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ABSTRACT Conventional dc-dc Boost converter has limited boost capacity, and its power device suffers
high voltage stress. A novel Z-source based dc-dc boost converter featured with high step-up capability
and low device voltage stress is proposed in this paper. The proposed topology can also provide a common
ground for input and output, which is lacking in the traditional Z-source topology. Compared with other
high step-up topologies, the proposed converter can achieve higher voltage gain under the same duty ratio
and maintain low voltage stresses on the switch and diode. Moreover, there are fewer passive components
in the proposed structure than in other structures. The steady-state analysis for the continuous conduction
mode and discontinuous conduction mode is also provided in this manuscript. Finally, a prototype circuit
with 40V-60V input voltage, 400V output voltage and 200W output power is implemented in the laboratory.

Experiment results confirm the analysis and the features of the proposed converter.

INDEX TERMS DC-DC converter, impedance network, high step-up, switched-capacitor.

I. INTRODUCTION

Step-up dc-dc converters have been used for many appli-
cations, such as photovoltaic (PV) generation systems, fuel
cells, electric vehicles and LED lighting systems [1]-[4]. In
some applications, a high voltage gain is often required. The-
oretically, the conventional dc-dc boost converter can provide
a high voltage conversion ratio under an extremely high duty
cycle. However, the power device suffers high voltage stress,
which will cause a serious reverse-recovery problem [5].
Moreover, the current ripple is increased under such a high
duty ratio, which will cause the saturation of the inductance.
As a result, conventional dc-dc boost converter is unlikely to
be used in applications where the voltage conversion ratio is
more than 5 times.

Transformer-isolated converters can provide a high volt-
age gain by adjusting the turn ratio of the transformer [6].
And they have higher reliability and safety than non-isolated
converters. However, the switches in this type of converters
may suffer extremely high voltage spikes due to leakage
inductance of the transformer. To resolve this problem, a
resistance-capacitance-diode (RCD) [7] cell is often required,
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which will cause extra loss and decrease efficiency. Another
solution is the active-clamped circuit [8], it can suppress the
voltage spike without increasing power loss. However, one
more power switch is required, the cost and control com-
plexity are also increased. Moreover, the transformer-isolated
converters are subject to the increasing manufacturing costs.

Nonisolated step-up dc-dc converters can be generalized
as the coupled-inductor based type [9] and noncoupled-
inductor based type [10]-[14]. The coupled-inductor convert-
ers can achieve high step-up voltage gain and minimize the
voltage stress on the power switch. However, compared to
other structures, the converter is relatively bulky. Also, the
problems mentioned in the isolated topologies also exist for
this type of converter. Various boost techniques without a
coupled-inductor have been proposed. The focus of the stud-
ies include super-lift [10], switched-inductor and switched-
capacitor [11], [12], cascade techniques [13], and impedance
network [14], [15].

By integrating multiple voltage-lift cells, the super-lift
technique can improve the voltage gain geometrically.
However, the voltage stress of the switch is increased as
voltage gain increases. Besides, the current spike for charg-
ing the capacitors is also increased, which will deterio-
rate the efficiency and limit its boost capacity in practice.
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Switched-inductor and active switched-inductor structures
can charge the inductors in parallel and then discharge them
in series to obtain a higher voltage gain. The proposed
structure is amenable to many other structures [16], [17].
Unfortunately, the input current has become discontinuous.
Besides, the voltage stresses on the semiconductors are also
increased. Considering the switched-capacitor structure, in
order to obtain a high voltage gain, the cascaded topology
with multiple switched-capacitor cells is often required [18],
so the number of capacitors and diodes is increased. A higher
voltage gain can also be obtained through the two cascaded
boost converters. But an additional power switch is required.
To reduce circuit complexity and cost, the two switches are
integrated into one in [19], named quadratic boost. But the
voltage stresses on the switch and output diode are still high.
And the current ripple of the inductors is not decreased
significantly.

Compared with other structures, Z-source converter and
quasi-Z-source converter can provide a high voltage gain with
fewer components. Also, the current ripple of the inductor is
reduced because of the lower operating duty ratio. Impedance
network based converters have the capability of overcoming
the limitations of conventional dc-dc converters. However,
the traditional Z-source dc-dc converter lacks a common
ground for input and output [20]. And the voltage stress of
the power device is relatively high. In this paper, A novel
Z-source based dc-dc boost converter featured with high step-
up capability and low device voltage stress is proposed. The
proposed topology can also provide a common ground for
input and output, which makes it more suitable for some
applications. The rest of this paper is constructed as follows.
The structure of the proposed converter and circuit operation
mode are present in Section II. Steady-state characteristics
are analyzed in Section III. The non-ideal element analy-
sis is given in Section IV. The extension of the proposed
topology is present in Section V. Then, a comprehensive
comparison between the proposed converter and other struc-
tures is shown in Section VI. Simulation and experimen-
tal results will be provided to examine the features of the
converter in Section VII. The last part is the conclusions
in Section VIII.

