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A Negative-Output High Quadratic Conversion Ratio
DC-DC Converter With Dual Working Modes

Jing Li"¥ and Jinjun Liu

Abstract—A negative-output high quadratic conversion ratio
dc—dc converter with dual working modes is proposed. One work-
ing mode is a step-up mode, and the other is a step-up/step-down
mode. Analysis of the circuit principle and different operation
modes, steady-state calculation, and small-signal modeling are
presented. Comparisons of the proposed converter with other con-
verters demonstrate that the proposed converter has a higher
conversion ratio in its two working modes and, under the same
voltage gain, the proposed converter in the second working mode
has the lowest switching device power rating, a higher efficiency,
and small peak-to-peak value of input current. Simulation results
based on PSpice and circuit experiments are given to verify the
effectiveness of the proposed converter.

Index Terms—DC-DC, dual working modes, negative-output
(N-0), quadratic conversion ratio, step up, step up/step down.

1. INTRODUCTION

ENEWABLE and clean energy sources such as photo-
Rvoltaic (PV) cells and fuel cells are increasing rapidly
worldwide, and for these sources’ inherent low-voltage charac-
teristic, a prestage high gain dc—dc converter is essential [1], [2].
For example, in a PV system, use of a high-gain dc—dc boost con-
verter is superior to numerical PV modules connected in series
to avoid shading problems and decreased reliability [3]. More-
over, dc—dc switched power supplies with high-voltage gain
are indispensable in applications to uninterruptible power sup-
plies, X-ray systems, and high-density discharge lamps [4], [5].
However, conventional dc—dc boost converters or buck—boost
converters are two common ways to get the required output
voltage within a wide range of input voltages, ultrahigh gain
cannot be obtained for the requirement of extreme high duty
cycle cannot be met because of the constraint of control circuit
and semiconductor devices [6].

In the past few decades, numerous new dc—dc converters with
high-voltage gain have been devised. Maksimovic and Cuk de-
vised a series of quadratic converters [7], but, in practice, most
of them can only work in step-up mode or step-down mode.
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Zhang et al. [8] proposed a converter with a quadratic gain of
D?/(1 — D)?, it comprised three-stage basic cells in a cascaded
connection with six semiconductors and six passive elements.
Two boost converters with high-voltage gains of 4/(1 — D) and
(3 + D)/(1 — D) were demonstrated in [1] and [9], respectively,
but the output voltage was floating and the number of semicon-
ductors and passive components needed were both still up to
six, respectively. Miao et al. [10] developed another quadratic
buck—boost converter with a voltage gain of D?/(1 — D)? with
fewer components, but the input current ripple was from zero to
peak value and needed a large filter.

However, the switched networks and high-frequency trans-
formers can be employed to widen the voltage gain without
extreme duty cycle, abruptly changing capacitor voltage, or the
leakage inductor causing a current spike, a voltage spike, electro-
magnetic interference (EMI), or efficiency reduction [11]-[13].

In addition, dc—dc converters with negative-output (N-O) are
indispensable in applications to audio amplifiers, signal gener-
ator, and data transmission interface [14]. In particular, for tube
wave traveling amplifiers, for electrical safety and heat dissipa-
tion, the shell is the reference ground and is connected to the
helix pole and the other voltages are negative compared with the
helix voltage [15]-[17]. If the prestage dc—dc converter could
get a high N-O, the high-voltage transformer ratio could be re-
duced and with advantages of the transformer interstage stray
parameters being reduced and higher efficiency.

Some scholars [18], [19] have designed N-O boost convert-
ers with a voltage gain of —1/(1 — D), but this gain is not
high enough. Mostaan et al. [20] proposed a high quadratic
gain N-O buck—boost converter with a conversion ratio of
—D(2 — D)/I(1 — D)?. However, the input current has a large
ripple that varies from zero to peak and needs a large filter; in
addition, the electric stresses are high.

In some applications, such as in aeronautics and astronautics,
the input voltage varies from tens volts to hundred volts, and
the requirement for topology selection is not only high gain, but
also working versatile and flexible.

This paper proposes an N-O high quadratic conversion ratio
dc—dc converter with dual working modes. One is step-up mode
with a conversion ratio of —(1 — D + D?)/D/(1 — D), and
the other is step-up/step-down mode with a conversion ratio of
—D(2 — D)/(1 — D)? depending on different control strategies.

The rest of this paper is organized as follows. In Section II,
the proposed topology is presented along with the circuit op-
eration principle in continuous-conduction mode (CCM). The
steady-state analysis is given in Section III. Small-signal model-
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Fig. 1. Proposed high quadratic conversion ratio converter with dual working
modes.

ing is presented in Section IV. The design procedure along with
the simulation results are given in Section V. Some compar-
isons with other converters are shown in Section VI. Efficiency
analysis and nonideal conversion ratio analysis are given in
Section VII. Experimental results are given in Section VIII.
Finally, some conclusions are listed in Section IX.

