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An Efficient High-Step-Up Soft-Switching Boost
Converter for Photovoltaic Application

Mahdi Akhbari Pouya Amiri/ Mohamad S. Nilsaz®

In this paper, an efficient high step-up boost converter with a coupled-inductor with soft-switching operation is presented. The
proposed topology includes a coupled-inductor boost converter for raising the voltage gain. Moreover, a simple auxiliary resonant
circuit composed of an auxiliary switch, a clamping diode and a resonant tank (inductor, capacitor), is adopted in this paper. The
coupled-inductor boost converter presents poor efficiency because of hard switching and switch losses. All switches in the adopted
circuit perform zero-current switching at turn-on, and zero-voltage switching at turn-off. This soft-switching operation reduces the
switching losses and diode reverse-recovery problems. The converter uses PWM method for switching and it is controlled by a PI
controller to improve its dynamic response. The paper presents detailed analysis of the converter operational modes. A 225W dc-dc
converter is designed and evaluated by simulations. The results are presented to confirm the theoretical analysis.
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I INTRODUCTION

High step-up dc-dc converters have many industrial applications
such as uninterruptible power supplies (UPS), telecommunica-
tions industry, space industry, distributed energy generating sys-
tems using renewable energy sources and hybrid electric vehi-
cles (HEV). These applications use low voltage energy sources
such as batteries, ultra-capacitors, fuel cells and PV cells and
require much higher output voltage for operation. In theory,
conventional boost converters are able to provide high voltage
gain with an extreme duty cycle. However, in practice, the volt-
age gain is limited by parasitic resistance of boost inductor and
switching devices, and instability at high operating duty cycles
because of diode reverse-recovery. There also higher voltage
devices are necessary and it results in cost increase and lower
efficiency. To increase both voltage gain and conversion effi-
ciency, many modified boost converters have been developed in
recent years [1-4].

To overcome the diode reverse-recovery problems, active-clamp
techniques were adopted but voltage gain and efficiency were
still limited by turn-on time and loss of the auxiliary switch
losses respectively.

To achieve a wide voltage ratio and decrease both voltage
and current stresses and reverse-recovery problems coupled-
inductor were employed but the leakage energy of coupled-
inductor resulted in high voltage stress across the switch at turn-
off. To protect the switches, either a high-rated switch or a snub-
ber circuit was needed. To consume the leakage energy and
moderate voltage stress and output diode peak voltage passive
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snubber circuits were implemented [2—4].

Another problem is switching losses, which is problematic espe-
cially at high switching frequencies which results in poor con-
verter efficiency. Therefore, to reduce these switching losses
soft-switching methods were applied [5]. Also a soft-switching
method is proposed, which involves an auxiliary circuit. How-
ever, the auxiliary resonant circuit increases the cost and com-
plexity of converter [6—16]. In certain cases in the resonant con-
verters formed by an auxiliary switch, the main switch achieves
soft-switching but the auxiliary switch performs hard-switching.
Thus, the whole system efficiency remains relatively poor ow-
ing switching losses of the auxiliary switch. Park er al. [17]
presented a soft-switching boost converter applied to an auxil-
iary resonant circuit. They obtained better efficiency compar-
ing conventional boost converter. The adopted converter has
a simple auxiliary resonant circuit (SARC). Through this cir-
cuit, all of the switching devices perform soft-switching under
zero-voltage and zero-current conditions. Therefore, the peri-
odic switching losses generated at switches turn-on and turn-off
can be decreased. However, the proposed converter has low dc
voltage conversion ratio due to none ideal circuit components.

This paper proposes a new converter topology that presents the
both high voltage conversion ratio and efficiency. As illustrated
in Fig. 1, the converter is an adopted coupled-inductor boost
dc-dc converter using a resonant circuit. In the proposed con-
verter all switching devices perform soft-switching under ZVS
and ZCS reducing the losses and voltage and current stresses.
The converter uses PWM method for switching patterns and is
controlled by a PI controller to improve its dynamic output re-
sponse. A 225W dc-dc converter for PV application is designed
and evaluated by simulation in PSIM software. The results show
a good agreement with analytical findings. Before mounting the
prototype, the design parameters of the converter should be op-
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timized to minimize the losses and to limit switching stresses,
now the research activities are in progress to achieve this aim.

