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ABSTRACT This paper deals with a hybrid non-isolated active quasi-switched dc-dc converter with a
high-boost voltage gain, which is applicable for the high step-up low power applications. By using fewer
number of components in circuit topology, the proposed converter can provide higher-gain voltage with a
small duty cycle, which can reduce the voltage stress and conduction loss on power switches. In addition,
it draws continuous input current, has lower diode voltage stress and lower passive component voltage
ratings. The operating principles and key waveforms in continuous conduction mode and discontinuous
conduction mode are presented. Small-signal dynamic analysis, parameter design guideline, power loss
calculation, and characteristics comparison with other non-isolated converters have been completed. Finally,
a 250W hardware prototype is constructed and the experimental results are presented to verify the feasibility

of the proposed converter.

INDEX TERMS
switched-boost network.

I. INTRODUCTION

With the large consumption of traditional fossil energy
and the increasing awareness of environmental protection,
the development and utilization of renewable energy sources,
such as solar, wind, and fuel cells, has become more and more
important. However, the output voltage of the distributed
renewable energy sources is relatively low, which is far
away from the desired dc-link voltage level of grid-connected
inverters [1], [2]. Therefore, a high step-up dc-dc con-
verter is required to boost the low voltage of renewable
energy sources into a constant and high level dc-bus voltage,
as shown in Fig. 1. While in other low power industrial
applications, such as TV-CRTs, medical X-ray equipment
systems, battery-powered LED lighting systems and automo-
bile high-intensity discharge headlamps, the dc/dc converter
with high voltage conversion ratio is also required.
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FIGURE 1. Typical schematic of the two-stage power-conversion system.

Many high boost dc-dc converter topologies have
been developed and investigated to produce high voltage
gain, which can be divided into two categories: isolated
and non-isolated circuit topologies. For the isolated and
coupled-inductor based topologies [3]-[7], a high frequency
transformer or a coupled-inductor is used to boost the output
voltage gain by choosing appropriate turn ratio and operating
duty cycle; however, the stored energy in leak inductance
is another negative impact, which should be solved by
additional snubber circuits [8], [9].

VOLUME 8, 2020


https://orcid.org/0000-0001-9585-7709
https://orcid.org/0000-0001-9172-698X
https://orcid.org/0000-0002-8487-1377
https://orcid.org/0000-0003-3991-4929

X. Zhu et al.: Hybrid Nonisolated Active Quasi-Switched DC-DC Converter for High Step-up Voltage Conversion Applications

IEEE Access

Among the non-coupled-inductor type dc-dc converter
topologies, traditional boost converter is one of the most com-
monly used topology. Theoretically, its output voltage gain
can be infinite when the operating duty cycle is approaching
to one. However, the switch turn-off time will be very narrow,
which will induce large current ripple of the input and output
current [10]. In addition, the peak current flow through the
power switch will become very large, and the conduction
power loss will be increased dramatically. Therefore, the out-
put voltage gain of traditional boost converter is limited,
which cannot meet the requirements of the practical industrial
applications.

In order to produce higher voltage gain without an
extremely high operating duty cycle, conventional boost con-
verters can be cascaded in series [11]; however, the system’s
size and cost will be increased due to many elements and
control units are used in the topology. By introducing voltage
multiplier cells into the traditional boost converter, some
high step-up dc-dc converters are developed in [12], [13].
Converters adopting interleaved configuration and voltage
lift techniques have been presented in [14], [15], which
can produce high-gain voltage and reduce the voltage and
current stresses. Moreover, by utilizing switched-inductor
(SL) cells to replace the conventional inductors, some non-
isolated high-gain SL dc-dc converters have been proposed
in [16], [17]. Similarly, switched-capacitor (SC) units can
also be applied to dc-dc converter topologies, as presented
in [18]-[20], to further increase the output voltage gain.
By combining the active switch network with the tra-
ditional SL and SC cells, a multicell switched-inductor/
switched-capacitor based active network converters (SL/SC-
ANCs) are developed in [21], [22], which can provide high
voltage gain with low voltage stress across switches and
diodes.

However, the operating duty cycle range of the above
boost-based nonisolated dc-dc converters is wide, which is
varied from O to 1. In this case, a larger duty cycle will be uti-
lized to produce a higher voltage gain, which will induce high
conduction power loss accordingly on active power switches.
In order to reduce the operating range of the switches’
duty cycle to (0, 0.5), impedance source networks, such as
Z-source network [23] and switched-boost network [24], have
been applied to dc-dc converter topologies. In [25], a PWM
discontinuous input current Z-source dc-dc converter is pro-
posed, which has higher voltage gain than traditional boost
converter. To improve the input current profile, some high
voltage gain quasi-Z-source dc-dc converters are presented
in [26], [27]. By changing the connection way between the
load and the traditional Z-network, a high-gain voltage com-
mon grounded Z-source dc-dc converter is proposed in [28].
By combining several traditional (quasi-)Z-source networks
in different ways, a family of hybrid Z-source boost dc-dc
converters [29] are developed, which have further enhanced
the output voltage boost capability. Similarly, by introduc-
ing switched-capacitor, switched-inductor or voltage mul-
tiplier cells into the switched-boost network, several new
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high step-up switched-boost dc-dc converters are put forward
in [30], [31], respectively, but at the cost of too many compo-
nents used in the circuit topology.

In this paper, a new hybrid nonisolated active quasi-
switched dc-dc converter with high step-up voltage conver-
sion ratio is proposed, as shown in Fig. 2, which has the
following main advantageous features: high output voltage
gain with a small duty cycle, low voltage stress across power
switches and output diode, simple structure and easy to
control. Section II gives a detailed steady-state operating
principle analysis of the proposed converter in both contin-
uous conduction mode (CCM) and discontinuous conduction
mode (DCM). Small-signal dynamic performance is analyzed
in Section III. The comprehensive characteristics comparison
between the proposed topology and other well known struc-
tures will be performed in Section IV. In addition, the detailed
power loss analysis and efficiency comparison are presented
in Section V. Then, in Section VI, experimental results are
shown to verify the theoretical analysis. Finally, Section VII
draws a conclusion.