II. CIRCUIT STRUCTURE AND OPERATING PRINCIPLE

Fig. 1 shows the circuit for the proposed high quadratic con-
version ratio converter with dual working modes, which contains
two power switches (S; and S,), two power diodes (D; and Ds),
two inductors (L; and Ls), two capacitors (C; and C5), and a
resistive load R.

A. Model (Step-Up Mode)

Fig. 2 shows the typical time-domain waveforms when power
switches S; and S, are working complementarily in CCM mode.

1) State 1 (NT < t < (N 4+ D)T): As shown in Fig. 3(a),
during this time period, power switch S; and power diode Dy
are turned ON at the same time, inductor L, is magnetized while
inductor L is demagnetized, and capacitor ' is discharged and
output capacitor Cs is charged. Thus, the following equations
can be obtained:

VL. = Uin (1)
Vi, = — v +vo1 — vea. ()

2) State 2 (N+D)T <t < (N+I)T): In state 2,
switch Sy and diode D; are conducted, inductor L; is demag-
netized and inductor Lo is magnetized, and capacitor C is
charged and output capacitor C is discharged. Thus, we obtain
the following equations:

VLl = Vin — VC1 (3)
Vi, =vca. 4)
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Fig. 3. Equivalent circuits of the proposed converter in mode 1. (a) State 1
(S =1).(b) State 2 (S = 0).

B. Mode 2 (Step-Up/Step-Down Mode)

Fig. 4 shows the typical time-domain waveforms when power
switches S; and Sy are working simultaneously in CCM mode.
1) State I (NT < t < (N 4 D)T): Asshown in Fig. 5(a),
during this time period, power switches S; and S» are turned
ON simultaneously, inductor L; and L, are magnetized, and
capacitor (] is discharged and output capacitor Cs is charged.
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in CCM.
Sy
. i Ly G2 | D, > <2 Ds
- - v+ - vy ™~
Vel s
Si - -
-G C,
imf N iul + ve 7E R[]Vﬂ Ve == R[]w
. +
v,,,(]) L\; VLl Tzcz T ic2 T
. N

(a) (b)
Fig. 5. Equivalent circuits of the proposed converter in mode 2. (a) State 1

(S =1).(b)State 2 (S = 0).

Thus, the following equations can be obtained:
(&)
(6)

2) State 2 (N + D)T <t < (N +1)T): In state 2, the
power diodes Dy and D, are conducted, inductors L; and L, are
demagnetized, and capacitor ' is charged and output capacitor

VL. = VUin

VL2 = VC1-
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C} is discharged, so we can write the following equations:

@)
®)

Vi, = vin — ve1

Vi, = —vin +veo1 —vea.

III. STEADY-STATE ANALYSIS

To perform the steady-state analysis, the following assump-
tions must first be made.
1) The components including resistors, capacitors, and in-
ductors are linear time invariant.
2) Only the CCM is considered.
3) It1,119,Vin, Vo1, Voo, and D are the steady-state dc val-
ues of i5,1,%79, Vin, Vo1, Vo2, and d.

A. Model (Step-Up Mode)

1) Voltage Gain: By applying volt—second balance principle
to inductors L and Lo, the voltage across capacitor C in steady
state and the voltage gain G can be expressed as

Ver = Vin 9
c1=1"p 9
Voo 1— D+ D?
= = 1
=9, D(1-D) (1o

2) Electric Stress Analysis: From a circuit analysis, the volt-
age stresses of two power switches (S; and Sy) and two diodes
(D and D») are

Vo = == Vi (11)
1
Voo = 55" (12)
Vi = ﬁvm (13)
Vo = — 1 Vi, (14)
(I-D)D

The input current can be expressed by input/output power
balance consideration described as V5, I, = V, 1,

1-D+D?
Iin = /4 Ho- 15
D(1-D) (15)
By applying the ampere—second balance principle to capaci-
tor C and output capacitor Cy, the dc values in steady state of
I71 and I5 can be derived as follows:

1
I = I, 16
N=0-D)D (16)
1
Iy = 5 lo. (17
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The current stresses of two power switches (S; and S») and
two diodes (D7 and D) are

1

ISl = DILI = m-ro (18)
(1-D)

Iso = (1= D)l = D 1, (19)
1

Ipy=(01-D)I; = BI” (20)

Ipy = DIy = 1,. (21)