Il. OPERATING MODE OF THE PROPOSED CONVERTER
The circuit topology of the proposed converter is shown
in Fig.1, which contains one Z-source network (L{-Czi-
Ly-C7z>), and one switched-capacitor cell (D1-S1-D»-S,-Cy).
Switches S1 and S; are controlled simultaneously by the same
drive signal. Additionally, the proposed converter comprises
an input diode D;, an output diode D, and a capacitor C,.

The operating principles of continuous conduction mode
(CCM) and discontinuous conduction mode (DCM) are ana-
lyzed in this section. In the following analysis, the following
assumptions are assumed.

1) All the capacitors are large enough. Thus, the voltage of
the capacitors is considered as constant in one switch-
ing period.
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FIGURE 1. Circuit topology of the proposed converter.

2) The power devices are ideal, and the parasitic elements
are neglected.

3) Considering the symmetries of the topologies, induc-
tors L1 and L possess the same level of inductance.

A. CCM OPERATION
There are two operating modes in CCM operation. Fig. 3(a)
shows some typical waveforms during CCM operation.
Mode 1 [tp-t1]: S1, S2 and Dy, are turned on, diodes D;, D;
and D, are reverse biased by V,-Vj, V1 and V1, respectively.
The current flow path is shown in Fig. 2(a). Lyis charged by
Cz1 and Cq, L, is charged by Cz> and Cy. Meanwhile, Cz1,
Cz> and Cj are connected in series to charge the load R and
C,. According to KVL, equations (1) and (2) are obtained.

ver = Ver + Vezi
v = Vei1 + Vezz

ey

Vo=Vc1+Vezi +Vezo  (2)

Mode 2 [t;-t>]: The switches are turned off. Diodes D;j,
D; and D; are turned on. Dy, is reverse biased by V,,-Vi. The
current flow path is shown in Fig. 2(b). Cz; is charged by V;
and L,, Cz» is charged by V; and L;. Also, Cj is charged by
Vi, L1 and L. Output voltage is maintained by C,. According
to KVL, the following relationships are obtained

ver =Vi— Vez 3)

vip = Vi —Vezi
Ver=Vezi+Vezz—Vi 4

B. DCM OPERATION

There are three operating modes in DCM operation. Fig. 3(b)

shows some typical waveforms during DCM operation.
Mode 1 [tp-t;]: The equivalent circuit is the same as that of

CCM operation. Equations (1) and (2) still apply at this stage.

Assuming that Ly = Lp = L, the variation of the inductor

current during this time interval can be calculated as

V V
Aiyj = Vez1 + CI)DTS

L 5
_ Vezo + VCI)DTS &)
L
Mode 2 [t;-15]: The current flow path is the same as that of
CCM operation. Equations (3) and (4) still apply at this stage.
Mode 2 ends when the inductor current is decreased to zero
at .
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FIGURE 2. Current flow path of the proposed converter within each mode. (a) Mode 1 in CCM and DCM. (b) Mode 2 in CCM and DCM. (c) Mode 3 in DCM.
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FIGURE 3. Theoretical waveforms of the proposed converter. (a) Typical
waveforms in CCM. (b) Typical waveforms in DCM.

Mode 3 [t>-t3]: During this time interval, switches and all
diodes are turned off. The output voltage is maintained by C,.
The equivalent circuit is shown in Fig. 2(c). This mode ends
when switches are turned on at #3, which is the beginning of
the next switching period.

Ill. STEADY-STATE ANALYSIS OF THE PROPOSED
CONVERTER

A. CCM OPERATION

Assuming that 79 = DT is the interval of mode 1 in a
switching cycle Ts, where D is the duty cycle of the switch,
T1 = (1 — D)Ts is the interval of mode 2 in a switching cycle
Ts. By applying the voltage—second balance principle to the
inductors, equations (6), (7) and (8) are formulated as

DTs Ts
/ Ver+ Vezy) + / (Vi—=Vcz2) =0 (6)
0 DT
DTy Ts
/ (Ver +Vezo) + / (Vi—Vez1) =0 ™)
0 DTs

Vezt = Vezz (8)
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FIGURE 4. Average current equivalent circuit of the proposed converter.

Combine (6), (7) and (8) with (2), (4), the voltage across
the capacitors and the voltage gain G are calculated by

Ve = Vegy = - =22y, )
CcZ1 = CZZ—1_4D1
1
= - 1
Vei 1—4DV1 (10)
Vo 3—4D
=2 = (11)
Vi 1—4D

The average currents of the input and output are expressed
by I; and I, respectively, then the current transfer function of
the proposed converter is given by
I, 1-4D

G === 12
=T =3"4p (12)

By applying the above-calculated voltage relationships in
the steady state, the voltage stresses on the switch and diodes
can be calculated. The following relationships show the volt-
age stresses on the diodes (cathode to anode) and switches
(drain to source).

