l

ILin IL_LK

0.08 0.08001 0.08002 0.08003 0.0800
Time (s)

T95 G ol > 969959 Gl H(A) S
Figure (8): Input current and inductor current
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Figure (9): Voltage and current of switch
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Figure (10): Voltage and current of diodes, (a) diodes Do, (b) diode De, (c) diode Ds
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Figure (11): Voltage of circuit capacitors
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Table (2): Losses of the proposed converter
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Figure (13): Switch voltage stress for exchangers Table 4
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Figure (14): Comparison of the proposed converter step response
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Table (4): Comparison of the proposed converter with similar converters
alio gla, s bu b goleiiiay Jouo dumslio :(F) Jgur

Ju g9 g o e als 5Ly A 3 prouion Als’ Sl 60959 Ob> J)
[a] KY 1+d % v Y b o>
d, +d
[l 4w sy bd+ o Vv, v Y s
o]
. 1
D] ebsliie 55 L 4 V, v ) sk
[\V] b)‘j)f&.my n+ﬁ MI\;nVO v \ QL‘)
@l a8l s Joe 2+n V,
_ ("
Dval o ous (1-d)? 2+n \ o e
a6l oaiyl38l s Jowe 1+nd \Y/
o] _ \ Lo
[¥-1,0 oa (1-d)? 1+nd e
)l oo l33l jleany Joo 1+nd Vo
_ _ ("
] s ons 1—d M(1—d) ) 0 sl
1 M-n
Sl v \ ("
olgidy 1-d M Vo ®5 ks
& 5 azes - ¥

DelS L g 0929 pae glime a4y (pl aS 00 s ]y Cos Aotbopud yoo 095 iy dil> Lawd AU 50 B eenipe sl LSl
220 il e 5 portie Jae dloml sl g il b gla bzl ) eolatul ol Ll SCalind o oy jo 230
SG sl ekl b oads &8l Jaus 20 0 s 51 oduzmy soasS J oS 4 5L 5 00,5 B 1) platl cavgs Jows jo SIS
g a5 S be cnl 5l eslitul (izred 5 00,5 (S ol s 23U 5l 1 Sa g e e S Jeld (ST Jlae

A wale> 5lily Seole Hledl Clesl cely a5 aas oo ol |y 0S4,

2l oo oY 093 g B aian gl 0 2 Beinl sblcazs axlg oMol ol T o8l jo o )| colics )1 aeli L 51 allie oyl

S sl )l g aloul o1y Lo aS o 2o ol ygls g oDl ol5T olKiiils kg 039> oL 511, 355 ailaans Sid Lol
s bes 'o)l.‘:‘ ‘leod}oj 6)l€. i u.:‘

References

&l

[1] T. Nouri, M. Shaneh, "New interleaved high step-up converter based on a voltage multiplier cell mixed with
magnetic devices", IET Power Electronics, vol. 13, no. 17, p. 4089-4097, Dec. 2020 (doi: 10.1049/iet-
pel.2020.0591).

[2] R. Middlebrook, "Transformerless dc-to-dc converters with large conversion ratios", IEEE Trans. on Power
Electronics, vol. 3, no. 4, pp. 484-488, Oct. 1988 (doi: 10.1109/63.17970).

[3] H. Matsuo, K. Harada, "The cascade connection of switching regulators”, IEEE Trans. on Industry
Applications, vol. 1A-12, no. 2, pp. 192-198, March 1976 (doi: 10.1109/T1A.1976.349401).

[4] W. Li, W. Li, Y. Deng, X. He, "Single-stage single-phase high-step-Up ZVT boost converter for fuel-cell
microgrid system", IEEE Trans. on Power Electronics, vol. 25, no. 12, pp. 3057-3065, Dec. 2010 (doi:
10.1109/TPEL.2010.2079955).

QAY;


https://doi.org/10.1109/TIA.1976.349401

6595 w95~ o ~ LS Slgzaese [ sanl Bl Joe So 2k g Julos

[5] W. Qian, H. Cha, F.Z. Peng, L.M. Tolbert, "55-kW variable 3X dc-dc converter for plug-in hybrid electric
vehicles", IEEE Trans. on Power Electronics, vol. 27, no. 4, pp. 1668-1678, April 2012 (doi: 10.1109/TP-
EL.2011.2165559).

[6] T. Nouri, M. Shaneh, A. Ghorbani, "Interleaved high step-up ZVS dc-dc converter with coupled inductor and
built-in transformer for renewable energy systems applications”, IET Power Electronics, vol. 13, no. 16, pp.
3537-3548, Dec. 2020 (doi: 10.1049/iet-pel.2020.0162).