3) Voltage Ripple of Capacitors and Current Ripple of
Inductors: The voltage ripples across capacitors C; and C5
and the current ripples through inductors L; and Lo are de-
fined as Aveq and Aves and Airq and Aig (all of which are
peak-to-peak values), respectively. From simulation waveforms,
using a geometrical method to calculate the ripples of capacitor
voltages Avc 1, Aves and the ripples of inductor currents Aip
and Aiy,», results in

Avey = IC%DT = C‘fRf 1D(f_+£2 (22)
Avpy = Ig—;DT - O‘:Ef 1= DD+ D? (23)
Aipy = %DT = E’}D (24)
Nips = %DT = Zf (25)

4) Boundary Condition Between CCM and Discontinuous-
Conduction Mode (DCM): The inductor current is designed to
be continuous with respect to EMI and electromagnetic com-
patibility. In the boundary condition mode, inductor current I7;
reaches its zero point at the end of each switching cycle NT
and inductor current I 5 reaches its zero point at the time point
(N + D)T within each switching cycle. For CCM operation,
the average value of inductor currents must be greater than half
the amount of current ripples

1

Iy > §AiL1 (26)
1.

ILQ > iAlLQ (27)

where the normalized inductor time constant 77, » is defined as

T2 = LlR%f Therefore, the boundary conditions for L, and
Lo are

_ D*(1-D)?

TS 50Dt DY) e
_ D*(1-D)

T S 31— D1 DY) @

Based on (28) and (29), the relationship between 77,1 2 and
duty cycle D is plotted in Fig. 6. When 77, > 7715 and
Tr2 > Tr2B, the circuit is operating in L; 5 — CCM; otherwise,
it operates in Ly » — DCM.
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Fig. 6. Boundary conditions for the proposed converter in mode 1.

B. Mode 2 (Step-Up/Step-Down Mode)

1) Voltage Gain: By applying the same principle to induc-
tors Ly and Lo, the voltage across capacitor C'y in steady state
and the conversion ratio GG are determined as

1
Vor = 5V (30)
Voo 2D — D?
G = = —. 31
Vie  (1-D)? G

2) Electric Stress Analysis: The voltage stresses on power
switches (S; and Sy) and power diodes (D; and D) are

1

Vs = =5V (32)
1

Vo = m‘/}n (33)
1

VDl = m‘/in (34)
1

Vpa = mvhy (35)

The relationship between input current and output current is

2D — D?
Iin = m 0- (36)

The steady-state dc values of I 1 and I} can be calculated
by ampere—second balance principle
1
(1- D)’
1

Ipo = ——1I,.
L2 1-D

I = 1, (37

(38)

The current stress of four semiconductor devices S;, S, Dy,
and D> is

D
ISl = DILl = mfo (39)
D
Iso = DIy = 1, 40
2 L2=1_p (40)
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1
(1-D)
Ips = (1= D)l =1,

Ipy1=01-D)I;; = 1, 41

(42)

3) Voltage Ripple of Capacitors and Current Ripple of
Inductors: The capacitor voltage ripples Aveq and Avey and
inductor current ripples Aiz, and Aiz, can be calculated by
using the same method

s = tepp D DD
A%Q:%g :éi%?ﬁlﬁj (44)
Aipy = %DT = E‘}D (45)
Any:%%DT:ié}Tgﬁu (46)

4) Boundary Condition Between CCM and DCM: In
mode 2, in the boundary condition mode, inductor currents 7|
and I, reach their zero point at the end of each switching cycle.
The boundary conditions for L; and L, are

1- D)

B = é@_g) @7)
1— D)

TL2B = ;(QD)) (48)

As shown in Fig. 7, when 771 > 7115 and 779 > Trop, the
circuit is operating in L; 5 — CCM; otherwise, it operates in
L, — DCM.

IV. SMALL-SIGNAL MODELING

The state equations in modes 1 and 2 are derived according
to Figs. 3 and 5, as shown in (49) and (50) shown at the bottom
of this page, respectively, in which M+ and S7 stand for mode i
and state i, where i equals 1 or 2

5567

0.25
02 &
0.15F

~
h’\]

0.1F

0.05f

0 i i ; : i !
0 01 02 03 04 05 06 07 08 09 1
D

Fig. 7. Boundary conditions for the proposed converter in mode 2.

Using an averaging method to get the average model of the
proposed converter in modes 1 and 2 result in

d{ir, Vin Ve
<d’t ) <L1> _ (Lcl>(1_d)
dlipy) _ (ve1) <viu>d7 (wz)d
Mode 1 d<dt > LZ : L<2 > Ly (51)
vol) i i
ar __CLIZ + éll (1-d)
dwes) <iL2)d_ (vc2)
dt Cy RC,y
d{ig Vin (Lo
<drf ) <L1> _ (Lcl>(1_d)
d{i Vo1 Vin Voo
<st2) _ <L<2> _ <L2>(17d) _ <er >(17d)
Mode 2 i) (i22) )
ve i i
ar __CLIZ + éll (1-d)
d er g
= R )
(52)

in which (ir1), (ira), (vo1), (voe), and (vi,) are the average
values of i1,1,%79,vc1, Vo2, and vy, respectively.