IT CONVERTER ANALYSES AND DESIGN

In Fig. 1, the adopted converter is including three parts, a

coupled-inductor boost converter, auxiliary resonant circuit and

clamp diode (D.). Shown in Fig. 2, the operational mode of this
converter can be divided into six modes. For a simple analysis
of each mode, the following assumptions are made:

1. All switching devices and passive elements are ideal.

2. The converter operates in continuous conduction mode at
all modes.

The input voltage (V) is considered constant.

4. The coupled inductor in Fig. 1 is modeled as a transformer
with magnetizing inductor (L,,) as depicted in Fig. 2. The
turns ratio (n) and coupling coefficient (k) of the trans-
former are defined by the relations (1) and (2) where Ny
and N5 are the winding turns in the primary and secondary
sides, respectively.

(O8]

ey
k= L /(L + L) @

The voltage gain of coupled-inductor boost converter and the
voltage stress on the main switches (V; 2) are calculated as (3)
and (4), where D is the duty cycle of the switches. These rela-
tionships are derived from the analysis of the proposed converter
which is presented by 6 modes of operation during a switching
period in the next sub-sections.

n:NQ/Nl

Vo/Vs = (nD+1)/(1 = D) ©)

vs1,52 = (Nvs +v,)/(n + 1) 4

Mode 1 (tg <t < ty)

Switches S7 and S5 are both in the OFF state, the current cannot
flow through switches S;andSs, and the accumulated energy of
the L,, is transferred to the load (Fig. 3). In this mode, the L,
current decreases linearly. During this time, the current does not
flow to the resonant inductor (L,), and the resonant capacitor
(Cy) is charged by a constant amount. After both switches are
turned on, mode 1 is over; the relations describing some of the
voltages and the currents may be simply obtained as follows:

vpm () = (Vs = V5)/(n+1) ®)
i (8) = i (1) + P ©®
iDo(t) = iLm(t)/n (N

i (t) =is1,52 () =ip1,p2(t) =0 ®
Ver () = (nvs +v,)/(n+ 1) 9
vs1, §2 = Ver(t)/2 (10)

Mode 2 (t1 <t < t3)

After turning on the switches S; and So, the current flows to
the resonant inductor. At that time, the both switches are turned
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Figure 1: Topology of the proposed converter

on under zero-current switching (ZCS). As the resonant current
rises linearly, the load current gradually decreases. The reso-
nant capacitor voltage will be constant. At ¢5, the magnetizing
inductor current equals the resonant inductor current, and the
output diode (D,) current reaches zero. Then, the output diode
is turned off under zero-current switching (ZVS), and mode 2 is
over:

iLy (tl) =0 y ULr (t) = Ver (t) (11)
i (t) = o100 (1) = ”%(t)t (12)
Ve - ‘/o
ipm (£) = ipm (t1) + ((n + 1)L) t (13)
Z.L'm (t2) = iLT (t2) (14)
ipo(t) =tiLm (t)/n, ipo(t2) =0, ip1,p2(t) =0 (15)

Mode 3 (to <t < t3)

The output diode (D, current no longer flows, and the resonant
capacitor (C.) and the resonant inductor (L,.) start a resonance.
The magnetizing inductor current is nearly constant. Hence, the
magnetizing inductor voltage is near zero:

Z.Lm,(t) = Imin ) VLm =0 (16)
Va
Z.Lr (t) :isl,SQ (t) :Im,in"_Zi;Sin(w rt); iL'r‘ (tS) = IM (17)

During this resonant period, the resonant capacitor is discharged
from (nvs 4+ v,)/(n + 1) to zero. This is expressed as (18) and
(19). Resonant frequency and impedance are given by (20).
When the voltage of the resonant capacitor equals zero, the

mode 3 is over: r
.
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When the voltage of the resonant capacitor equals zero, mode 4
begins. In this mode, the freewheeling diodes of D; and D, are
turned on, and the current of the resonant inductor is at max-
imum value. The resonant inductor current flows to the free-
wheeling paths S1—L,—D- and So—L,.—D;:

