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ABSTRACT In order to overcome the defect of low output voltage of the renewable energy-based generators,
such as the photovoltaic array and fuel cells, a family of high step-up integrated dc/dc converters with dual
coupled inductors is proposed based on combination of the modified quadratic boost converters and the
voltage-multiplier modules (VMM). The high voltage gain can be achieved by adjusting the duty cycle and
turn ratios of the coupled inductor of VMM. In particular, quite low voltage stress on the power switch
can be obtained since the switch is no longer directly excited by the high output voltage, which is useful
for enlarging the power efficiency. In addition, the two inductors in MQBC are integrated by using one
magnetic core to decrease the size of the magnetic components. Very small ripples of the input current can
be realized by ripple suppress abilities of the coupled inductors. Two experimental prototypes with rated-
power of 200W are selectively constructed for comparative analysis, and experimental results verify the

correctness and practicability of the proposed converters.

INDEX TERMS
converters, low voltage stress.

I. INTRODUCTION
The development of renewable generation has been regarded
as an effective method to overcome the global energy crisis
and the deterioration of environment [1]-[4]. In general, the
output voltage of the renewable energy sources such as fuel
cells and PV arrays is relatively low and hence high step-up
dc/dc converters are widely required in order to enlarge the
DC voltage for supplying the grid-connected inverters and
DC loads [5], [6]. Although multitudinous efforts have been
dedicated to the design of power converters, new converters
with high voltage gain and efficiency are still desirable in
consideration of the application scenarios of renewable gen-
eration such as fuel cells and photovoltaic systems [7].
Electrical-isolation and high voltage gain are usually
together required by industrial application, and hence the
transformers based electrical isolated converters have been
widely investigated [8]—[14]. The voltage gain of the isolated
converters could be adjusted by tuning the turn ratios of the

Quadratic boost converters, voltage multiplier module, coupled inductor, integrated

intermediate transformer [8]-[10]. However, improper cou-
pling strength might cause leakage inductance which could
result in large voltage spikes on the active switches [11].
Moreover, the isolated converters without continuous and
smooth input current could lead to noticeable electromagnetic
interference (EMI) [12], [13], and hence bulky input filter is
necessarily demanded to properly suppress EMI [14].

In order to achieve high voltage gain, quadratic boost
converters (QBCs) are widely utilized, of which the voltage
gain can be expressed by a quadratic function in terms of
the voltage gain of traditional boost converter [15]-[17]. The
QBC presented in [15] is configured by using the traditional
topology composed of two cascaded boost converters, while
the QBC discussed in [16] is improved on the basis of [15]
with low buffer capacitor stress. Recently, the QBCs based on
non-cascading structures are newly proposed in [17]. How-
ever, the active switch of all the above mentioned QBCs is
operated under the stress of high output voltage, and hence the
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conduction resistance of the required active switch will result
in high-frequency turn-off losses and low energy conversion
efficiency [18].

To date, for applications without requirements of elec-
trical isolation, the non-isolated high step-up converters, in
virtue of simple structure and small size, have attracted many
research attentions [19]-[25]. Switching inductor (SL) and
switching capacitor (SC) have been used to structure the high
step-up converters, of which the voltage gain mainly relies
on the number of voltage lifting units [19], [20]. However,
the SL or SC based high step-up converters usually have
the drawbacks of large input current fluctuation, weak load
regulation and output-voltage stabilizing ability [21], [22].
In order to obtain high voltage conversion without require-
ment of extreme high duty cycle, the typical boost and
SEPIC converters can be modified by introducing the voltage-
multiplier cells [23], [24]. However, the voltage gain is depen-
dent on the circuit structure with low adjustable ability [25].

To improve the voltage gain adjustability of boost
converters based on voltage-multiplier cells, independent
inductors in voltage-multiplier cells can be replaced by the
coupled inductors to structure the voltage-multiplier mod-
ules (VMM). Then high voltage gain can be obtained by
varying the duty cycle as well as the turn ratios of cou-
pled inductors. Also, voltage stress of switching devices
can be evidently decreased [7], [26]-[29]. The high volt-
age gain and low voltage stress across the active switch
can also be achieved by combining VMMSs and the boost
converter [26], [27]. High voltage gain without requiring
extreme high duty cycle is achieved by a conventional inter-
leaved boost converter as discussed in [7], by introducing
the VMM composed of switched capacitors and coupled
inductors. A coupled inductor and two voltage multiplier cells
are together employed to obtain high voltage gain in [28].
Moreover, the energy recovery circuit can be naturally formed
by the diodes and capacitors and hence the efficiency of the
above mentioned converters can be improved. In addition,
a high static gain DC-DC converter based on modified SEPIC
converter and VMM is proposed in [29], of which the snubbed
circuit can be used to minimize the voltage spikes of the active
switch.