We can define (), &, and X as the averaged value, the small
ac value, and the dc value of z, respectively, for the circuit
variables such as iy,%r9,vc1,v09, and d. The relationship
among z, &, and X is given in (53) and satisfies the small-signal
assumption & < X

r=X+1I. (53)

Substituting (53) into (51) and (52), using the small-signal
perturbation method, and ignoring high-order ac items, we can

Ly Bl = Vin

dt di — v
iy dig:
Ly = ve1 — vin — Vo2 Ly = veq
Mi-s14 " M1-S829 =~ (49)
Gy 5 = —ire Cref =ip1 —ige
dves s _ veo dvcy . _ veo
Co =5 = ir2 — 7 G5 = =7
di i
Ly - = v Ly = = vy —ven
di di
Ly = = ven 25k = Vo1 — Vin — V02
M2-s14 " " o M2-s2gC T (50)
Cr5f = —ige Cref =ip1 —ige
dves Ve dvey Vo
G5t = —F Co g =i —
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derive the small-signal transfer functions of the proposed con-
verter by using the Laplace transformation. Based on these
transfer functions, the small-signal dynamic behaviors of the
proposed converter can be analyzed (54) and (55) are shown at
the bottom of the next page.

where A1,Bi1,B12, A, By, and By
follows:

are expressed as

A= (56)

(57)

Bia = (58)

. (59)

V. DESIGN PROCEDURE AND SIMULATIONS

This proposed converter is designed to operate in the dual
working modes. The given specifications are listed in Table I.

From the input voltage and output voltage, the duty cycle in
modes 1 and 2 can be calculated as follows:

(G+1)£/(G+1)(G—3)
2(G + 1)
1

V(G +1)

In mode 1, the duty cycle should be chosen as 0.5. In
mode 2, the duty cycle should be chosen as 0.1835 in the step-
down state and 0.3675 in the step-up state.

D, = (60)

Dy =1- (61)
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TABLE I
SPECIFICATIONS FOR THE PROPOSED CONVERTER
Mode 1 Mode 2
Given items Step-up | Step-down  Step-up
state state state
Input voltage vi, 24V 24V 24V
Output voltage v, =72V -12.0V -36.0V
Output load R 120 Q 15Q 45Q
Output power P, 432W 9.6 W 288 W
Switching frequency 50 kHz 50kHz 50 kHz
Current ripple ratio of L <40% <40% <40%
pp L, <40% <40% <40%
Volt inple ratio of C <10% <10% <10%
oltage ripple ratio o G <1% <1% 1%
TABLE II

SELECTED COMPONENTS FOR THE PROPOSED CONVERTER

Components Values or types
Inductor Z, 935 pH with R;,=0.128 Q
Inductor L, 1035 uH with R;,=0.131 Q

Capacitor C; 4.7 uF with Rei=11.4 mQ

40 F with Rp=5.6 mQ
IRFP 4668
MBR 40250

Capacitor C,
Power switches S; and S»
Diodes D, and D,

According to the capacitor voltage, inductor current, and rip-
ple calculation shown in (9), (10), (16), (17), and (22)—(25) in
mode 1 and in (30), (31), (37), (38), and (43)—(46) in mode 2, the

inductors and capacitors should satisfy the following equations:
(1-D)*D,?

R_(1=D1)" Dy~
40%f 1-D1+D;?

R (1-Dy)*
10%F 2-D,

Ly >

(62)

Ly >
R_(1-Dy)D;?

40%f 1-D1+D:?
R

(1-Dy)*
40%f 2-D,

Lo >

(63)

Lo >

1 1-D,+D;*
10%Rf Dy

1 (2-D»)Dy*
> 10%Rf (1-Dy)°
1
{CQ > W(l — Dl)
1
Cy > T0RT Ds.

Based on the electric stress calculations in modes 1 and 2, the
power MOSFET and the power diode are selected for the proposed
converter. Table II lists the design parameters.

Fig. 8 shows the PSpice simulations of the proposed converter
in modes 1 and 2.

Fig. 9 shows Bode plot comparisons of the proposed con-
verter in two modes between PSIM simulations and numerical
calculations.