1
Vg1 = Vgp = Vi 13
S s2= 715V (13)
1
Vb1 = Vpo = Vi 14
DI b2 =15V (14
2
Vpi = Vpo = mvi (15)

The average currents of the inductors are expressed by
I11, and Iy, respectively, the average currents of Dj, D,, D
and D; are expressed by Ip;, Ipo, Ip1 and Ipp, respectively.
And the average currents of switches are expressed by Is;
and Isp. According to the charge balance of the capacitors,
Fig. 4 can be depicted. From Fig.4, the following equations
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can be obtained.

Ipi = I; (16)

Ipo = 1o (17)

Iy =Inn=5L—-1 (13)
I — Io

Isi = Isp =Ip1 = Im2 = 5 (19)

B. DCM OPERATION

Assuming that 71 = DTyg is the interval of mode 1 in
a switching cycle Ts. 7o = DmTs is the interval of
mode 2. Then the time interval corresponding to mode 3 is
T3 = (1 — D — Dy)Ts. In terms of the voltage-second of the
inductors in a whole switching cycle, the capacitor voltages,
as well as the output voltage V,, can be obtained from (1)-(4),
as

Veg) = Vegy = 2M=D y, (20)
cz1 = Vezz = 5 =5V
Dyv+D
Ver = ———V; 21
€= py—3p" (2D
V. 3Dy — D
— oM~ (22)
Vi Dy — 3D

According to the charging balance of the capacitors, the
average currents of the inductors is given by (23). From
Fig.3(b) and (5), the average current of the inductors can be
rewritten as (24). Based on (22), Dy can be rewritten as (25)

2DV 42D V,
IhhhWw=h)=——7-— — 23
m=le=7""p R (23)
DmD (Dv + D) ViTs
L1 L2 Dy — 3D T (24)
D3BG-1)
= —= 25
M G_3 (25)
From (23)-(25), the duty cycle D is derived as
2G(G -3 L
D= # L= (26)
3G -1 RTs
Then, a dimensionless parameter is defined as
L @7)
T=—
RTs

Substituting (27) into (26), the voltage gain G is given by

G — YD +28tD? + 367 4 3D + 67
- 4t
The curve of the voltage gain is shown in Fig. 5. When the

proposed converter is operated in DCM operation, the voltage
gain will increase as t decreases.

(28)

C. EXTERNAL CHARACTERISTIC OF THE PROPOSED
CONVERTER

If the converter is operating under the boundary condition
of CCM and DCM. The voltage gain of DCM operation is
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FIGURE 6. External characteristic of the proposed converter.

the same as that of CCM operation. According to (26), the
boundary constant g can be obtained as

_(G=3)3G-1)

T 2G (4G — 4)?
Combine (29) with (28), the external characteristic of the

proposed converter is depicted in Fig. 6. The proposed con-

verter will be more likely to work in DCM operation when
D = 0.1286.

8 (29)

IV. NONIDEAL ELEMENT ANALYSIS OF THE PROPOSED
CONVERTER
The parasitic parameters of all elements are ignored in the
above analysis. Actually, the losses of each component could
influence the efficiency and boost ability of the proposed
converter. In this section, the effect of nonideal element
is analyzed, and the efficiency and nonideal voltage gain
expressions are also calculated.

Assuming that the equivalent series resistors of the capaci-
tors are rc, the forward voltage drops of the diodes are Vp
and Vpi, the on-resistances of the switches are rg, the dc

VOLUME 9, 2021
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FIGURE 7. Equivalent current loops when considering the parasitic
parameters. (a) Switches are turned on. (b) Switches are turned off.

resistances of the inductors are ry , Fig. 7 shows the equivalent
current loops of the proposed converter working in CCM
operation.

A. POWER LOSS OF THE PROPOSED CONVERTER
The conduction loss of the power switch is mainly related to
the on-resistance and the root-mean-square (RMS) value of

the current. The current through the switch can be expressed
by

I
21i_21°+z_; 0<t<DTs
0 DTs <t <Ts

is = (30)

According to (12) and (30), the conduction loss of the
switch can be calculated as
o Mrs _p s
T D2(1—4D)2  ° D2(1 —4D)®R
The switch-on loss can be calculated by linearizing the

currents and voltages of the switches when they are changing
their states [30], as

€1V}

rs

ton p—
Pan =t [ x B0~ Lkt 32)
0 fon Ton 6
where the Vg is the voltage stress on the switch before it is
turned on, /g is the current through the switch after it is turned
on, fs is the switching frequency, #,, is the turn-on delay of
the switch. Similarly, the switch-off loss for the switch can be
calculated by

1
Py = nglstoﬁfs (33)

where 7, is the turn-off delay of the switch. Consequently,
the switching loss can be obtained by

fS (ton + toﬂ)
3(3—4D)D (1 —4D)

Psszz(Pmn +Psoﬁ”):P0' (34)

Therefore, the total power loss in the main switches can be
calculated as follows

Js (tun + tuﬁ‘)
3D (3 — 4D) (1 — 4D)

PP 2rg
ST\ D21 —4D)’R
(35
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The losses of the diodes depend on the magnitude of the
current flow and their forward voltage drops. Therefore, the
currents of diode D1 and diode D5 can be expressed by