Gy
/1
L D, L, D, D,
NI o Yy N N b NI
=g =g >
>h e —
PR s J9E o= 1
Vie e 1 Co N R,
G N
Ds
lA
<

FIGURE 2. The topological configuration of the proposed converter.

Il. OPERATING PRINCIPLE OF THE PROPOSED
CONVERTER

This section presents the detailed operating principle analysis
of the proposed converter in both continuous conduction
mode (CCM) and discontinuous conduction mode (DCM).
Both switches S; and S, are turned on and off at the same
time. To simplify the operating principle analysis in both
CCM and DCM, the following conditions are assumed: 1) all
components are ideal and lossless; 2) all capacitors, inductors
and resistors are linear, time invariant and frequency inde-
pendent; 3) the capacitance value of all capacitors are large
enough to maintain the constant capacitor voltage; 4) inductor
currents iL1 and iL.2 are all increased or decreased linearly.

A. CIRCUIT ANALYSIS IN CCM
The proposed converter operates in CCM can be divided into
two operating modes: 1) model and 2) mode 2. Fig. 3(a)
shows the key waveforms of the proposed converter in
CCM. The corresponding equivalent circuits of the pro-
posed converter during CCM are shown in Fig. 4(a) and (b),
respectively.

1) Mode 1 [#-t1, Fig. 4(a)]: In this operating mode, switch
S1 and S, are turned on simultaneously. Diode D, is forward-
biased, while diodes Dj;, D, and D3 are reverse-biased.
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FIGURE 4. Operating modes of the proposed converter: (a) Mode 1,
(b) mode 2, (c) mode3 in DCM.

The time interval of this mode is DT, where D and T are the
duty cycle and switching period, respectively. Inductors L1,
L, are charged while capacitors C, Crand C3 are discharged.
There are three loops in this states: 1) loop 1 consists of Vy,
Ly, Cy and S, in which V. and C; discharge the energy to L
through S»; 2) loop2 is composed of C», S1, L, and S5, capac-
itor C; charges L, through S1 and S»; 3) loop 3 is consisted of
Cy, Dy, Co, Ry, C3 and S5, where C, and C3 are connected in
series to discharge the energy to C, and Ry through D, and S>.
By applying Kirchhoff’s voltage law (KVL) to Fig. 4(a),
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the following equations can be derived:

diLlfon
=YV, V
a0t de T+ V1 7

Vo =Vea +Ves ()

2) Mode 2 [t1-1, Fig. 4(b)]: In this state, switch S1 and S»
are all turned off, diodes D, D, and D3 are forward-biased,
diode D, is reverse-biased. The time interval of this operat-
ing mode is (1-D)T. Inductor L, L, are discharged, while
capacitor C1, C; and C3 are charged. There are four loops in
this state: 1) loop 1 consists of Vyc, L1, D1, Ly, Dy and Cj.
Vac, L1 and L are connected in series to discharge the energy
to Cy; 2) loop 2 is composed of Ly, C; and Dj. Inductor L,
discharge the energy to capacitor Cy; 3) loop 3 is consisted
of Ve, L1, D1, Ly, D>, C3 and D3. Vyc, L1 and L, charges C3
through D1, D> and D3; 4) loop 4 is composed of C, and Ry .
C, discharges the energy to load Ry. Similarly, by applying
KVL in Fig. 4(b), the following formula can be derived as:

Ly

dip1_
L Lloff Vie — Ve + Ve

ai G
Ly d;Oﬁ = —Ve1Vea = Ves

In steady-state, by using the inductors’ volt-second balance
principle during one switching period. From (1) to (3), it has
D (Vi +Ver) + (1 =D) (Vage = Ver +Ver) =0 @)
DVeo—(1—-D) Ve =0
Solving equation (4), the steady-state capacitor voltage and
the output voltage V,, can be obtained as,

D 1-D

Vel= ————Vie Verzs=———Vy
AT 1 3pp TP T 3pypr©
V, = Vey + Vey = — 4= D)
o= VC2 C3_1—3D+D2 dc

(5)

From (5), the output voltage gain of the proposed converter
in CCM can be derived as,
Vo 2(1-D)

=—=r (6)

G = =
M =y T 1-3D+D?

B. CIRCUIT ANALYSIS IN DCM

The proposed converter will operate in discontinuous con-
duction mode when light loads are used. Fig. 3(b) shows the
key waveforms of the proposed converter in DCM. In this
situation, there are three operating modes and the equivalent
circuit diagrams are shown in Fig. 4(a)-(c), respectively.

1) Mode 1 [#o-1;, Fig. 4(a)]: This operating mode is same
as the mode 1 in CCM. From (1), the peak-to-peak value of
inductor current i1, iz» in mode 1 is
Vac + Ve

1

2) Mode 2 [t;-t2, Fig. 4(b)]: The corresponding equiv-
alent circuit schematic diagram is shown in Fig. 4(b).
The time interval of this operating mode is D,Tj.
Inductor voltage ur1, ur> can be calculated by using (3).

. . Vea
Al = DT  Aipp = L—DTs @)
2
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Mode 2 in DCM ends when the inductor current iy, iz are
reduced to zero.

3) Mode 3 [f2-t3, Fig. 4(c)]: Switch S1 and S, are still
turned off, and inductor currents are reduced to zero, as shown
in Fig. 4(c). The stored energy in capacitor C, is discharged
to load Ry, and the inductor voltages in this mode are also
Zero.