Q51,52 (1) = (ip,. () /2) + (iLm (t) /2) (22)
ip1,p2 (t) = (ig, (t) /2) = (iLm (1) /2) (23)
’L'Lr (tB) = iLr (t4) = ILr,mam (24)

During this time, the magnetizing inductor voltage is equal the
input voltage and the current accumulating energy increases lin-
early:

vim (8) = Vi 25)
o (1) = Toin + 71 26)
i (£) = Vi (£) = 0 @7)

Mode 5 (t4 <t < t5)

In mode 5, all of switches are turned off under the zero-voltage
condition by the resonant capacitor. When all of the switches
are turned off, the resonant capacitor C, is charged to a constant
value by the two inductor currents until the resonant capacitor
is full charged and the output diode is in the OFF state.

iLm (t) = Z‘Lm (t4) = Imax (28)

irr =1ip1,p2 (t) = Imazcos (w 1) (29)
ver () = vstsa (8) = Zr (Ipm(t) + I (8)) sin (w 1) (30)
ver (t5) = (nvs +v,)/(n + 1) 31)
ipo (t) = is1,52(t) =0 (32)

Mode 6 (t5 <t < tg)

When the resonant capacitor voltage equals a constant value
mode 6 begins. The output diode is turned on under the zero-
voltage condition. During this mode, the magnetizing inductor
current i, and the resonant inductor current 7y, flow to the
output through the output diode D,:

ipo (t) = (iLm(t)/n) +iL(t) (33)

i (t) = (— ”ij ®) ) t, ine (tg) =0 (34)
ver () = (nvs +v,)/(n+ 1) (35)
vg1,52 (t) = vor (1) (36)

Both inductor currents are linearly decreased, and the energy
of the resonant inductor is completely transferred to the load.
Then, the mode 6 is over:

(‘/s - VO)

(n+ DL’ G7

TLm (t) = Ima:c +
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Figure 4: ZVS condition

IIT DESIGN PROCEDURE

A ZVS Condition of Switch

Fig. 4 shows the key waveform of the soft-switching converter.
The minimum and maximum values of the duty cycle are ob-
tained from magnetizing inductor voltage as (38) and (39) re-
spectively. The resonant inductor current must exceed the mag-
netizing inductor current during the freewheeling mode (mode
4) to satisfy the zero-voltage switching (ZVS) condition. The
voltage of the resonant inductor and the current are expressed
as (40) and (41), respectively.

V:J - VS max
Dipin = 75—~ (38)
(n‘/s,maw + Vo)
Vo - VS min
Dmam = 39
(n‘/s,min + Vo) ( )
v (t) == (Vo + Vp) = —Vew (40)
) Vrw (nVs +V5)
()= ————t+ Lyin + ——— 41
iry (1) I + +(n—|—1)ZT 41
The ZVS condition of this converter is expressed as (42)
VFW (n‘/s min Vo)
- t Imzn —_— Imaz 42
L, (Tt Tz o (42)
Imax = Imzn + Asz (43)
VFW (nVS min + Vo) .
— Dozl + ——————= > Nipm 44
L TS

B Resonant Inductor

In Fig. 4, the rising time of the resonant inductor current (mode
2), is expressed by (45). For the maximum resonant current, the
resonant time of the resonant inductor and capacitor (mode 3), is
defined as one-fourth of the resonant period. As a rule of thumb,
the rising time of the resonant inductor current (modes 2—3) can
be set to 10% of the minimum on time. This is expressed by the
relation (47):

L.(n+1)
tg —to = ————Iin 45
’ 2 n‘/s,min + Vo ( )
ts—t1 =1T,/4 (46)
L.(n+1) T,
——————Tin + — = 0.1D,,,;, T 47
n‘/s,min + Vo * 4 ( )
From (44) and (47), the resonant inductor is determined by:
0-2(nvs,7nin+vo)
[WsznT - VFWDmaxT}
L. < (48)
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C  Resonant Capacitor

The resonant capacitor is connected to the switches in paral-
lel. Thus, the waveforms of the resonant capacitor voltage and
switch voltage are equivalent at turn-off (modes 5 and 6). The
resonant capacitor can be selected to exceed ten times the out-
put capacitance of the switch to satisfy the ZVS condition. Since
the capacitor is charged by the magnetizing inductor current and
the resonant inductor current during mode 5, it can be selected
to exceed twenty times the output capacitance of the switch.
Equation (47) is simplified to:

2
4(¢) LI2.
C, :0'O4D3ninT2 + nVs,anrV; min

w2 L, 0

_ Vs, min+Vo 49)

T2

The above mentioned relationships are used to determine the
main parameters of a 225W power converter considered for pho-
tovoltaic application. Table. I gives the converter specifications
and parameters.