0 0<t<DTs

ipr=im=19 li—1I DI« <t <T. (36)
20-p) S~ =08

The power loss associated with the forward voltage drop
Vb1 is expressed by

1
Pp) = Ppp = ——1,V, 37
b1 = Pp2 = 7 lVp (37
Similarly, the power loss of diodes D; and D, can be

calculated as
3—4D

Pp; = mloVD (38)
Ppo = 1,Vp (39
The total power loss in the diodes is obtained by
e 1) T
Vo \1—-4D 1—-4D

The main loss of the inductors in the PWM converter is the
conduction loss. According to (18), the average currents of
the inductors are given by

Iy =12 = 1 _24D[0 (4D)
The power losses of inductors can be calculated as
PL=Pr1+Pro="P,- - (42)
(1 —4D)*R

The power losses of the capacitors depend on the equiva-
lent series resistance of the capacitors and root-mean-square
(RMS) value of the currents. According to the charging
balance of the capacitors, the currents passing through the
capacitors can be approximated by

1-2D
—mlo 0 S t S DTS
icz1,cz2 = (1 _ 2D) (43)
— I, DIs <t <Ts
(1-D)(1 —-4D)
Iy

“ba-apy =P

icy =1 P054D) (44)
—————— DIs <1t =<Ts
(1—-D) (1 — 4D)

=D, o<i=pr

o=y D ° =00 (45)

I, DTs <t <Ts

From (43)-(45), the power losses of the capacitors can be
obtained, as

Pcz1 = Pezy = P =20 rc (46)
LT (1= D) (1 — 4D)*R

rc

Pci = Py 47

T DA —D)(1—4D)’R “n
(1-D)rc

Poy = Py 2E (48)
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FIGURE 8. Calculated power loss of the proposed converter under
Po = 200W and V, = 400V.

From (46)-(48), the total power losses of the capacitors in
the proposed converter can be obtained, as

[(1-2D)2 + 1+ (1 —D)*(1 —4D)*] rc
D(1 —D)(1 —4D)*R

Pc=P,-
(49)

We assume that the proposed converter is operated in
CCM operation, the power loss considering the nominal
specifications and selected components (shown in table 4)
are calculated, which is shown in Fig. 8. It can be seen the
diode loss accounts for the greatest proportion of the power
loss, followed by the switch loss and inductor loss. This
analysis proves that the overall efficiency can be improved
by optimizing parasitic parameters.

B. EFFICIENCY AND NONIDEAL VOLTAGE GAIN OF THE
PROPOSED CONVERTER

The proposed converter efficiency 7 is calculated as

Py P, 1

T P T Ps+PL+PctPptPy 1+A

A = 2rs Js (ton + toﬁ’)
D2(1 —4D)2R 3D (3—4D) (1 —4D)
4—-8D Vp 2 Vb1 8rL
1—4D V,  1—-4D 'V, ' (1—4D)R

N [(1 =2D)* + 1+ (1 — D)*> (1 —4D)*] rc
D(1—D)(1—4D)*R

The voltage conversion ratio considering the parasitic

parameters will be decreased unexpectedly. But the current

transfer function is true for ideal and nonideal conditions.
Thus, the nonideal voltage gain can be calculated as

Vo I 3—4D 1

G(nonideal) = 71 = ETI =1_4p° i1

The voltage gain considering the nominal specifications
and selected components is shown in Fig.9. It can be seen the

(50)

D
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FIGURE 9. Voltage gain under different conditions.

switched-capacitor cells.
Z-Source Network
50 L OO

Z-Source Network SC 1 sci_

FIGURE 10. Cascaded topology. (a) Proposed converter with two
switched-capacitor cells. (b) Proposed converter with N
switched-capacitor cells.

proposed converter can maintain a high boost capacity when
G < 20, and the measured voltage gain for experiment match
well with the theoretical analysis.

V. EXTENSION OF THE PROPOSED CONVERTER

The cascaded topology is proposed in this section, which is
obtained by cascading the multiple switched-capacitor (SC)
cells, as shown in Fig.10. It can be seen that the advantage of
common ground for input and output is still retained. Simi-
larly, some necessary relationships can be obtained by using
the same analytical method present in Section III, which is
summarized in table 1. Since there are 4 diodes, 4 capacitors,
2 switches and 2 inductors in the basic structure, it is expected
that there are 2N +2 diodes, N +2 capacitors, N + 1 switches

VOLUME 9, 2021
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FIGURE 11. Characteristics of the cascaded structure. (a) Voltage gain. (b) Voltage stress on semiconductors. (c) Current ripple of the inductors.

(d) Boundary conditions.
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FIGURE 12. Voltage gain comparison between the proposed and other
quasi-Z-source based dc-dc converters.

and 2 inductors in the topology with N switched-capacitor
cells.