Based on the assumption of power circuit is lossless,
the average inductor currents Iy 1, I7 7 are derived as
| D + D,
Iy =

RVdc X

The discontinuous conduction mode occurs with the fol-

lowing condition,

It — Aip /2 <0 Ip— Aip/2<0 9

Iy ®)

iLl = iin =

Substituting (7) and (8) into (9), the boundary condition
between CCM and DCM can be obtained as,

2L, _D(1-3D+D% 21, _D(1-3D+D?

RT; — 4 RT; — 4
(10)

Assuming L1 = L and denoting K = 2L/RTs, Kyt =
D(1-3D + D?) /4, Fig. 5 shows the plot of K¢ as a function
of duty cycle D at the CCM and DCM boundaries. When
K > Kit, the proposed converter operates in CCM; when
K < K, the converter operates in DCM.
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FIGURE 5. CCM/DCM boundary condition of the proposed converter.

In DCM operating mode, from Fig. 4(a), the average induc-
tor current can be calculated as,

- D+ D D+ Dy Vg + 'V,
I = + xAile + Dx Vac + ClDTS

L
= D+ D, . D+ Dy Ve l an
I = iy = -
2 Ly

According to the volt-second balance property of inductor
L1, Ly in DCM, and solving (8) and (11), one can obtain the
following formulas,

N

D, D (Vac+Vcr)
Vac+Vei1= Veo=Dy=———— 12
actVer=ppVer= D= om0 (12)
Due to Veo = V,/2, and substituting (12) into (8),
the expression of D, can be derived as
4L,G
D, = 1Gpem (13)
RDT,
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Therefore, from (8), (11), (12) and (13), the output voltage
gain of the proposed converter in DCM can be obtained as

D* 1 6D?  5D*
Gpem =1+ — + 2[4+ —+

il 14
4K 2 K ' 4K2 (14

Based on (14), Fig. 6 shows the output voltage gain curve
Gpcu with variation of the duty cycle D for the proposed
converter in DCM. From this figure, it can be seen that
the output voltage gain in DCM is higher than that of in
CCM, and the voltage gain decreases with K increases. When
K > 0.022, the proposed converter operates in CCM mode.

18

—_ = =
AN 0 O N A

Output voltage gain, Gpcy

~

1 Y 1
0 0.05 0.1 0.15 0.2 0.25 03 035
Duty cycle, D

FIGURE 6. Relationship between DCM output voltage gain and duty
cycle D.

Based on the aforementioned DCM operating principle
analysis, the average inductor current /71 and Iy, are
- DD TSGDCM Vie - (D + Dx) DTSGDCM Ve
IhWw=——/"—"— In=
4L, 4L,

15)

Therefore, the inductor power loss of the proposed
converter in DCM mode can be calculated by:

Py =1+ 1L (16)

The capacitor power loss of the proposed converter in
DCM mode can be calculated by

72 72 72 72
P/rC = ICI—RMS re + ICz—RMS re + Ics—mwsrc + ICo—RMS re
D(({D+D,) , 1-D (GpewVae \
= ——— 1 rc rc
D, D Ry,
(D+Dy) (1 -D+D?
+ Irre
4DD,

2
(D+Dy)(1-3D+D%)° ,
— 12 rc (17)

4DD, (1 — D)

The total diode power loss of the proposed converter in
DCM mode can be expressed as

, - 1-D+D?>. 1-3D+D>.

Pp_joss=VF | DxIp2+ > Irr+ —D I
(18)
222587
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The total MOSFET power loss of the proposed converter
in DCM mode can be calculated by

;nosfet = /cunduction +P ;witching
_ VdCILl (ton + toﬁ‘)fs D 1+D— D2
~ 2(1-3p+Dp%) \1-D 2D
2
4D + (14D — D? B,
( 3 ) rpsif (19)
4D (1 — D)

Based on the above power loss analysis of inductors, capac-
itors, diodes and MOSFETs. The total power loss of the
proposed converter in DCM mode can be expressed as

P

/
total—loss

= P;L + P/rC + beloss + P:nosfet (20)

Then, the efficiency of the proposed converter in DCM can
be calculated by

N = Pin — P;aml—loss —1_ P;atal—loss
Pin Pin
/
P:‘L + P;’C + PD—loss + P;nosfet
=1- = 21
Vel

Ill. SMALL-SIGNAL DYNAMIC ANALYSIS

For simplicity, we assume that L; = L, = L, and choosing
capacitor voltages and inductor currents as the state-variables,
the input voltage Vy. as the input variable. Based on the
state-space averaging method in [28], by separating ac com-
ponents, and after Laplace transformation, the small-signal
transfer function of the proposed converter can be obtained
as

sLyip1 ()= Vead () +ilge () +itcy (s)—(1—D) iica (s)

sLaiga ()= (Ve1+Vea) d (s)+Diica (s)— (1—D) dic1 (s)

sCritct (s)=—Ip2d () —ip1 ($)+(1 — D) ira ()

sCaiicz (s)=[2D—1)1,/D/(1—-D)—(2—D) I12] d (s)
—Dip> ()—2iico (5) /RL+(1—D) ir1 (5)

sColtco () =1,d (5) /D

(22)

where the symbol “*”” denotes the small-signal perturbations
of the equilibrium points of state variables. Solving the above
small-signal state equation (22) with the input voltage pertur-
bation ugc(s) = 0, the transfer function from control duty
cycle d(s) to capacitor voltage V2 (s) can be derived as

ica (s)
Gy (5) = —
d ($) la4()=0
b3s® + bas® + bys + by
= (23)
ass* + a3s3 + ars? + a1s + ag
where by = [(2D-1)I,/D/(1-D)-2-D)12]L2C, by =
LC\[(1-2D)WVea-DVe1-2L1o JR/D/Col, b1 =  L[(2D-1)