Cy >
(64)

(65)

Model )= % o
Gunls) = 5],
Guaz(s) = % j

Mode2 0 -
Guoa(s) = % d(s)

= [O, O7 O7 1}(81 — Al)ian
(54)
0 = [0, O, 0, ].KSI*A1)71B12

=1[0,0,0,1)(sI — Ay)"'Byy
(55)
0 = [O, 0,0, 1](SI—A2)_1B22
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Fig. 8. PSpice simulations of the proposed converter (from top to bottom,

iL1,1L2,V0,VC1,and vy). (a) Step-up state in mode 1. (b) Step-down state in
mode 2. (c) Step-up state in mode 2.

VI. COMPARISONS WITH OTHER CONVERTERS

A. Model (Step-Up Mode)

Table III gives comparisons among the traditional boost con-
verter, the N-O self-lift Luo converter [18], the N-O KY boost
converter [19], and the proposed N-O converter in mode 1 (step-
up mode).
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Fig. 9. Bode plot comparisons of the proposed converter (blue solid line:

theoretical calculations from derived model; red dashed line: PSIM simulations).
(a) Step-up state in mode 1. (b) Step-down state in mode 2. (c) Step-up state in
mode 2.

Fig. 10 shows the voltage gains of the traditional boost
converter, the N-O self-lift Luo converter, the N-O KY
boost converter, and the proposed N-O converter in mode 1
(step-up mode). One can see that the gain of the proposed
N-O converter in mode 1 is the largest, and the gain is sym-
metrical with D = 0.5. The lowest voltage gain is 3 when
D =0.5.
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TABLE III
COMPARISONS AMONG DIFFERENT CONVERTERS (MODE 1: STEP UP)

Traditional boost N-O self-lift Luo N-O KY boost N-O proposed converter
Topology .
converter converter converter in mode 1
Switches 1 1 1 2
Diodes 2 2 2
Number of Inductors 1 2 1 2
Capacitors 1 3 2 2
Number of elements 4 8 6 8
Voltage gain 1 1 1 1-D+D?
(IVo/ Val) 1- D 1- D 1- D D(1-D)
1 1 1 + —
Duty cycle (D=AG)) 1. L 1- — 1L (G+D (GG -3)
‘ G G G 2(G+))
s 1 1 1 1
Voltage stress of switches ' 1- D 1- D 1- D 1- D
Vs/Vin) 1
S> / / / D(- D)
D 1 1 1 1
Voltage stress of diodes ' 1- D 1- D 1- D 1- D
Vol Vi 1
(Vo/Vin) D, y 1 1
1- D 1- D D(1- D)
1 1 1
C 1 P —
! 1- D 1- D 1- D
Voltage stress of capacitors 1 1 1-D+D?
(VelVin) G / 1- D 1- D D(1-D)
1
C3 / D / /
D . . 1
. Si Current spike Current spike
Current stress of switches 1- D 1- D
Is/1, 1- D
U51) S, / / / —_—
D
Current stress of diodes D, 1 Current spike 1 %
(/L) D, / 1 Current spike 1
I 1 1 1 1
Current stress of inductors ! 1- D 1- D 1- D D(1- D)
1I/I,
/L) L / 1 / L
D
Order number of small signal models 2 5 3 4
10 . — 150 : : . . : :
o\ Idemonal BOOSt Converter o _ m@= Traditional Boost Converter
: N-O Self-lift Luo Converter : * Proposed N-O Converter in Mode 1 (D<0.5)
sk =—&—N-0O KY Boost Converter S 4 === Proposed N-O Converter in Mode 1 (D>0.5)
=Q= Proposed N—O Converter in Mode 1 . : . : .
7k — ]
5 6 ]
S 5
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4 SN T, PO L L L LRI R T T T T YRR . ATTITTrIreT -
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D
Fig. 10.  Voltage gains of different boost converters. Fig. 11.  SDP comparisons of different boost converters.

system, and, furthermore, it is also an indicator of the thermal

The switching device power (SDP) rating as the product of the  requirements and conversion efficiency [21], [22].
voltage stress V; and the average current stress I; is introduced Fig. 11 shows the SDP comparisons of the traditional boost
as a cost indicator for the power device. The total SDP, expressed  converter and the proposed N-O converter in mode 1. One can
as SDP, ., = ZLV:1 Vs; - Is;, where N is the number of power see that for the proposed N-O converter in mode 1, the SDP is
device used, can be a rough cost estimation of the converter a little larger than that of the traditional boost converter, and,
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TABLE IV
COMPARISONS AMONG DIFFERENT CONVERTERS (MODE 2: STEP UP/STEP DOWN)