According to table 1, the average current of diodes and
switches is decreased when increasing the number of SC
cells. To give a graphical presentation, Fig. 11 is depicted, in
which voltage gain, device voltage stress, current ripple of the
inductors and boundary conditions are present to illustrate the
characteristics of the cascaded topology. It can be seen even a
small duty ratio of the switch will achieve a high voltage gain,
and the current ripple of the inductors as well as the voltage
stresses of most switches and diodes are reduced under the
same output condition. What’s more, the proposed converter
will be less likely to work in DCM operation when adding the
extra stages.

Vi. COMPARISON

A comprehensive comparison between the proposed and
other structures is provided in this section. The comparison
is performed on their boost factors, device voltage stress, the
number of devices and so on, as shown in table 2.

Boost ability is an important index to evaluate converter
performance. To provide a graphical comparison of the volt-
age gains, Fig. 12 is illustrated. The proposed converter can
achieve the highest voltage gain under the same duty ratio.

VOLUME 9, 2021
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FIGURE 13. Voltage stress comparison between the proposed and other
quasi-Z-source based dc-dc converters.

Moreover, fewer capacitors and inductors are employed,
making smaller size and higher power density.

Another issue is the voltage stresses on the semiconduc-
tors. It can be seen from Fig. 13 that although the converter
proposed in [21], [22] and [25] can achieve high voltage gain
in theory, the device voltage stress is equal to the output volt-
age. And in [23], it exceeds the output voltage. The extremely
high voltage stress will increase the probability of failure.
Also, devices with high voltage ratings tend to have poor
performance, which will lead to high cost, high power loss
and low efficiency. It can be seen the proposed converter can
provide the same output voltage with lower device voltage
stress, so devices with low on-state loss can be employed to
improve the overall efficiency.

In addition, a common ground for input and output are
required in some applications. Otherwise, the lack of com-
mon ground may generate common-mode leakage current,
which will decrease system reliability and lead to serious
electromagnetic interference problem [30]. The proposed
converter can provide a common ground for input and output,
as shown in Fig. 14. Therefore, the common-mode leakage
current can be greatly reduced by short-circuiting capaci-
tor Cgnp. Compared with the converters proposed in [22]
and [24], the proposed converter is more competitive in this
respect.
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TABLE 1. Performance index of the proposed converter with N SC cells.

Index Value Index Value
N+27(2N+2)D N+17(n+l)/2
Voltage gain in CCM G= W Vor, Vos...Vpew.n 1-(2N+2)D
[n(subscript) =13,5,..2N -1
1% v, ﬂ I I I 11 —10
cz1, Ven 1-(2N+2)D ' b1, Ip3 ...Apen-n) Nl
by by
Ve, Ver... Ve I-2N+2)D Vo, Vos-- Voen 1-(2N+2)D
n|l —1
N+1 [N+1—7}—‘ o
Vi Vo i Ipo, Ips ... Ipon) 2) N+1
17(2N+2)D [n(subxcrlpt) = 2,4,6,...2N]
Ve Ve Ve 1 v Current ripple of the inductor in Ai = (N +1)(1-D)¥. DT,
s1 Voo Ven 1-(2N+2)D CCM " (1-2ND-2D)L
I To I L—1, Boundary conditions between .= D(1-D)(1-2D—2ND)
Sb SN N+1 CCM and DCM ® " 2(N+2-2D-2ND)

TABLE 2. Comparison between the proposed and other existing high step-up dc-dc converters.

Voltage stresses
Ref. Structures Voltage gain | Components on switches and Advantages and disadvantages
diodes
4 Diod V Improved voltage gain
| 1S 1oite; V=7, ~ Common ground for input and output
[21] G= 4D 4 In(;zctcors y ° -y O Relatively high voltage stress on components
B . DLD2D3D4 — To X Discontinuous input current
7 Capacitors P
X Many passive components
6 Diod Vsis20aps06 = Vo +/ Improved voltage gain
1+ D rodes G-1 v Reduced passive components
G- 2 Switch Voips = ——=V, . .
[22] 3D 2 Inductors 2G ORelatively high voltage stress on components
h . + X Discontinuous input current
2 Capacitors - G lV p )
D2 G ° X Lack of common ground for input and output
_3G-2 v  Improved voltage gain
3 Diodes s 26 ° ~ Common ground for input and output
23] g= 22D 1 Switch _36-2, < Smoother output voltage
1- 3D 4 Inductors o 2G ° + Continuous input current
4 Capacitors v = G v o Reduced passive components
D2.D3 = "5 "o X Extremely high voltage stress on components
V= 2G+ 1V v Low voltage stresses on components
5 Diodes s 56 ° </ Extra stages can be added to get higher voltage gain
[24] G= 2+ D 1 Switch _ 2G+1 | oNota significant improvement in voltage gain
1- 2D 3 inductors DL,b2,D3 5G9 X Lack of common ground for input and output
7 Capacitors _2G+ lV X Many passive components
D4Ds g~ "o | X Discontinuous input current
V Improved voltage gain
% 3 Diod J Extra stages can be added to get higher voltage gain
N BV ] 1 1 S\fitceli v.=", v Common ground for input and output
[25] o C]L I R G= 1- 3D 3 Inductors Ve =V, v Cont%nuous .mput current
| - 5 Capacitors o O Relatively high voltage stress on components
O Reduced passive components
G- 1 Y Improved voltage gain
) Vais2 = EV; J Extra stages can be added to get higher voltage gain
4 Dlpdes v Common ground for input and output
. 3- 4D 2 Switches G- 1 .
Fig.2 G= ) 3 Inductors Voim = EV; v Reduced passive components
) : v Low voltage stresses on components
4 Capacitors G- 1
Voipo = —V, X Initial current spike on D;, D,,S; and S,.
G X Discontinuous input current
The drawback of the proposed converter should also be of the proposed converter is discontinuous, so a relatively
pointed out. The main drawback is that the input current large input filter is required. Another drawback is that inrush
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FIGURE 14. Equivalent circuit considering parasitic capacitance to ground.