The VMMs-based high step-up converters comprehen-
sively possessing the high performances of high efficiency,
high gain, low voltage stress and continuous input current are
still requiring further research attention [30]-[34]. In con-
sideration of extreme high voltage applications, a novel
single-switch based high step-up converter has been pro-
posed in [30], which is formed by one QBC and one VMM.
By integrating coupled inductor with voltage-multiplier cells,
high conversion voltage and low voltage stress of the power
devices can be achieved. The three-winding coupled induc-
tor based converter discussed in [31] can also achieve high
voltage gain and low voltage stress, which is structured by
the improved QBC with low buffer capacitor stress [16] and
VMM. A converter is presented in [32] as the alternative
power circuit for high voltage conversion and low-to-medium
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FIGURE 1. Coupled inductor based QBCs and key waveforms. (a) MQBC,.
(b) MQBC;,. (c) MQBCy,;;. (d) key waveforms.

power applications, which is built based on the traditional
QBC [15] and the coupled inductor based VMM. Hence,
the QBCs and VMM s based converters can be used to achieve
high voltage gain and low voltage stress [33], [34].

To achieve high efficiency, high voltage gain and low volt-
age stress, a family of module-integrated converters with high
voltage gain by using dual coupled inductors is proposed in
this paper. In addition, very small ripples of the input current
can also be achieved by the ripple-suppressed ability of cou-
pled inductors. This paper is organized as follows. The circuit
topology of the high step-up module-integrated converters
is given in Section II. The steady-state operational princi-
ples and performances of MQBCI-VMMIII are presented in
Section III for demonstration, where the simplified case with-
out considering the loss of leakage inductance is performed to
get the static voltage gain and voltage stress. The comparative
analysis of steady state performances of MQBC-VMM con-
verters is shown in Section IV, and the experimental results
are presented in Section V to validate the theoretical analysis,
while conclusions are given in Section VI.

Il. DESIGN OF HIGH STEP-UP MODULE-INTEGRATED
CONVERTERS
A. THE COUPLED INDUCTORS BASED QBCS
The three modified quadratic boost converters (MQBC)
by making use of coupled inductors are shown in Fig.l,
labeled as MQBCy, MQBCy; and MQBCyyy, respectively. The
MQBC; is derived from the QBC discussed in [15] by cou-
pling inductor L1 and L. The circuits shown in Fig.1 (b) and
Fig.1 (c) are derived from MQBC;. During each switching
period, MQBCs have two operation stages, and the current
path of each stage is indicated by colored dash line in each
circuit. The symbols “or” and “off beside each dash line
represent the time intervals of the switch being turned on and
off, respectively. The key waveforms of MQBCj during one
switching period are depicted in Fig.1 (d).

Stage on: The switch Q and diode D; are conducted, and
the diode D» is turned off. The energy of DC source Vjj, is
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TABLE 1. A Family of high gain module-integrated converters with single active switch.
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transferred into inductor L; through D; and Q, and L; is
charged by capacitor C; via Q. Currents passing through L;
and L, are linearly increased.

Stage off: The switch Qand diode D; are turned off, and
the diode D; is turned on. The energy stored in L;is released
through D; to charge Cy, and the energy stored in L1 and L, is
supplied to the load at the same time. Currents going through
Ly and L, are linearly declined.

Based on the volt-second balance principle of Ljand L,
the gain expression of these three MQBCs can be presented
by

G(D) = ey

(1-D)?

where D is the control duty-cycle of switch Q.