Tonolo N-O single switch quadratic Transformerless quadratic b ckI-\lla_(::())sl:yclfrlSe rter Proposed N-O
pology buck-boost converter [20] buck—boost converter [10] U [6] converter in mode 2
Switches 1 2 1 2
Diodes 3 2 4 2
Number of Inductors 2 2 2 2
Capacitors 2 2 1 2
Number of elements 8 8 8 8
Voltage gain D(2- D) D’ 2D D2- D)
(G=[Vo/ Vi) (1- Dy (1- D)z 1- D (1- Dy
1 JG G ]
Duty cycle(fAG 1- 1—
uty eyele(G) JG+1 144G 24G Gl
s 1 1 1+ D 1
Voltag(_ﬁ stress 1 (- Dy - D - D 1D
of switches D 1
Vs/Vin e~
(Vs/Vin) S, / (- Df / (1- D)2
1 D
D, 1 1 D 1
1- D 1- D 1- D 1- D
D D D 1
Voltage stress D, (1- D)y (1- Dy 1- D (1- Dy
of diodes 1
(Vo Vi)
D5 (- D)z / 1 /
+
D, / / Db /
1- D
c D D 2D 1
V(;ltage stress 1 - D - D 1- D - D
of capacitors D2- D) D D(2- D)
Vel Vi) C B 5 / 3
(1- D) (1- D) (1- D)
s D(2- D) D’ 2D D
CurrenF stress 1 (- Dy (1- Dy - D (- DY
of switches
s/, S / D / D
1- D 1- D
1
D, D D 1
1- D 1- D 1- D 1- D
Current stress D
of diodes D, 5 1 b 1
(Ip/L) (1- D) 1- D
D; 1 / 1 /
Dy / / 1 /
I 1 2D- 1 1 1
Current stress 1 - D (1- DY 1- D (1- Dy’
of inductors 1 1 1 1
([L/]o) L S am— —— _—
’ (1- Dy’ 1- D 1- D 1- D
Order number of small-signal model 4 4 3 4

with the same voltage gain, the SDPs are the same under the
two corresponding duty cycles.

For the N-O self-lift Luo converter and the N-O KY boost
converter, abrupt voltage changes occur for the capacitors, and
a very large current spike will flow through the power switch
and power diode. Consequently, the SDP cannot be calculated
precisely.

B. Mode 2 (Step-Up/Step-Down Mode)

Table IV gives comparisons among the N-O single switch
quadratic buck-boost converter in [20], the transformerless
quadratic buck—boost converter in [10], the N-O hybrid buck—
boost converter in [6], and the proposed N-O converter in mode 2
(step-up/step-down mode).

20

T T T T T T

I N-O Single Switch Quadratic Buck—Boost Converter in [20]
Transformerless Quadratic Buck—Boost Converter in [10]

== N-O Hybrid Buck-Boost Converter in [6]

157 == Proposed N-O Converter in Mode 2

A
o Vin
S

Fig. 12.

Voltage gains of different buck—boost converters.

Fig. 12 shows the voltage gains of the N-O single switch
quadratic buck—boost converter, the transformerless quadratic
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Fig. 13.  SDP comparisons of different buck—boost converters.
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Fig. 14. Efficiency comparisons of different buck—boost converters.
(a) Efficiency in step-down state. (b) Efficiency in step-up state.

buck—boost converter, the N-O hybrid buck—boost converter,
and the proposed N-O converter in mode 2 (step-up/step-down
mode). One can see that the gain of the proposed N-O converter
in mode 2 is larger than that of the transformerless quadratic
buck—boost converter and the N-O hybrid buck—boost converter
and is equal to the gain of the N-O single switch quadratic
buck—boost converter.

Fig. 13 shows the SDP comparisons of the N-O single switch
quadratic buck—boost converter, the transformerless quadratic
buck—boost converter, the N-O hybrid buck—boost converter,
and the proposed N-O converter in mode 2. One can see that for
the proposed N-O converter in mode 2’, the SDP is the smallest
one among these four converters under the same voltage gain.

Fig. 14 shows the efficiency comparisons of different buck—
boost converters in PSpice simulation based on the same cir-
cuit condition, same ripple, and same semiconductor device
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¥

Fig. 15. Input current comparisons of different buck—boost converters.
(a) Input current in step-down state. (b) Input current in step-up state.

selection. It is found that in step-down state, the efficiency of
the proposed N-O converter in mode 2’s is a little lower than
that of the transformerless quadratic buck—boost converter, and
it is higher than the other two converters’. In step-up state, the
efficiency of the proposed N-O converter in mode 2’s is always
higher than that of the N-O single-switch quadratic buck—boost
converter, the transformerless quadratic buck—boost converter,
and the N-O hybrid buck—boost converter.

Fig. 15 shows the input current comparisons of different
buck—boost converters. It is found that the peak-to-peak value
of input current of the proposed N-O converter in mode 2 is
lowest.