(2-2D+D?)I,/D/(1-D)-(5-6D+3D*-D3)I; 5], by = (2-2D+
D*)[(1-2D)Vca-Ve1-2LI/R/D/Col, ag = L*CiCy, a3 =
ai = 0, ay = LC{(1-2D + 2D?%) + LC»>(2-2D + D?),
ao = (1-2D + 2D?)(2-2D + D*)-(1-D)*(1 + D)?.
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Based on the transfer function in (23), the bode diagram of
the proposed converter with the parameters in Section VII-A
is plotted in Fig. 7. From this figure, it can be observed that
the slope inclination is about —20dB/dec on the crossing
frequency, which indicates that the stability of this open-loop
system can be guaranteed. In order to realize stable operation
under input voltage or load changes, the voltage loop control
strategy with a PI controller is used, as shown in Fig. 8.

Bode Diagram
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FIGURE 7. Bode diagram of the control-to-capacitor voltage transfer
function G,4(s) of the proposed converter.

= gl N

— Limiter

Vo AN—>=

FIGURE 8. Pl-voltage loop control strategy for the proposed converter.

IV. PARAMETER DESIGN GUIDELINE

Generally, the parameter design of passive/active components
in a converter mainly depends on their rated voltage and rated
current. Hence, the voltage and current stress of each element
are deduced at first in this section.

A. VOLTAGE STRESSES ON SWITCHES AND DIODES
As shown in Fig. 4(b), switch S and S, are all turned off,
the voltage stress across Sy, Sz are derived as

D
Vsi =Ve1 = ————75 Ve
PP pP (24)
Vso=Vez = ————=Vae
s2=Ve3 = T 3p L pp e

Similarly, from Fig. 4(a) and (b), the diode voltage stress
of D13 and D, are

p1=Vcr+Ver = &
Vi =V, Vor=—“—

1 13D DD (25)
Vp2 = Vp3 = Vpo = [ —3D+ D2 Vie

B. CURRENT STRESSES ON SWITCHES AND DIODES

When S1 and S, are all turned on, as shown in Fig. 4(a),
the peak current across S is equal to the current flow through
inductor L. By applying kirchhoff’s current law (KCL),
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the current stress through S7 and $; are

i = — Iy P,
ST T DT 0D Vs 26)
. 14+D-D? (1+D-D*)P,

1l = =
25200 -D) " T 200 - D) Va

In mode 2, as shown in Fig. 4(b), diode D1, D, and D3 are
all forward-biased, the peak current through Dy, D,, D3 can
be expressed as

: I P,
ID1 =112 = 77—
(1 _D) Vdc (27)
, (1-D+D*P, (1-3D+D*)P,
l = 1 =
P a-pve T 20-D2Vvy

The current stress flow through diode D, can be derived as

1—-3D+D?*P
m=( )P, (28)
2D (1 — D) Vg

C. PARAMETER DESIGN OF INDUCTORS

As shown in Fig. 4(a), S1 and S are all at ON state in mode 1,
inductor L is charged by V4. and Cj, inductor L, is charged
by C3. The corresponding inductor current ripple diz, can be
expressed as, diy = xp %I, where x7 % is the permitted
fluctuation range of the inductor current. Then, from (1),
the inductor L and L, can be described as

_ (Vac + Ver) DT
x1,%I1 1

_ DIV

29
x1. %I 29

L

Substituting the expression of V¢i, Vo, Ip; and I1>
into (29), the required inductance value of L; and L, can be
calculated by

L1 _ DR (1-3D+D?)
T 4y, %f,

(30)

where f; is the switching frequency of switch Sy, S7,
ie., fs = 1/Ts.

D. PARAMETER DESIGN OF CAPACITORS

Based on the equivalent circuit of Fig. 4(a), by applying
kirchhoff’s current law, the current flow through capacitor Cq,
C> and C3 can be expressed as

. Auc
IC1_on 1 At L1
(1-3D+D?) Iy,

] = -y — 31

1C2_on L2 2D(1-D) 3D

. Aucs (1 —3D+D2) I

ic3on = G— D1 - D) (32)
where the capacitor voltage ripple Auc = xc%Vc, and
xc % is the permitted fluctuation range of the capacitor volt-
age, At = DT;. Substituting the inductor current expres-

sion into (31) and (32), the required capacitances of Ci, C3
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and C3 for the proposed converter can be calculated by

4(1 = D)?
Ci =
(1 = 3D + D?) Rp.xc %f; (33)
2(1-D+D?) 2
C) = C3 =

(1-3D+D?)Rexc%fs ~ Rixc%fs

As shown in Fig. 4(b), when S, S, are turned off, diode D,
is reverse-biased, the current flow through capacitor C, is
equal to the load current I, then

Auc, _ V,
(1-D)T, R
where Auc, = xc%V,. Therefore, from (34), the capacitance
of the output capacitor C, can be derived as follows,

_1-D
o RLXC% s

ico_off = Co (34)

(35)

E. PARAMETER DESIGN OF SWITCHES AND DIODES
Normally, the parameter selection of power switches and
diodes are based on their current and voltage stress,
respectively, as tabulated in Table 1.

TABLE 1. Voltage and current stress of the proposed converter.