B. VOLTAGE MULTIPLIER MODULES

Three circuit structures of VMM are presented in Fig.2,
labeled as VMMj, VMMy and VMM, respectively, where
Tis a coupled inductor with primary and the secondary wind-
ings denoted by n, and n, respectively. The voltage gains of
VMMs can be calculated as

Gvwmm; = 1+N, Gvmmy = Gvmmy =2+N (2)

where N is the turn ratios of the coupled inductor 7. Evi-
dently, the voltage gain of VMM can be adjusted by tuning
the turn ratios of the coupled inductors.

C. DERIVATION OF THE MODULE-INTEGRATED
CONVERTERS

The voltage gain of MQBC:s is only decided by the duty cycle
of control signal. Therefore, for the applications required
very high voltage gain, the duty cycle might be adjusted to

16258

Cy
—
T G
D, |-
oL D

(@)
FIGURE 2. VMMs with coupled inductors. (a) VMM,. (b) YMMy,. (c) VMM,;.

extremely high value and the active switch is then performed
under high voltage stress. A family of high step-up converters
is proposed by the combination of MQBC and VMM in order
to obtain higher voltage gain and lower voltage stress on
power devices, as shown in Table 1. Nine coupled inductors
based converters with high gain can be obtained.

Evidently, the proposed module-integrated converters can
achieve higher voltage gain for given duty cycles as compared
to single MQBC or VMM based converters since the voltage
gain can be controlled both by duty cycle and the turn ratios
of coupled inductor.

Ill. DEMONSTRATIVE ANALYSIS OF MQBC;-VMMy,

To further analyze the steady-state operation performance of
the proposed converter family, the converter structured by
MQBCy and VMMq is selected as illustrative example for
theoretical discussion.

A. CIRCUIT TOPOLOGY

To improve the power density, the inductors L; and L, of
MQBC; could be assembled into one magnetic core to struc-
ture the coupled inductor 77, which will reduce the size
of magnetic components. Very small ripples of the input
current can be achieved in virtue of the ripple-suppressed
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FIGURE 3. Equivalent circuit of MQBC,-VMMy,.

ability of the coupled inductors. The equivalent circuit of
the MQBC1-VMMyyp converter is shown in Fig.3, of which
Di, Dy and D4 are freewheeling diodes, D3 and D, are the
clamp diodes, respectively. C, is the output filter capacitor,
while 71 and T, are the coupled inductors. One attractive
advantage of this proposed converter is the snubber circuit
naturally structured by D3 and C3 of VMM]qy, as shown inside
the dotted frame. This snubbed circuit is capable of reducing
the voltage spikes on power switch Q possibly caused by
leakage inductance. The mutual inductance and the turn ratios
ofT; are presented by M and Ni, respectively. 7> is operated
under high frequency and can be equalized as a magnetizing
inductor Ly, in connection with leakage inductor Ly and L.

For analysis simplification, 7, is equalized as an ideal
transformer with the coupling coefficient ky = L/ (Lin+Lk1)
and the turn ratio N = ns/np. The operation stages of the
demonstrative converter MQBCi-VMMyy are shown in Fig.4.
The operation stages during one switching period can be
described as follows.

1) STAGE 1

The switch Q is conducted, while Diodes D,, D3 and D,
are turned off and diodes D; and D, are turned on. The
energy from DC source Vj, is delivered to L; by D; and
0, and L is charged by C; via Q. Currents ir| and i1, are
linearly enlarged. C3 is discharged and the energy is released
to inductor Ly, and C, via Q, which results in the increment
of current i1 x; the energy stored in the secondary winding of
T is released to C4. Hence, we have

dip dir
L—2 + M= = 3
1 dr + dr in ()

dipy di
M= T2y 4
% + L m c1 @
Vos = Vo2 + Ves — Vs ()

where Vi is the voltage across the secondary winding of 75.

2) STAGE 2

The switch Q, Dy and D, are turned off, while D3 is con-
ducted. The energy stored in L; is released through D5 to
charge capacitor Cy, and the current ir is linearly declined;
the energy stored in L, is transferred to C3 via D3. The
current ip» going through Q is quickly decreased by D3. The
voltage stress on Q is equal to V3 due to the conduction
of D3, and the snubbed circuit composed of D3 and C3 can
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FIGURE 4. Equivalent circuits of five operation stages during a switching
period. (a) Stage 1. (b) Stage 2. (c) Stage 3. (d) Stage 4. (e) Stage 5.