Fig. 16 gives the FFT analysis of input current among different
buck—boost converters. One can see that except the second-order
and third-order switching frequency components in step-down
state, the switching frequency components of input current of
the proposed N-O converter in mode 2 are lowest.

VII. EFFICIENCY ANALYSIS AND NONIDEAL
CONVERSION RATIO ANALYSIS

In general, the power losses of dc—dc converter mainly contain
four parts: power switch loss, diode loss, inductor loss, and
capacitor loss [23].
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Fig. 16.  FFT analysis of input current among different buck—boost converters.

(a) Step-down state. (b) Step-up state.

S, Rs
—}

Fig. 17.  Equivalent circuit of the proposed converter considering the parasitic

elements.

We suppose that Rg; and Rgo are the power switches S;
and S, (MOSFET) on resistances, Vr; and Vpo are the power
diodes’ (D; and Dy) threshold voltages, Ry, Rro, Rc1, and
R¢» are the equivalent series resistances (ESRs) of Ly, Lo, C1,
and Cy, respectively, and the voltage and current ripples across
the capacitors and the inductors are neglected.

A. Power Loss Analysis of Power Switch

The power losses of power switch (MOSFET) mainly contain
switching loss, conduction loss, and driving loss, which are
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Fig. 18.  Absolute value of voltage gain G considering the parasitic elements.
(a) Mode 1. (b) Mode 2.

calculated as follows according to [23]:

2
PS(switching) = Z(PSi,(’,ross,turnon
i=1
+ PSi,cross,turnoff + PSLCOSS)
2 /1
= Z §ISiVSitSi,(:1‘oss,onf
i=1
1 1 ,
+ §ISiVSitSi,cross,offf + icSi,ossVSif
(66)
2
PS((:onduction) = Zlg‘qj(rms)RSi (67)
i=1
2
PS(drive) = Z VS'i,drionS'i,g I (68)
i=1

Obviously, the switching loss of power switch is related to
the turn-ON cross time, turn-OFF cross time, the voltage stress on
the power switch, the averaged current through it, switching fre-
quency, and the output capacitor of the switch. The conduction
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loss of power switch is related to the averaged current through it
and the on resistance. The driving loss of power switch is related
to drive voltage, gate charge, and the switching frequency.

The total power losses of power switch are the summation of
the above three parts

Py = PS(switching) + PS(conduction) + PS(drive) . (69)

B. Power Loss Analysis of Diode

The power loss of diode is mainly related to the forward
voltage drop and the current through it, and the calculation is

2
Pp=> Vpilp;. (70)

i=1

C. Power Loss Analysis of Inductor

The power loss of inductor is mainly the copper loss caused
by winding ESR and the core loss caused by eddy current and
hysteresis of the magnetic core. The copper losses of inductors
are shown as follows

2
PL-COPPGI‘ = Z I%i(rms)RLi'

i=1

(71)

The core loss calculation is based on the Steinmetz formula
in engineering application shown as

2
PL_Core = Z lmAm (CmifaiBiﬁi)

i=1

(72)

where C,,, «, and 3 are experiential parameters derived from
fitting curve of the magnetic core date sheet, B is defined as half
of the ac-flux swing, /. is the length of the magnetic path, and
A, is the cross section of the core.

Hence, the total power losses of inductors are as follows

PL = PL.copper + PL-Core- (73)
D. Power Loss Analysis of Capacitor
The capacitors losses are
2
%:Z@mw@. (74)
i=1

E. Efficiency Calculation
Accordingly, the efficiency can be calculated and its
result is
P,+P,+Ps+Pp+Pc’

7 (75)

F. Nonideal Conversion Ratio Analysis

Considering the parasitic elements, the equivalent circuit of
the proposed converter is shown in Fig. 17.

In two modes, when the power switch S; is turned ON, the
voltages across the inductors are eq. (76) is shown at the bottom
of the next page.
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Fig. 22.  Efficiency of calculation, PSpice simulation, and experimental mea-
surement of the proposed converter versus output current. (a) Step-up state in
mode 1. (b) Step-down state in mode 2. (c) Step-up state in mode 2.

When the power switch S; is turned OFF, the voltages across
the inductors are (77) is shown at the bottom of the next page.

According to the volt—second balance principle of inductors,
the average output voltage in mode 1 considering the parasitic
elements can be obtained as follows: (78) is shown at the bottom
of the next page.

Similarly, the voltage gain G in mode 2 considering the par-
asitic resistances and forward voltage drops of diodes is shown
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the proposed converter in mode 1 (time: 5 ms/div), iz 1 (2 A/div), i (2 A/div),
and v, (50 V/div).

in the following equation: (79) is shown at the bottom of the
next page.