Parameter Voltage Stress | Parameter Current Stress
21-D
G e L, .
1-3D+D 1-3D+D" °
1-D 2
C L —1
§ 13p=D" “ : 1-3D+D"
1-D 2
. D -1,
C3 1-3D+D% ‘ 1-3D+D?
Dy D =D D 1=D+D.
253 1-3D+D" * : 21-p° "
1 1-3D+D°
D —V. D —_—
! 1-3D+D* “ } 21-p° "
1-D 1
P —— D, —1
D 1-3D+D> ° D’
D 2
Vv =1
5 1_3D+D"_ “ S 1_5D+D" °
p -p_, g 1+D-D*
2 1=3D+D? de 2 2D I—DZ Ll

V. PERFORMANCE COMPARISON WITH OTHER
NON-ISOLATED HIGH STEP-UP DC-DC CONVERTERS

A. COMPARIOSN OF NUMBER OF COMPONENTS

Table 2 shows the comparison of number of passive and active
components used in these high boost converters. From this
table, it can be found that the proposed converter has two less
inductors than 3-Z-Boost converter [16] and SH-SLC [17],
one less inductor than the SL-qZSC [26], HQZSC [27]
and the converter in [20]. In addition, it has less number
of capacitors than the DIESC-converter [19], HQZSC [27]
and converter in [20], but a little more than the SH-SLC,
3-Z-Boost and SL-qZSC. Besides, the proposed topology
has the minimum number of diodes used in power circuit.
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TABLE 2. Comparison of voltage and current stresses for these non-isolated high boost converters.

_ DIESC-SC : 7. ~ Proposed
SL-qZSC[26] Converter[19] Converter in [20] 3-Z-Boost[16] | SH-SLC[17] | HQZSC[27] Converter
Inductor 3 2 3 4 4 3 2
Capacitor 3 5 6 2 1 7 4
Diode 5 4 5 9 7 5 4
Switch 1 1 2 1 2 1 2
Voltage 1+D 2+D 2+D (1+D 3 143D 2+D 2-2D
Gain(G) 1-2D-D*? 1-D 1-D -~ l1-D 1-D 1-2D 1-3D+ D’
Volage (GH)Ved3 Vu(1-D) £ oz
oltage GV 4 GVy 1+G) Va2 S
Stress ‘ VaA1-DY’ d 1+ 1-2D |GDV4/(2-2D)
- Iy I/(1-D)
Switch in
3+D G-1 G+2JG +1 G+3 +3pr
Current -0 2 . s - I I
Stress =D G n |-2-156+ 2436 JI+126 I G "l 26 " |D2+D | 1+D-D"
DG 1+6G 11126 5D 1-D ™
Voltage 5 V.
Stress of D, Ve (GHDVd3 Vae/(1-D) G (1+G)Ve 1-2D GVael2
Gre JG-17, /2
Voltage de Va/(1-D) (G-1)Vy 4 GVy/(2-2D)
Stess of | p)Gr/(1+D)| (GH)Vael3 GG 7, /2 Vae
Other de ‘ , Jar, | v, 1-2D
i Vae/(1-D s - Ve
Diodes DGV /(14D) a/(1-D) G-JG v d GVyl2
1,/G
Im Iin = G+\/5 I /2 I; Ii”
Inductor i n
Current 1414126 1,/ 2G G4_23 ’
1
Stress I/(1+D) I,/G 26+1-41412G | 14JG 1, /2 1,/G 5
g e

And the total number of the components used in this proposed
circuit is less than those of the other six high step-up dc-dc
converters.

B. COMPARIOSN OF OUTPUT VOLTAGE GAIN

The output voltage gain of the proposed converter is plotted
in Fig. 9 and compared with those of the other six high boost
topologies. The expressions of the ideal output voltage gain
are shown in Table 2. From this figure, it can be seen that the

16 T T T T T T T 7 T
141 Proposed Converter——p| !
w12 SL-qZSC [26]
=
5 10}f Converter in [20]
Q
8} HQZSC[27]
2l ,
‘é DIESC-converter [19] ~.~ -
g4t
) ’ :
2 . 3-Z-Boost[16]]
| SH-SLC [17] oost{16]
0 1 1 1 1 1 1 1 1 1
0 0.1 0.2 0.3 0.4 0.5

Duty cycle, D

FIGURE 9. Output voltage gain comparison among these high step-up
converters.
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proposed converter has the highest output voltage gain than
those of the other high boost converters through the whole
duty cycle range.

C. COMPARISON OF VOLTAGE AND CURRENT STRESSES

For these high boost dc-dc converter topologies, their corre-
sponding voltage and current stresses of passive and active
elements are summarized in Table 2. Based on this table,
the total capacitor voltage stress is compared in Fig. 10(a),
it can be found that the proposed converter has lower capac-
itor voltage stress than SL-qZSC and the HQZSC, but a
little higher than those of the other four topologies. The total
inductor current stress of the proposed method, as shown
in Fig. 10(b), is lower than the SL-qZSC, but higher than that
of the DIESC-converter, 3-Z-Boost converter, SH-SLC and
the converter in [20]. The total diode voltage stress compari-
son between the proposed topology and the other converters is
presented in Fig. 10(c). From Fig. 10(c), the proposed topol-
ogy has lower diode voltage stress than the SH-SLC, HQZSC
and SL-qZSC, but a little higher than that of the 3-Z-Boost
converter and the converter in [20]. Fig. 10(d) depicts the
total switching voltage stress comparison among these high
boost converters. From this figure, it can be found that for
obtaining the same output voltage gain G, the proposed circuit
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has lower switching voltage stress than SH-SLC, SL-qZSC
and the 3-Z- Boost converter, but a little higher than that of
the DIESC-converter and the HQZSC [27].

VI. POWER LOSS ANALYSIS AND EFFICIENCY
COMPARISON IN CCM

For the proposed converter, the total power loss consists of
capacitor loss, inductor loss, diode loss and the active power
switch loss, which will be calculated in detail in the following,
respectively.