be naturally formed in virtue of the parallel capacitor of
Q, which could reduce the voltage spikes on Q during the
transient operation between stages. The energy stored in Ly
is discharged through D3 and then the energy is stored in
capacitor Cp, which leads to the linear decrement of ipy.
Meanwhile, the energy stored in Ly is transferred to C4 by
the energy recovery circuit consisting of D3, D4 and Cy4. The
following equations hold,

Vos = Vo2 + Ves, Vo = Vs (6)
dipx V2 + Ves

= Ve — 21 7

k= 2 N @)
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3) STAGE 3

Q is remained off and the current —ij 4 is decreased to zero.
Dy is turned off and Dy, is conducted. L; and L, are discharged
and the energy is delivered to capacitorsC; and C3. Also,
the energy is transported to supply the load by the circuit
loop consisting of C», the secondary side of 7>, C4 and D,.
Thus, the currents ip,; and i, are still linearly declined, and
the leakage inductance currents —ipx and ip¢ are increased.
We have

dip dirn
Li— +M—7— =V, —V 8
173 + m in — Vci (8)

dip dir»
M— +1H,—— = V1 — V 9
” 274, Cl C3 9)
Vs = Voo + Vs — (Vo — V3) (10)

Lok Vet Ves = (Vo — Ves)
K=, 2 v
(11
4) STAGE 4

The switch Q remains off. D3 can achieve zero-current turn-
off and its voltage stress is equal to the summation of V; and
VLm. Therefore, the voltage stress on Q can be decreased to
Vc3-Vez2-Vim. Namely,

Vb3 = Ve + Vim (12)
Vas = V3 — Ve — Vim (13)

In addition, the currents i; | and i 7 are still linearly decreased
and the current —iy i is also declined.

5) STAGE 5

The switch Q is turned on. L; is charged by Vi, and L, is
excited by V. The currents it | and iy 7 are linearly increased.
Meanwhile, the energy stored in Ly and C; is released to
charge C3, and the secondary side of 7> is supplying energy
to the load. Therefore, the currents —ip x and i1 are declined.
The voltage on leakage inductance Ly can be represented as
follows,

di V
i Ves — Voo — — (14)

L
Kl dt N>

After the currents —ijx and iy ¢ are reduced to zero, the next
switching period is initialized.

B. VOLTAGE GAIN OF MQBC;-VMMyy,
During the stage 1 as shown in Fig.4 (a), L1, L, and Ly, are
charged and the voltages across inductors can be expressed

by
Vo | _ | Lt M || g | _| Vn
]l sl =] o
dr
Voo + Vea — Vs
Vim= ———F——— =kVcz — Vc2) (16)
N,
16260

For the stage 3 as shown in Fig.4 (c), the switch Qis turned
off. L1, Lp and Ly, are hence discharged, namely

V| _ | Lt M| g | _|Via—Va
|:VL2i| N [M Lz] diy |7 | Ver — Ves a7
dr

Vea + Vea — (Vo — Vi)
Vim = . =—kVer  (18)

N

Applying the volt-second balance principle to the inductors
Ly, Ly and Ly,, we have

DT Ts
f Vidt + [ (Vi —Vepdt =0 (19)
0

DT

DTy Ts
f Verds + / (Ver — Ve)di =0 (20)
0 DT,

DT T
f ka(Ves — Vea)dr + / ka(—Vendi =0 (21)
0

DT

P Vea + Vs — Ve Ts
/ (L2 T PO / ko(—Vea)dt =0 (22)

0 %) DT,

Based on (17)-(22), the voltages across C1, C», C3 and C4 can
be derived by

1 D
Ver = mvin, Voo = mvin (23)
1 1 + koN,
Ves = (I_—D)zVin, Ves = ﬁVm 24

According to (16) and (21)-(24), the output voltage of
MQBC;-VMMyj can be expressed by

2 4+ koN>
Vo= +kN2)Vca + Vez + Vea = mVin (25)
Hence, the voltage gain of MQBCi-VMMyr can be written
by,
Vo _ 2+ kpyNo

Vin (1 —D)? (26)

It can be observed from (26) that, the voltage gain of the
MQBC-VMMyy is decided by the duty cycle D, the turn
ratios V> and coupling coefficientk;. Since the influence from
leakage inductance can be ignored due to its relatively small
value as compared with Ly. Then, the voltage gain of the
MQBC;-VMMy; can be rewritten as,