The absolute values of the voltage gain G in two modes
considering the parasitic resistances and forward voltage drops
of diodes are depicted in Fig. 18. From Fig. 18, it can be seen that
the voltage conversion ratio is influenced by parasitic elements.

VIII. EXPERIMENTAL DETAILS

The system parameters in the experiment were the same as
those in the simulation. v, and v, are outputs of driving chip,
and v, is the output of excitation tranformer, we can see that
there is a little difference between v, and v,1, which is good to
drive the switch.

Fig. 19 shows the experimental waveforms for the induc-
tor currents ¢z; and ¢z9, output voltage v,, capacitor voltage

di .
Ly % = vy —ip1(Rs1 + Rr1)

dips

Mi-s1{ "1
Cy 55+ = —irs

dvc . Vo
Co=f =i — %

22 =wvoy —ipa(Re1 + Rpo + Rpa) — Vs — vin

di .
Ly % = vy — i1 (Rs1 + Rra)

— U V2§l Ly = voy —ipy(Re1 +Res + Rsa)
o C dvey .
1 =gy = L2
dves v,
G5 = =%

(76)
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ve1, driving signal, and voltages and currents of the two power
switches for the proposed converter in step-up state in mode 1,
while Figs. 20 and 21 show them in step-down state and in
step-up state in mode 2, respectively.
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It can be observed that the circuit experiments are in good
agreement with the PSpice simulations. Figs. 19-21 of compar-
isons between waveforms of 27,1, 47,9, v,, and v in simulation
and experiment demonstrate that the proposed converter is us-
able from an engineering standpoint.

From Fig. 22, it is obvious that the efficiencies of the proposed
converter in step-up state in modes 1 and 2 are higher than that
of the converter in step-down state in mode 2. The highest
efficiency can be reached 93.0% in experimental measurement.

When considering the transient response, the whole circuit
should be in closed-loop control. The control block diagram is
shown in Fig. 23.

The dynamic response of the proposed converter with voltage
mode control under the output load current changing from 50%
to 100% of the rated value in two modes is presented in Figs. 24
and 25. From these figures, it is clear that the proposed converter
has a good dynamic response.

IX. CONCLUSION

An N-O high quadratic conversion ratio dc—dc converter with

dual working modes is proposed in this paper.

Through analysis, comparisons, simulation, and experimental

results, the following is proved.

1) The proposed converter is flexible and capable of working
in step-up mode or step-up/step-down mode depending on
the external requirements.

2) The proposed converter has a higher N-O voltage gain in
mode 1 compared with the boost converter and the other
two N-O boost converters.

3) The voltage gain of the proposed converter in mode 2
is greater than or equal to the other three buck—boost
converters. Moreover, under the same voltage gain, the
proposed converter in mode 2 has the lowest SDP.

4) The efficiency of the proposed converter in step-up state in
mode 2 is highest among those comparative converters’

dig, . . .
L1 = vy —vo1 —ip1 (Rp1 + Rp1) — (in1 —ip2)Re1 — Vi

Lotz = yoy —ipo(Rps + Rga) + (i1 — ir2)Ren

M1 — 52 J
Cr=f =g —ige
dvc s UV,
G = —%
lefi% =iy —vc1 —ip1(Rp1 + Re1) — (iz1 —ip2)Rer — Vim
Ly dﬁfﬁ =wvc1 —ip2(Rra + Rp2) — Vg — vin — v, + (ip1 —ir2)Ren
M2 — 52 (77)
Cyer =iy —ipy
Vo (1= D)D[Viy — (1 = D)Vp1] — (1 — D)*D?(Viu + Vira)
° (1-DPD*+ % 4 (1-D)Ee 4 DR (1 - D) B2 4 (1 - D) + (1 - D)’ DIz 4 D(1 - D) e
(78)
(1—=D)*Viy — (1 = D)*'Viy — (1 = D)*Viry — (1 — D)* Vo
o= (79)

(1-D)' + L&+ (1-D)* £z 4 DEsL 4 (1 - D)’DE2 + (1~ D) 4+ (1 - D)*Ee2 4 (1 - D)DEL

R R
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in PSpice simulation, and the highest efficiency can be
reached 93.0% in experimental measurement.

The peak-to-peak value of input current of the proposed
converter in mode 2 is lowest, and the switching frequency
components of input current of the proposed converter in
mode 2 are lowest among those comparative converters’ in
PSpice FFT analysis, which means a small volume input
filter is needed.

The proposed converter has good dynamic response with
load current changing from 50% to 100% of rated value
based on the same set of hardware settings in two modes.
The simulation results based on PSpice and the circuit
experiments verify that the proposed converter is usable
in engineering applications.
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