VOLUME 8, 2020

A. ACTIVE POWER SWITCH LOSS
The current flow through switch S;, S; during ON and OFF
state can be obtained from Fig. 4(a) and (b),

s = Ir2, (0, DTy)
Os (DTS7 TS)
Is1(avg) = DIy = T D1L1
= 5 (36)
IsirMmS) = VDI, = . D1L1
1+D—D?
. ) =1, (O,DTy)
iss = | 2D(1 - D)
05 (DTS’ Té)
/ 1+D-D?
§2(AVG) = ————11.1
2(1—D)
= , 1+D—D? 37)
S2RMS) = ———— 11
®MS = VD (1 - D)

where Iy is the average current of inductor Ly, I;; =V, -
VoIRLIVge.

From (36)-(37), the total switching power loss and conduc-

tion power loss of S1, S2 can be expressed as

fon +1 ) )
Pywitching = MTOﬁfs (Vstist + Vs2is2)
_ Vaelp (tonttog) s (D 14+D=D?
~ 2(1-3D+D?) 1-D 2D
(38)
2 2
Peon = 15, rMms)"DS + I$2rMsS) DS
4D% + (1 + D — D?)’
= ( ) rpsl?, (39)

4D (1 — D)?

where f; is the switching frequency, #,, and . are the turn-on
and turn-off delay times of switch S| and S, rpg is the drain-
to-source resistance of these two power switches.

B. DIODE POWER LOSS
Based on the operating principle analysis in Section II,
the average and RMS values of diode currents can be derived

as

Iprave) = (1 = D) Ipr =114
V1 =D
Ipirms) = V1 = DIy = ﬁlu
/ B 1—D+D2I
D2VG) = i 2
1-D+D
1 =+1-D - ————]
D2RMS) = V 21 -D) L1
; _1-30+0%, (40)
D3aVe) = g 2
1-3D+D
Ipsrmsy =1 —=D- Whl
; _1-3D+D?
DoVG) = —y gyl 2
1-3D+D
I —Ji-D. ——~T~ |
Do(RMS) 2D (1—D) !
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The power loss associated with forward voltage drop Vp is

Pv;_1oss = Ip1(ave) VF + Ip2ave) VE + Ip3ave) Ve
+Ipoave) VF

_5-9+307

- w FIL1 (41)

The diodes’ ohmic power loss associated with the internal

forward resistance rp is

P =1} o+ 13 rp+ 13 r

rp—loss DI1(RMS)'D D2(RMS)'D D3(RMS)'D
2
+1IporMms) "D
1 (1-3D+D?)’
= —+ )
1-D 4D (1 — D)
(1=D+D%)"+(1-3D+0%)] ,
D
4(1-D)>3 i

(42)
Therefore, the total diode power loss can be expressed as

PD,loss = PVFJ()SS + PrDJoss (43)

C. INDUCTOR POWER LOSS
The approximate RMS value of the inductor current iz | and
iz can be derived as

2 2
I Vi GeeyVae
LIRMS) = 2y = —
C
IL1(RMS G2 Va
IoRMs) = M) — Jcem & (44)

1-D (1 -D)R,
Thus, the total inductor power loss can be expressed as

2 — 2D+ D?
— 72 2 _ 2
Pri_loss = ILI(RMS) 'L +IL2(RMS)rL - (1 — D)z L1l

(45)

where ry, is internal resistance of inductors.

D. CAPACITOR POWER LOSS

From Fig. 4(a) and Fig. 4(b), the current flow through capac-
itor Cq1, C2, C3 and C, during ON and OFF states can be
obtained as

. —Ir1, (0, DTy)
Ic1 =
l _ DILls (DTS7 Tb)
1—-D+ D?
. ———p . (0.DT)
2= 1_p+p? (46)
—I, DTy, T
2(1 —D) L2 ( K s)
1—3D+D2I ©.DT,)
; _ 2D(] —D) L1, 5 s
G =11-3D+D?
W[le (DT.S‘s Ts)
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1-D V,

——= .2, (0,DTy)

=1 D & @7)
-, (DT, Ty)
Ry

Based on (46) and (47), the approximate RMS value of
capacitor currents can be derived as

D
levwus) =\ 7L

1 -D+D?
IcorMs) = mhz (48)
1-DYV,
IcorMs) = D R,
1 -3D+D?
Ic3rMS) = (49)

20-D)JDaT-D)
Denoting the capacitor’s equivalent series resistance (ESR)
is r¢. Then, the total capacitor conduction power loss is
Prc_loss = Ig‘l(RMS)rC + IgZ(RMS)rC +I§'3(RMS)rC
+1 g‘a(RMS)r c
D 1—-D
= [m " DGy
(1-D+D?)’+(1-3D+D%*] ,
4D (1 — D)3 } e

(50)

where Gy is the output voltage gain of the proposed con-
verter in CCM.

Based on (38), (39), (43), (45), (50) and the internal para-
sitic parameters in Table 3, the power loss calculation results
for these high step-up dc-dc converters are depicted and
compared in Fig. 11. From Fig. 11(a), it can be found that
the inductor power loss of the proposed converter is lower
than that of the SL-qZSC, HQZSC [27] and the 3-Z-Boost
converter, but a little higher than that of the SH-SLC,
DIESC-converter and the converter in [20]. Fig. 11(b) shows
the capacitor power loss comparison. From this figure, it can
be seen that the proposed topology has lower capacitor loss
than the SL-qZSC and the HQZSC [27], but higher than
that of the SH-SLC, 3-Z-Boost, DIESC-converter and the
converter in [20]. The diode and MOSFET power loss com-
parison results are shown in Fig. 11(c) and Fig. 11(d), respec-
tively. From Fig. 11(c), the proposed topology has a lower
diode loss than the SL-qZSC, HQZSC and the converter
in [20], but higher than that of the SH-SLC, 3-Z-Boost and
the converter in [20]. It can be seen that from Fig. 11(d),
the proposed method has a lower MOSFTE loss than the
SL-qZSC, HQZSC and the 3-Z-Boost converter, but a little
higher than the DIESC, SH-SLC and the converter in [20].
Fig. 11(e) shows the power loss distribution percentage of
the proposed converter, it can be found that for obtaining
higher output voltage gain G, the major power losses come
from inductors, MOSFETs and capacitors. Therefore, based
on the above power loss analysis (29)—(43) and Table 3,
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FIGURE 11. Power loss analysis and efficiency comparison. (a) Inductor loss comparison. (b) Capacitor loss
comparison. (c) Diode power loss comparison. (d) MOSFET power loss comparison. (e) Loss distribution percentage of

the proposed converter. (f) Efficiency comparison.