Vo 24N,
G(D, N2)cem = Vo ~ (A _Dy 27

The voltage gain curves of MQBC;-VMMq in terms of D
are presented in Fig.5, as NV, is equal to 1, 2 and 3 and k3 is
equal to 1. Evidently, for a given duty cycle value, the voltage
gain of MQBC[-VMMyyy converter is higher than QBCy and
the higher gain can also be achieved by increasing the turns
ratio N».
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FIGURE 5. Voltage gain comparison of MQBCI-VMMy,, in terms of N,.

C. VOLTAGE AND CURRENT STRESS ANALYSIS

According to the preceding analysis of voltage gain and by
neglecting the influence from leakage inductance and the
voltage ripples acrossC3, the maximum voltage stress on the
power switch can be derived by

1 1
VQ,stress = (1 — D)2 Vin = ) n N2 Vo (28)
The voltage stresses of the diodes can be written by
D D
VD1 stress = mvin = mvo (29)
1% _ by _1=b, (30)
D2,stress — 1-D in — 2+N2 [}
1 1
VD3,stress = mvm = ) +N2 Vo (31)
1+MN; 1+MN;
VD4,stress = mvin = ) +N2 Vo (32)
1+M 14+ N
VDo,stress = m in = ) +N2 Vo (33)

The ratio between the diode voltage and the output voltage
in terms of different N, and D is exhibited by Fig.6. It is
noticeable that the ratio between the voltage across D; ~ D3
and the output voltage can be decreased by the increment
of N,. Nevertheless, the ratio between Vp4 and V, can be
enlarged by increasing N,. In addition, the ratio between the
voltage across D1 ~ D and the output voltage is also decided
by the value of duty cycle D. The value of Vpi/V, can be
decreased by increasing N> and D. Hence, the duty cycle and
the turn ratios should be comprehensively configured in order
to achieve low voltage stress and switching losses.

The current ripples on the inductors L1, L, and Ly, can be
expressed by

(LyVin—MVc1)D _ (L1Ver —MVin)D

Al = ) L2 = )
(LiLy —M?)f; (LiLy — M?)f;
(34)
where mutual inductance M = k; (Lle)l/ 2,
Vin
Aljy = ———DT,. 35
Lm (1 — D)Lm S ( )
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By analyzing Fig.6 (a) and Fig.6 (b), the peak current of
diodes D and D; can be derived by

24+ N Al
1—-D)2° 2
24+ N, Al
I
a—Dﬂ°+ 2

Since the average values of the currents passing through
C3, C3, C4 during one switching period are zero, by apply-
ing the Ampere-second balance principle to Cp, C3 and Cy,
the average currents flowing through D3, D4 and D,, are equal
to the average value of i,. The current stresses on D3, D4, D,
and the power switch Q can be obtained by

21, Vi
Ips(peak) = 30 + ﬁDTS, (38)
- m

2 2
Ip4(peak) = BIO’ Ipo(peak) = mlo (39)

2(1 —D) Al
Ip(peak) = D I+ 7

(36)

Ipi(peak) =

(37)

Ipa(peak) =

(40)

D. ZERO RIPPLE OF INPUT CURRENT

Very small ripples of the input current can be achieved due to
the ripple-suppressed abilities of the coupled inductor. Based
on (34), the input current characterized by zero ripples can
be achieved when the Al is reduced to zero. Hence, the
following equations can be derived,

(L2 Vin — MVc1)D

Al =
(L1Ly — M?)f;

=0=LVin —MVc1 =0
41)

For steady-state operation, by substituting (23) into (41),
we have

M = (1 - D)L, (42)

Hence, the conditions to achieve zero input-current ripples
can be obtained by,

L,
ki = (1 —D) L—<1 43)
\ Ly
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TABLE 2. Performance comparison of QBC-VMM converters.