current exists at startup, which may cause damage to the
power device.

VII. SIMULATION AND EXPERIMENT VERIFICATIONS

A. DESIGN OF INDUCTANCE AND CAPACITANCE

We assume that the maximum allowed current ripple of the
inductance is xz % and the proposed converter works in CCM
operation. Considering the cascaded topologies, the inductors
L1 and L; can be designed as

vedt D (1—D) (1—2D — 2ND) RTs
diip. ~  (N+2—-2ND—-2D)x;%

where dt = DTs is the time interval when the switches are
turned on, and di;, = x; %I}, is the variation of the inductor
current during this time interval. If the converter is designed
to operate in DCM, the following equation can be obtained.
D (1 —D)({ —2D —2ND) RT.
Li=L < ( ) ( )RTs (53)
2(N +2—-2D—2ND)
Then, taking the xc % peak-to-peak capacitor voltage rip-
ple into consideration, the capacitance C, can be designed as
c . at (1-D)Ts
=l = ——
© ¢ de XC %R
where dt = DTs is the time interval when the switches are
turned off, and dvc = xc %V is the voltage ripple of C,.
Similarly, other capacitors can be designed as

(N +2 —2ND — 2D) T

xc% (1 — 2ND — 2D) R
(55)

Li=L,=

(52)

(54)

Cz1=Cnn=C=--Cy=

B. DESIGN GUIDELINE FOR CONTROLLERS

A small signal model is established to study the dynamic
characteristics of the converter and provide reference for the
design of the controller. The small signal model is derived
from the average state-space model. The inductor current iy 1,
ir» and capacitor voltage vcy, vc2, Ve, and veo are selected
as the basic variables. Since the capacitors are charged and
discharged in parallel, the equivalent series resistance (ESR)
of the capacitors cannot be ignored in the following analysis.
We assume the ESR of the capacitors is r¢ and the ESR of
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the inductance is r;. The generalized state-space equations
for CCM operation are given by

9 ax+B
p— u
dt

. . T
x=[i1 ir2 vezi vezz  ver  veo |
u=[v]" (56)

In mode 1, equation (57) can be obtained.

iczo =11 +icz1 —ir2

ic1 =icz1 —iL2

. . . Vco + rcico

lCo=—"Ilczl — L] — ————— (57)
R

Veo + rcico — Veza — iczarc

=vcz1 +ver + (icz1 +ict) re

Based on (57), equation (58) can be derived, as shown at the
bottom of the next page. Similarly, in mode 2, equations (59)
can be obtained.

L dir 2 n 4 I 4 1
— =—\=zrc+rL )i —rci =V
1 37C LI+ rciy + 3vez
2 1 2
. —3vez2 T 3vel + 3Vi
L dlL2 _ 1 . 2 + . 2
27 T 3lci FrC I )2 = 3vez
+ ! + 2
—Vcza2 — <V —Vj
3Vcz2 — 3vel % i
dvczi 1, n 2. 1
=—=I =2 — =—V - =V
2 31L1 3 L21 3rc cz1 3rc cz2
+ %VCI + %Vi
dVsz 2. 1 . 1 1
= —ip1 — ZiL2 — =—Vczl — —V
22— 3 il 32 1 3rc cz1 3rc Ccz2
+ _ —_ v
3rc ver+ 3rc Y
c dve1 1, N 1, . 1 n 1
=—i —i —V —V
Ly 3 Lll 32 %Vc cz1 3rc cz2
- %Va - %Vi
C dvco —_ VCo
° dt R+ rc
(59)
The control to output capacitor voltage vco, open-loop
transfer function by considering v; = 0 is derived, the
obtained values of the poles are Py = —20477, P, = —1058,
P3, P4 = —3.06 £ 2371, and the zeros are obtained as

Z1 = —73009, Z, = —2732,Z3 = 2057. The corresponding
Bode plot is shown in Fig. 15. The above analysis proves that
the system is a non-minimum phase system, which is similar
to the traditional Boost converter and Buck-Boost converter.
Besides, all poles are located on the left half of the S-domain,
so the proposed converter is proved to be stable.