[7] H. Chung, S. Hui, K. Tse, "Reduction of power converter EMI emission using soft-switching technique", IEEE
Trans. on Electromagnetic Compatibility, vol. 40, no. 3, pp. 282-287, Aug. 1998 (doi: 10.1109/15.709428).

[8] T.T. Song, H.S. Chung, "Boundary control of boost converters using state-energy plane”, IEEE Trans. on
Power Electronics, vol. 23, no. 2, pp. 551-563, 2008 (DOI: 10.1109/TPEL.2007.915765).

[9] K.I. Hwu, Y.T. Yau, "KY converter and its derivatives", IEEE Trans. on Power Electronics, vol. 24, no. 1, pp.
128-137, Jan. 2009 (doi: 10.1109/TPEL.2008.2009178).

[10] A. Mostaan, E. Alizadeh, M. Soltani, "Novel step-up DC/DC converter with no right half plane zero and
reduced switched voltage stress characteristics™, Proceeding of the IEEE/INTELEC, pp. 1-7, Vancouver, BC,
Canada, Sept./Oct. 2014 (doi: 10.1109/INTLEC.2014.6972175).

[11] K. Viswanathan, R. Oruganti, D. Srinivasan, "A novel tri-state boost converter with fast dynamics”, IEEE
Trans. on Power Electronics, vol. 17, no. 5, pp. 677 - 683, Sept. Sept. 2002 (doi: 10.1109/TPEL.2002.802197).

[12] N. Rana, M. Kumar, A. Ghosh, S. Banerjee, "A novel interleaved tri-state boost converter with lower ripple
and improved dynamic response”, IEEE Trans. on Industrial Electronics, vol. 65, no. 7, pp. 5456-5465, July
2018 (doi: 10.1109/TIE.2017.2774775).

[13] M. Forouzesh, Y.P. Siwakoti, S.A. Gorji, F. Blaabjerg, B. Lehman, "Step-up dc—dc converters: A
comprehensive review of voltage-boosting techniques, topologies, and applications”, IEEE on Power
Electronics, vol. 32, no. 12, pp. 9143-9178, Dec. 2017(doi: 10.1109/TPEL.2017.2652318).

[14] R.W.M.D. Erickson, “Fundamentals of power electronics”, New York: Norwell, Massachusetts: Kluwer
Academic, ©2001, 2001.

[15] J. Doyle, B. Francis, A. Tannenbaum, “Feedback control theory”, New York: Macmillan, 1990.

[16] J. Calvente, L. Martinez-Salamero, H. Valderrama, E. Vidal-ldiarte, "Using magnetic coupling to eliminate
right half-plane zeros in boost converters”, IEEE Power Electronics Letters, vol. 2, no. 2, pp. 58-62, June 2004
(doi: 10.1109/LPEL.2004.834615).

[17] B. Poorali, E. Adib, "Right-half-plane zero elimination of boost converter using magnetic coupling with
forward energy transfer”, IEEE Trans. on Industrial Electronics, vol. 66, no. 11, pp. 8454-8462, Nov. 2019
(doi: 10.1109/T1E.2019.2891408).

[18] K.B. Park, G.W. Moon, M.J. Youn, "High step-up boost converter integrated wit a transformer-assisted
auxiliary circuit employing quasi-resonant operation”, IEEE Trans. on Power Electronics, vol. 27, no. 4, pp.
1974-1984, April 2012 (doi: 10.1109/TPEL.2011.2170223).

[19] X. Hu, C. Gong, "A high voltage gain dc—dc converter integrating coupled-inductor and diode—capacitor
techniques”, IEEE Trans. on Power Electronics, vol. 29, no. 2, pp. 789-800, Feb. 2014 (doi: 10.1109/TPEL.2-
013.2257870).

[20] S. Chen, T. Liang, L. Yang, J. Chen, "A cascaded high step-up dc—dc converter with single switch for
microsource applications”, IEEE Trans. on Power Electronics, vol. 26, no. 4, pp. 1146-1153, April 2011 (doi:
10.1109/TPEL.2010.2090362).

[21] K. Park, G. Moon, M. Youn, "Nonisolated high step-up boost converter integrated with sepic converter",
IEEE Trans. on Power Electronics, vol. 25, no. 9, pp. 2266-2275, Sept. 2010 (doi: 10.1109/TPEL.2010.204-
6650).

L o)

. Boost converter

. Non-isolated/Isolated

. Bidirectional

. Voltage-fed/Current-fed

. Soft switched

. Non-minimum phase/Minimum phase
. Dynamic response

. Right half plane zero

. Bandwidth

10. Discontinuous inductor current
11. Zero current switching
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