MQBC, MQBC; MQBCy;
MQBC,-  MQBC- MQBC-  MQBCy- MQBCyp-  MQBCy- MQBCy- MQBCuy- MQBCu-
VMM, VMM, VMMy, VMM, VMMy VMM VMM, VMM, VMM
Voltage 1+ N, 2+N, 2+N, 1+ N, 2+N, 2+N, 1+ N, 2+N, 2+N,
gain (-by (1-oy (1-by (1-oy (1-oy (1-oy (1-oy (1-oy (1-oy
Voltage stress vy Y v, Vs Vs Y Vs Yy Vs
on Q 1+N, 2+N, 2+N, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N,
Current stress I, 21, (1- D) 21,(1-D) 1, 21, (1- D) 21,(1-D) 1, 21, (1-D) 21, (1-D)
of O D D D D D D D D D
Tnp lrlitp(;ﬁgem Small Small Small Large Large Large Large Large Large
Voltage stress DV, DV, DY, (-Dyy, (1-Dyy, (1-D)V, DV, DV, DY,
of Dy 1+N, 2+N, 2+N, 1+ N, 2+N, 2+N, 1+ N, 2+N, 2+N,
Voltage stress a-Dy, (1-Dyy, (-Dyv, DV, DY, DV, 1-Dyr, (-Dyy, (1-Dyv,
of D, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N,
Voltage stress Vs A Y Y Y Vs Vs Ve v
of Ds 1+N, 2+N, 2+N, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N,
Voltage stress NV, A+N)r, A+ NV, NV, A+NY, A+ NV, NV, A+ NV, (+N,)V,
of D4 1+N, 24N, 2+N, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N,
Voltage stress NV, A+ NV, A+ NV, NV, A+N)V, d+N)V, NV, A+ NV, A+ N,
of D, 1+N, 2+N, 2+N, 1+N, 2+N, 2+N, I+N, 2+ N, 2+N,
Average
Currentong‘, Io Io Io Io Io Io Io Io Io
Voltage stress (1-Dy, (-DyV, (1-DyV, D(1- D)V, D(1- D)V, D(1- DY, D(1- DY, D(1- DYV, D(1- DV,
0fC1 1+N, 2+N, 2+N, 1+N, 2+N, 2+N, 1+ N, 2+N, 2+N,
i i D D D D D D
Snubber circuit 3 I:_LQ None 3 I}C“ 3 I}C‘ None 3 I:_LQ 3 I:}C} None 3 I:}C}
C. C. C. C. C. C. C. C. C.
Recovery — o o—| o o o o o] o
Dy 3 4 3 4 Dy D; Dy D; Dy Dy 3 Dy D; Dy

The input current characterized by very small ripples close
to zero can be achieved by suitably configuring the coupling
coefficient of T to satisfy (43). It should be noted that the
voltage gain of the proposed converters is independent of the
coupling coefficient k;. In other words, high voltage gain can
be achieved no matter L; and L, are independent or coupled
by the same magnetic core. To realize the input current with
very small ripples, the required value of L, should be larger
than the critical value to ensure CCM operation.

IV. COMPARATIVE ANALYSIS OF MQBC-VMM
CONVERTERS

The methods used for analyzing converter MQBCy-VMMyp
can be applied to the rest eight cases of MQBC-VMM con-
verters listed in Table 1. The theoretical calculation results are
shown in Table 2 for comparatively analyzing this converter
family. It can be observed from Table 2 that the voltage gain
of MQBC-VMM is in fact equivalent to the product of the
voltage gains of MQBC and VMM. This result also verifies
that the gain of MQBC-VMM converter can be controlled by
the duty cycle of MQBC and the turn ratios of the coupled
inductor inside VMM, namely,

Goec-vMmM = GocGvMmm 44)
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According to Table 2, the converters structured by MQBC;
can achieve small ripples of input current in virtue of the
ripple-suppressed ability of the coupled inductor. For the con-
verters containing MQBCy; and MQBCyy, the voltage stress
across the buffer capacitor Cj is relatively low and buffer
capacitors with small parasitic resistance can be utilized in
order to reduce power losses and overall size. Also, the
snubbed circuits can be naturally formed in the MQBC-VMM
converters by VMM, and VMM and hence the voltage
spikes on the power switch can be decreased. In addition,
the whole family of MQBC-VMM converters can structure
an energy recovery circuit by making use of the diodes and
capacitors inside the VMM, by virtue of which, the leakage
inductive energy can be recovered and delivered to the load.