C. SIMULATION RESULTS

A lossless model was established in PSIM to examine the
voltage gain and boundary conditions of CCM and DCM.
Subsequently, a principle prototype was established in the
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Bode Diagram
60Gm =-23.8 dB (at 594 rad/s), P, =—26.3 deg (at 3.89¢+03 rad/s)
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FIGURE 15. Open-loop Bode diagram from control to output voltage.

laboratory to verify theoretical analysis and boosting capa-
bilities. The selected parameters are shown in table 3. And
the principle prototype is shown in Fig. 17.

According to the boundary conditions (equation (29)),
it can be inferred that under the selected parameters, the
converter will first work in CCM and then in DCM as the
inductance value decreases. We assume that the operational

duty cycle D = 0.1 and the load resistance R = 800€2, if the
proposed converter is operated under boundary conditions,
the corresponding boundary constant g and inductance value
Lg are calculated as g = 0.0104 and Lg = 332 H.

Fig. 16(a) shows the typical simulation waveforms with
L = 1mH. It is clear that the proposed converter works in
CCM operation, and the voltage gain is consistent with the
theoretical analysis and is only related to the duty cycle D.

Fig. 16(b) shows the typical simulation waveforms with
L = 332uH. The simulation results show that the average
current of the inductor is equal to half of its current ripple
and the converter is operated under the boundary condition
of CCM and DCM.

Fig. 16(c) shows the typical simulation waveforms with
L = 100uH. It can be seen the proposed converter is oper-
ated in DCM operation, and the dimensionless constant t is
calculated as t = 0.00313. According to (28), the voltage
gain can be calculated as Gpcy = 7.589. It can be seen the
simulation results match well with the theoretical analysis.
Consequently, the correctness of the theoretical analysis has
been verified.

D. EXPERIMENT RESULTS
An experimental prototype was built to verify the theoretical
analysis and the boosting capability of the proposed con-
verter. The parameters for experiment are shown in table 3.
Fig. 18 shows some typical waveforms in CCM operation
when V; = 40V. The experimental duty cycle is 0.197,
which is basically in line with the theoretical calculation
value(D =~ 0.194). The voltage across Cz; is 106V, the
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dipy N (4R +2rc) rc )\ . N ra N 2R + r¢ 2R + 2r¢ N 2R+ re
— =—\nn+——)i —i ——Vezl — ————V —
Y AR 3 ) M T AR T3 P T AR 1 30 YN T AR ¥ 3 PP T AR+ 3rc ¢!
2R
YR+ C0
dirs g N (4R + 2ro) e\ . 2R + 2r¢ N 2R + rc N 2R +r¢
—=—in—|\nt+———-—"|ipp————v — —
2"dr T AR+ 30 M LR 3 )™ T 4R 13m0 PV T AR ¥ 3 PP T 4R+ 30 !
R
TRt 30O
C deZl 2R+rc. +2R+2rc. R—i—rc R+VC R+rc
= — l l — A% — \% — A%
2 4R+ 3rc O AR T3 2 7 4R+ 3ro)re 2V T GR 1 3royre 2T @R+ 3rc)re ©F
I
(4R +3rc)rc (58)
c dvezo 2R+ 2rc . 2R+ rc . R+ rc R+ rc R+ rc
= ir1 — ir2 — VeZl — ——————— V2 — ———————V
2270 T AR+ e I RT3 ™ " @R+ 3ro)re ' T @GR+ 3rovre 2T @R+ 3rc)re
Y @R+ 3ro)re O
CdVC1 2R+ rc . R+ rc . R+ rc R+ rc R+ rc
=— ir1 — ir2 — VeZl — V22 — oV
Y 4R + 3r1% o RT3 ™ T @R+ 3ro)re ' T @GRt 3ro)re 2T @R+ 3ro)re O
Y @R+ 3re)re O
dvco 2R+ 2rc . 2R + 2rc . R+ rc R+ rc R+ rc
Co = - L1 — 2 + vezil Y —————Vecz2 + —————Vci
dt 4R + 3r¢ 4R + 3rc (4R + 3rc) rc (AR + 3rc) rc (4R + 3rc) rc
R+ SRr¢ + 3%
— %
4R+ 3rc) R+ro)re ©°
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FIGURE 16. Simulation results of the proposed converter with V; = 40V.

TABLE 3. Specifications of devices for simulation and experiment.

6.97504 0.97508 0.97512 0.97516 0.9752 09752 0.97504 0.97508 0.97512

Parameter Value/Part Number
Input voltage V; 40V-60V
Maximum output voltage V, 400V
Maximum output power 200W
Switching frequency f; 25kHZ
MOSFET S//S, SUG90090E
Diodes Di/D, DPG60C400HB
Diodes D/D, APT60S20BG
Capacitors Cz/C»/Ci/C, 22uF
Inductors Ly/L, ImH (CCM)/100uH (DCM)