The design of the resonant inductor and capacitor are based on
relations (48) and (49). More investigations are being performed
to determine an optimized design of the converter by taking in
to account the switching losses and stresses.

To have a comparison between the proposed soft-switching con-
verter and hard-switching converter losses, the loss analyses
have been carried out. The main losses include the turn-on and
turn-off switching losses, the switching losses due to the drain-
source capacitance of MOSFETSs and the junction capacitance
of diodes. The loss equations can be obtained through the loss
analysis of each stage (see [18]). The ratio of the proposed soft-
switching converter losses (Pg, ;) over the hard-switching con-
verter losses (Prq-q) have been plotted in Fig. 5. From this
figure, it can be seen that at the same turn ratio, the loss ratio
rises by increase of voltage gain. It is because to reach a higher
voltage gain at a constant turn ratio, duty cycle has to rise (3) and
the ZVS condition of switching always comes at the expense of
increase in conduction losses due to the use of extra diodes or
auxiliary switches. For the worst condition (Vs = 18V) and the
best condition (V; = 24V) the soft-switching converter losses
are about 68% and 61% of the hard-switching converter losses
respectively.

IV SIMULATION RESULTS

The designed converter is simulated by using the PSIM soft-
ware. In simulations all circuit elements are considered ideal.
The converter specifications and implementation details are
shown in Table 1.

Fig. 6 shows the output diode current and switches current S 5.
In this figure the ZVS and ZCS of the main switches and the
output diode can be observed.

Fig. 7 shows the resonant capacitor voltage and drain-to-source
voltage of the switches. As shown in this figure the voltage
stress on the switches is clamped to resonant capacitor voltage.
Via resonance of the resonant inductor and capacitor, ZVS and
ZCS switching are achieved at turn-on and turn-off.

Table 1: TABLE . CONVERTER SPECIFICATIONS AND IMPLE-
MENTATION DETAILS

Maximum Power | P, 225[W]
Switching  Fre- | fs 100[KHz]
quency

Input Voltage Vs 18-24[V]
Output Voltage Vs, 150[V]
Magnetizing L, 200 [pH]
Inductor

Resonant Induc- | L, 0.5 [1H]
tor

Resonant Capaci- | C, 360 [nF]
tor

Output Capacitor | C, 100[F]
Turns Ratio n 6

Figure 5: Loss comparison between proposed soft-switching converter
(Psoyt) and hard-switching converter (Prara)

Fig. 8 shows the simulated waveforms of the magnetizing in-
ductor current and the resonant inductor current. Since the reso-
nant inductor current exceeds the magnetizing inductor current
ZVS for switch is satisfied.

The input voltage is considered 18-24V to show the variant in-
put voltage of the PV module as source. The maximum duty
cycle for PWM is 0.51 and it can be raised to achieve higher
voltage ratio.

Fig. 9 shows the dynamic response of the output voltage to the
source voltage changes. At first, source voltage changes from
18V to 24V and then returns to 18V. As can be seen in this
figure a time response of 20msec is obtained with a PI controller
in which the coeffitients are ajusted by try and error.

V  CUNCLUSION

An efficient high step-up coupled-inductor soft-switched boost
converter is developed in this paper. In the proposed converter
all switching devices including main and auxiliary switches and
output diode are working under ZVS and ZCS in torn-off and
turn-on. Therefore, the switching losses are reduced dramat-
ically and the output diode reverse-recovery problem has no
longer existed. Also due to resonant circuit, the voltage stress is
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of the converter are determined from this analysis. A design
procedure is suggested based on the main relationships of the
converter. A 225W dc-dc converter is designed and simulated.
The simulation results show a good agreement with analytical
approach in both operational modes and waveform characteris-
tics.
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