The performance of converters with high voltage gain
structured by coupled inductors are comparatively listed
in Table 3, from which we can see that, the converter proposed
in [26] with fewer switching devices can achieve high gain
and low losses of leakage inductance. The high gain con-
verter with dual switches proposed in [27] can obtain lower
voltage stress on the switching devices, but based on high
complexities of control process. The proposed converters
MQBC-VMM and the converters presented in [33] and [34]
can achieve higher voltage gain by integrating the QBC
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TABLE 3. Performance comparison of the prototypes.

MQBCI, 11, 111 MQBCI, 11, 111
Converters [26] [27] [33] [34] VMM, VMM, 1
Number of switch 1 2 1 1 1 1
Number of diode 3 4 5 4 5 5
Voltage gain 2+N 242N 1+2N(1-D) 1+ ND 1+N, 2+ N,
in CCM 1-D 1-D (1-Dy (1-Dy (1- Dy (1- D)
ol - v, v v, v v, v,
t t t < P — < . P——
oltage stress on switc 24N TN 1+2N(1-D) T+ ND 1+ N, 24N,
1+ N)V,
Maximum voltage stress on Q 1+N)V, NV, NV, N, 1+ NV,
diodes 2+N 242N 1+2N(1-D) 1+ ND 1+N, 2+N,
Leakage inductance loss Small Large Large Large Small Small
Reverse recovery loss Small Small Medium Medium Small Small
80 ; — T
1k
—®=MQBC, , ,-VMM, , / ,’II N
—<= [33] AN
oof —*= MQBC,, ,-VMM, '/ /.\I< ," "
- - A [34] /./ ; l; A
= Q v
840 | v QBC ./I /./< 'A i
4 .l‘,( A’ v
.»" o’ ,‘," v
20 u* '.’o‘.’.:“"A v -
:,‘.’%}“‘;‘ v v
;u-t et A
ppbEEee vvvv' yvv?
RRAAAA A4 v v M 1 L FIGURE 8. Experimental prototypes of proposed converters
03 04 05 08 09 MQBC,-VMM;;; and MQBC;;-VMM;;.

0.6 0.
Duty Cycle

FIGURE 7. Voltage gain comparison of the proposed converter,
the conventional quadratic boost and reference [33], [34] with Ny =n =2.

and coupled-inductors. However, in addition to higher volt-
age gain, the MQBC-VMM module-integrated converters
can achieve quite low voltage stress of the active switch
and diodes as well as small reverse recovery loss in the
output diode, as compared with the converters presented
in [33] and [34].

V. EXPERIMENTAL TESTS OF THE PROPOSED
CONVERTERS
For comprehensively presenting the operation performance
of this converter family, MQBC-VMMj;; and MQBCy;-
VMMy are illustratively selected for laboratory tests. The
parameters of the converter prototype are configured as Vi, =
18V~36V, V, = 400V, P, = 200W, fi = 40 kHz, N; =
25:15,L1 = 207uH, L, = 98uH, M = 45uH; N, =45 : 15,
Lyn = 250uH, Ly = 1.2uH; C; = Cy = C3 = C4 = 47uF,
Co = 220uF

The experimental prototypes of MQBC;-VMMy and
MQBCp-VMMy are shown in Fig.8. The measured wave-
forms of the control signal Q, the output voltage, the input
current ij, and the current irp are shown in Fig.9, respec-
tively. It can be seen that, the ripples of the input cur-
rent ij, of MQBC-VMMyy; can be decreased to lower than
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FIGURE 9. Measured waveforms of Vgs, iy, ii; and Vo when V;, = 36V.
(a) MQBC;-VMMy,;. (b) MQBC;;-VMM,;.

5% of the average input current, while the current i, of
MQBCy;-VMM; is continuous but with the ripples up to 50%
of the average current. Also, the currents going through L, of
MQBC;-VMMy; and MQBC-VMMyy are continuous.