0.97516 0.9752 0.9752 0.9698 0.96984 0.96988 0.96992 0.96996

Time(s) Time(s)
(b) (©
- oo 20 3 v o amv om0y osws  mr BN O o0v/ aov 4 N Bius Bk
ftinsia] o | | P = - = "
MM 717 A R A [ [l O L
Vo(200V/div) § TTGoovidivy
Ver(100V/div) J U U U L
B 1 Vio(300V/div)
' T Ve (200V/div)' i J U L
b 4 Ver(200V/div)
(a) (b)

8 U S Y S SO O e . i 0 | B o 1
V4200V/div) \ im(FA/div)
o nlnonon EL M

.
NGy I GG, S
i(3A/div) i i (10A/div)
© (d)
FIGURE 18. Experiment results of the proposed converter with V; = 40V
in CCM operation. (a)Input voltage V;, output voltage Vo, capacitor

voltage Vcz; and V. (b) Voltage stresses on power semiconductors. Vp;.
Vpor Vs1- (€) Vo, Vpy, i1 (d) Current of diodes and switch, ip;, is;, ip;-

TABLE 4. Voltage gain and efficiency of CCM and DCM.

FIGURE 17. Principle prototype and its control circuit.

voltage across Cj is 188V, the voltage stresses across switch
S and diodes D;, D, and D; are 188V, 360V, 360V and 188V,
respectively. The current stresses of the power semiconduc-
tors are shown in Fig.18(d), the average current of Dj, Si,
and Dy are 5.27A, 2.33A, and 2.39A respectively. Besides,
the experiment results for V; = 60V are shown in Fig.19.
Considering the power loss of the converter, the theoretical
analysis is proved to be correct.

Fig. 20 and Fig. 21 show the typical voltage and current
waveforms in DCM operation. It can be seen the proposed

VOLUME 9, 2021

Duty ratio Data category | CCM operation | DCM operation
Voltage gain 322 3.63
0.05 -
Efficiency 92.0% 88.5%
Voltage gain 3.58 4.98
0.075
Efficiency 92.8% 90%
o1 Voltage gain 4.03 6.77
' Efficiency 93.2% 89.2%

converter has three modes in each high frequency cycle. In
mode 3, the inductor current drops to zero. In addition, the
inductor current has a relatively low sinusoidal pulsation at
this mode, which is caused by the resonance between the
inductors and the junction capacitance of the power semicon-
ductors. It is worth mentioning that this resonance will not
occur in either mode 1 or mode 2. Because it is suppressed
by a complete capacitor loop in these two modes.
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FIGURE 19. Experiment results of the proposed converter with V; = 60V
in CCM operation. (a) Input voltage V;, output voltage V,, capacitor
voltage Vcz, and V. (b) Voltage stresses on power semiconductors. Vp;.
Vpo: Vs1- (€) Vo, Vpy. igq- (d) Current of diodes and switch, ip;, isy, ipy-
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FIGURE 20. Experiment results of the proposed converter with D = 0.05
in DCM operation. (a)Input voltage V;, output voltage Vo, capacitor
voltage V¢z, and V¢y. (b) Vp;. Vs, Vpy. and iy
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FIGURE 21. Experiment results of the proposed converter with D = 0.1 in
DCM operation. (a) Input voltage V;, output voltage Vo, capacitor voltage
VCZI and Vc] . (b) VDi' VS]' VDI' and il.'l .
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FIGURE 22. Key waveforms in the dynamic state with load change.
(a) Experiment waveform for load resistance mutation. (b) Experiment
waveform for input voltage mutation.

The comparison of voltage gain and efficiency between
CCM and DCM is given in table 4. The converter can pro-
vide higher voltage gain in DCM operation. However, due
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FIGURE 23. Measured efficiency curves of the proposed converter.

to the larger current ripple and higher current root mean
square value, the efficiency is relatively low. Fig. 22 shows
the dynamic performance of the converter. It can be seen
that the converter can maintain good stability when the load
resistance changes or input voltage changes.

The efficiency curve of the experimental prototype at
Vo = 400V is shown in Fig. 23. It can be seen the efficiency is
improved when increasing input voltage. Compared with the
transformer or coupled-inductor based converters proposed
in [27]-[29], the proposed converter can achieve higher effi-
ciency with the same voltage gain.

VIil. CONCLUSION

This paper has proposed a novel high step-up dc-dc converter.
The proposed structure can achieve high voltage gain and
maintain low voltage stress on the semiconductors.

Circuit operation principles, analysis, and necessary rela-
tionships were presented. Considering the result, the voltage
gain will increase when the proposed converter is operated in
DCM operation.

The cascaded topology was proposed in Section V, some
desirable features exist in the cascaded topology, such as
higher voltage gain, lower device voltage stress and lower
current ripple of the inductors.

A comparison between the proposed and other structures
was also provided. Considering the results, the superiority of
the proposed converter to other converters is confirmed.

Finally, simulation and experimental results have veri-
fied the characteristics and theoretical analysis. Consider the
advantages of the proposed converter such as high step-up
capacity, low device voltage stress, common ground for input
and output and reduced passive components, it could be a suit-
able choice for uninterruptible power supply systems, electric
vehicles, and LED lighting systems, where high voltage gain
is often required.
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