the calculated efficiencies for these high step-up converters
are compared and plotted in Fig. 11(f). From this figure, it can
be found that the proposed converter has a higher efficiency
than that of the SL-qZSC, HQZSC and 3-Z-Boost converter,
but lower than those of the other three topologies (SH-SLC,
DIESC [19] and the converter in [20]).

VII. SIMULATION AND EXPERIMENTAL VERIFICATIONS
A. SIMULATION RESULTS

To verify the properties of the proposed active quasi-switched
dc-dc converter, a Matlab/Simulink simulation was per-
formed with the following parameters: input voltage V4. =
20V, Ly = Lp = 220uH, C; = C; = C3 = 100uF,
output filter capacitor C, = 220uF. The switching frequency
is f = 30 kHz, duty cycle D = 0.28 and load resistance
Rp = 50%.

Fig. 12 show the simulation results for the proposed con-
verter when Vg, = 20V, D = 0.28. From Fig. 12(a), it can be
seen that the inductor currents (i;,; and i7») are increased and
decreased linearly during ON and OFF states, respectively.

VOLUME 8, 2020

TABLE 3. Parasitic parameters for power loss analysis.

Parameters Values

Parasitic resistance of inductors (L, L,) 0.12Q
Core of inductors KS300125A(142nH/N?)

ESR of capacitors (Cy, C;, C3, C,) 100mQ

Diodes (MBR30200F) 200V, 30A, Vima=0.9V

MOSFET S§; (FQA90N15) 150V, 90A, rps(max=0.018Q

And the converter operates in continuous conduction mode
(CCM). Capacitor voltages V1, Vea(= V3) are pumped up
t0 23.4V and 60.4V, respectively. And the output voltage V,, is
boosted to 120.8V, which is the total of the capacitor voltages
V2 and V3. These are in good agreement with the calculated
values from (4). From Fig. 12(b), the switching voltage stress
of 1 and S, are 23.4V and 60.4V, the simulated diode voltage
stress are Vp; = 83.8V, Vpp = Vps = Vp, = 60.4V,
which are coincident with the theoretical calculated values
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FIGURE 12. Simulation results of the proposed converter when

Vgc = 20V, D = 0.28. From top to bottom: (a) gate-source driving
voltage Vgs, inductor current-iy ; -i,, capacitor voltage-Vc1-Vcy-Vcs,
output voltage-Vo; (b) drain-source voltage of S;, S,, diode
voltages-Vp;-Vpy-Vp3-Vpe-

from (17)-(18). Therefore, it can be concluded that the above
simulation results are fit well with the theoretical analysis.

B. EXPERIMENTAL RESULTS

To verify the above steady-state analysis and simulation
results, experimental test was performed for the proposed
topology. The circuit components’ values and types used
in the prototype are same as the aforementioned simula-
tion parameters. The two MOSFETs are FQA90N15 (150V,
90A, rpsmax) = 0.018%2), and the four power diodes are
MBR30200F (200V, 30A, Vrguay = 0.9V). All the power
MOSFETS are driven by the 2BB0108T basic board with
driver 2SC0O108T.

Fig. 13 shows the measured experimental results for the
proposed converter when Vg = 20V, D = 0.28. In Fig. 13(a),
from top to bottom, the waveforms are the gate-source voltage
Vs, inductor currents (ir1, ir2) and output voltage V,. From
this figure, it can be observed that input current is continuous,
when switch S| and S; are turned ON, the inductor currents
are increased. Otherwise, the inductor currents are decreased.
The measured output voltage V, is about 110V, which is
slightly lower than the calculated value due to the nonideali-
ties of components. The experimental capacitor voltages are
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FIGURE 13. Experimental results of the proposed converter when

Vdc = 20V, D = 0.28. From top to bottom: (a) gate-source voltage Vg of
S1. S,. inductor currents (iy;, i;;) and output voltage Vy; (b) Capacitor
voltages Vcq, V¢, and Ves; (c) Switching voltage stress Vpg; and diode
voltage (Vp;. Vp,): (d) Switching voltage Vg, and diode voltage stress

(Vp3: Vpo)-

measured and shown in Fig. 13(b). It can be observed that the
voltage of capacitor C; (Vc1), Cz and C3 (Ve = V3) are
boosted to 20V and 55V, respectively, which are a little lower
than the theoretical value due to the parasitic parameters of
passive and active elements. Fig.13(c) and (d) presents the
measured experimental switching voltage stress waveforms
of S1, S» and diodes D, D, D3 and D,. It can be seen that
when S1, S» are turned on, diode D;, D, and D3 are reverse
biased. The voltage stress of diode D is about 80V, while for
diode D;, D3 and D,, the voltage stress is about 60V, which
are much smaller than the output voltage. When S; and $>
are turned off, the measured switching voltage stress is about
23V and 60V, respectively, which are lower than the above
diode voltage stress. Therefore, the switches and diodes with
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low voltage rating can be used to decrease the size and loss
of the converter. In addition to the voltage stress waveforms
of diodes and switches, the experimental results of diode
current stresses and switching current stresses are presented
in Fig.14. From this figure, when switch S, S, are ON, diodes
D1, Dy, D3 are reverse blocking, D, is forward biased. And
the measured current stresses are all in good agreement with
theoretical analysis.
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FIGURE 14. Experimental results of diode current stresses and switching
current stresses when Vg, = 20V, D = 0.28. (a) Diode current stress ip;
(b) Diode current stress ip,; (c) Diode current stress ipsz; (d) Switching
current stress ig; (e) Switching current stress ig,.
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The theoretical and experimental output voltage gain of the
proposed circuit is plotted and compared in Fig. 15. From
this figure, it can be found that the experimental results are
lower than that of the theoretical values because the parasitic
effects of the components are neglected in theoretical calcula-
tion, while these cannot be ignored in practical applications.
Moreover, the difference between the theoretical values and
the experimental results are increased when the operating
duty cycle D is increasing. This is due to the fact that the
conduction losses of active/passive components will be high
when the shoot-through time interval is large.
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FIGURE 15. Output voltage gain comparison between theoretical and
experimental values.