The control signal of Q, the voltage V4 and currents igs and
ip3 of MQBC-VMMy; and MQBC-VMM; are exhibited
in Fig.10, from which we can see that, once D3 is conducted,
the snubber circuit formed by D3, C3 and the parasitic capac-
itance of Q can be automatically activated for suppressing the
voltage spikes. When D3 is switched off, the voltage across
Qis then reduced from V3 to the value of Vi3-Veo-Vim.
Comparatively, large voltage spikes can be detected in Q of
MQBCy-VMM; since no snubbed circuit is naturally formed
in VMM.
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FIGURE 10. Experimental waveforms of Vgs, Vg, igs and ip3.
(a) MQBC;-VMMy;. (b) MQBC;;-VMM|;.
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FIGURE 11. Experimental waveforms of iy, ijs and ipg.
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FIGURE 12. Experimental waveforms of Vin, Vys, V¢ and Vcs.
(a) MQBC;-VMMy,. (b) MQBC;;-VMM|;.

The control signal of Q, the current waveforms including
ik, iLs and ipg of MQBC-VMMy; and MQBC-VMMyg
are displayed in Fig.11, respectively. It can be observed that,
at the beginning of stage 2, switch Q is turned-off, the current
going through D4 commences to decline and diode Ds is
conducted. During the time interval ¢, the energy stored in
leakage inductor Ly can be transferred to C, and the energy
stored in Ly, is firstly released toCs by the energy recovery
circuit composed of D3, D4 and C4, and then to the load.

The voltages across Q and Cj, the input and the out-
put voltage of MQBC;-VMMy1 and MQBCy-VMMy are
shown in Fig.12, respectively. The voltage across Cj of
MQBC-VMMyy is measured as 38V and the output volt-
age steadily reaches 400V, while the voltage stress of Cj
in MQBC-VMMy is detected as 20V. These results reveal
that MQBC1-VMMp possesses higher voltage stress as com-
pared with MQBCp-VMMyy. These experimental results are
in good agreement with the theoretical analysis.

The experimentally sampled efficiency curves of MQBC;-
VMMj; and MQBCy-VMMy; are depicted in Fig.13 (a).
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FIGURE 13. Experimental results of the converter efficiency and the total
power loss. (a) Converter efficiency (b) Power loss with 200W load.

The efficiency of MQBC;-VMMyy; is measured as 93.7%
when the converter is fully loaded, and the maximum effi-
ciency can reach 94.6%. The efficiency of MQBCy-VMMp
is measured as 93.2% under fully loaded condition, and
the maximum efficiency can reach up to 94.1%. The power
loss distribution of MQBCI-VMMy;; and MQBCy-VMMyy
are shown in Fig. 13(b). It can be seen that the power loss
of the switch is dominantly high both in MQBC;-VMMy1
and MQBC;-VMMy;, which can be measured as 7.1W and
8.7W, respectively. The power losses of the MOSFET and
inductors of MQBCy-VMM; are both higher than that of
MQBCi-VMMy, which lead to lower efficiency as compared
with MQBCi-VMMy by about 0.5%. In addition, since the
capacitor C; with small rated-voltage and equivalent series
resistance is adapted to structure MQBCy-VMMy, the power
loss of the capacitors is lower than that of MQBCi-VMMyp
by 0.7W. The rest of power loss of MQBC-VMMy and
MQBCp-VMM; is about 0.8W, including PCB and wire
conduction loss and so on.

Based on the above experimental results, it can be derived
that, each member of this converter family can achieve high
voltage gain and possesses different operation performance.
One can choose one of these nine converters according to
specific application requirement. For example, in addition
to high voltage gain, MQBC-VMMy could be selected for
utilization as very small input current ripple is required; in
consideration of the demand of low buffer capacitor stress,
MQBCy-VMMy; is suggested to be applied and high conver-
sion efficiency can be satisfied at the same time.
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VI. CONCLUSIONS

A family of nine high step-up module-integrated converters
with dual coupled inductors is proposed in this paper based on
the MQBCs and VMMs. These converters can provide high
voltage step-up for the power generation systems with low
output voltage, such as the PV array and fuel cells system.
The operation principle and steady-state performances of
the proposed converter family are experimentally verified by
taking two cases of MQBCi-VMMyr and MQBCy-VMMp
for demonstration. The experimental results shown that high
voltage gain can be achieved by adjusting duty cycle and the
turn ratios of the coupled inductor of VMM, and the voltage
stress across the power switch can be greatly reduced to the
value much lower than the output voltage. In addition, this
newly proposed converter family can be compatibly inte-
grated in order to achieve high efficiency and small size, and
can provide attractive references for new converter design in
consideration of renewable energy applications.
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