The experimental efficiency of the proposed converter in
CCM mode is measured and plotted in Fig. 16, with different
output power under Vg. = 20V and V3. = 12V. From this
figure, it can be seen that the maximum measured efficiency is
92.6%, and the efficiency is higher with the increase of input
voltage, this is owing to the low conduction loss when small
duty ratio can be utilized with higher input, which is helpful
to improve the system efficiency.
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FIGURE 16. Measured converter efficiency versus different output
powers.

In CCM mode, based on the loss-related parameters
in Table 3 and the power loss analysis in Section IV. The
detailed loss distribution analysis in devices under the rated
operating condition when V4. = 20V, D = 0.28 has been
depicted in Fig. 17. From this figure, it can be observed that
the total power loss is about 19.4W, and the major losses
come from inductors, MOSFETs and capacitors, and their
corresponding loss distribution percentage are 36.2%, 29.8%
and 25.7%, respectively.

According to the DCM circuit analysis in Section II-B,
when K = 2L/R;T; < 0.022, the proposed converter
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FIGURE 17. Calculated power loss distribution in devices under the rated
operating condition of V4. =20V, D = 0.28.

operates in DCM mode. Under the operating condition of
R; = 50 and f; = 30kHz, the inductance of L and L;
should satisfy L; = L, = L < 18.3uH. Therefore, we choose
Ly = Ly = 15uH, V4. = 20V, f; = 30kHz, R, = 5092
and D = 0.28 to implement the DCM verification. And
Fig. 18 shows the corresponding DCM experimental results.
From Fig. 18(a), one can find that the inductor current reduces
to zero during one switching cycle, and the converter operates
in discontinuous conduction mode. Fig. 18(b)-(f) shows the
diode current stresses and the switching current stresses,
respectively. The experimental results of capacitor voltages
and output voltage under DCM condition are presented
in Fig. 18(g)-(h), which shows a good agreement with the-
oretical analysis.
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FIGURE 18. DCM experimental results of the proposed converter when
Ly =L, = 15uH, Vg = 20V, fs = 30kHz, R, = 502 and D = 0.28.

(a) Inductor current stress ij;; (b) Diode current stress ip;; (c) Diode
current stress ip; (d) Diode current stress ip3; (e) Switching current
stress igy; (f) Switching current stress is,; (g) Capacitor voltage

V¢ and Vc,; (h) Capacitor voltage V3 and output voltage Vo.
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Based on the small-signal dynamic analysis in Section III,
a PI controller, G.(s) = 0.001 + 0.038/s, is designed and
utilized in the voltage loop control strategy of Fig. 8, which
aims to evaluate the dynamic response performance of the
proposed converter. The close-loop dynamic experimental
results of the output voltage V,, and output current i, under
the load transient variation between full load and half load
are measured and shown in Fig. 19. It can be seen that with
the proper design of the PI controller, the output voltage of the
proposed converter is stable and insensitive to the load step
change.

[EF - S LEERY LR SRt % Time:200mis/div ¢ ]

15:21:44

500V € 500mA__)(200ms )@ o0y

FIGURE 19. Experimental dynamic response with the load transient
variation between full load and half load.

Besides, the dynamic response of the proposed converter
when the input voltage varies from 20V to 30V have been
presented in Fig. 20. Fig. 20(a) and Fig. 20(b) shows the
simulation and experimental results, respectively. From top
to bottom, the presented waveforms are the output current i,
the input voltage Vg and the output voltage V,,. From this
figure, one can find that when the input voltage changes from
20V to 30V, the output voltage and output current have the
overshoot and keep stable fast at 110V and 2.2 A, respectively.
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FIGURE 20. Dynamic response when the input voltage varies from
20V to 30V. (a) Simulation results; (b) Experimental results.
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Comparing Fig. 20(a) and 20(b), it can be observed that
the experimental dynamic performance results with the input
voltage variation are fit well with the simulation results.

VIil. CONCLUSION

A hybrid non-isolated active quasi-switched dc-dc converter
is proposed in this paper for high step-up voltage conversion
applications. The features of the proposed topology are as
follows: continuous input current, high output voltage gain
with a small duty ratio for the reduction of conduction power
loss, simple structure and easy to control. The voltage stress
on diodes and MOSFETs are low, which is beneficial to the
system efficiency and cost. The operating principle, CCM
and DCM circuit analysis have been discussed in detail, and
the small-signal dynamic analysis is also presented. In addi-
tion, a comprehensive performance comparison between the
proposed topology and other non-isolated high step-up dc—dc
converters are addressed. Finally, corresponding experimen-
tal results have been given to verify the analysis and merits of
the converter. Thence, it would be suitable for the low power
high step-up applications, such as TV-CRTs, medical X-ray
equipment systems, battery-powered LED lighting systems
and automobile high-intensity discharge headlamps, where
dc/dc converter with high voltage conversion ratio is also
required.
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