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Abstract: A three-leg pulse-width modulation converter with auxiliary windings is provided and
investigated to realize wide voltage operation and zero voltage switching characteristics on power
switches. The presented converter has three converter legs on the input-side and two sets of winding
turns on the output-side. Owing to the on/off states of the three converter legs and the two sets of
secondary winding turns, the proposed converter can be operated under three different equivalent
circuits to have wide input voltage operation from 30V ~ 240V (Vi yax = 8Vin min). Compared with
the multi-stage converters to realize wide input voltage operation, the proposed circuit topology
has fewer circuit components and a simple control algorithm. Conventional duty cycle control with
phase-shift between each converter leg is adopted to regulate load voltage and also accomplish zero
voltage switching on active switches. The presented three-leg converter is tested with a laboratory
circuit. Finally, experiments testify to the performance and validity of the presented converter.

Keywords: pulse-width modulation; zero voltage switching; power converters; three-leg converters

1. Introduction

Renewable energy sources are widely developed and investigated to lessen fossil fuel demand
and reduce air pollution. From many renewable power sources, solar or wind power is more attractive
due to the cost effectiveness. Power electronics play a more and more important role to convert
the unstable input voltage from solar panels and wind generators to a stable direct-current (DC)
or alternative-current (AC) voltage. Power electronics have been developed for low power (such
as personal computer power units, battery chargers, consumer electronics, and solid-state lighting
systems) and medium power applications (such as server power units, DC micro grid power conversion,
and renewable energy power conversion). Due to the wide deviation of wind speed or solar intensity,
the output voltage of wind generators or photovoltaic panels is not constant. The maximum output
voltage versus minimum output voltage of the solar panels may be greater than 4:1. Conventional DC
converters with wide voltage operation [1-7] for wind and solar power conversion are based on the
circuit topologies of series-parallel connection or multi-stage conversion. However, the multi-stage
circuit structure will result in low circuit efficiency and reliability. The wide voltage DC converters were
studied in [8-12] to have soft switching operation and high efficiency. However, the complicated control
scheme is the main drawback for these circuit topologies. The series and parallel resonant converters
have been developed for lighting and industry applications [13,14]. The switching frequency of the
resonant converters are dependent on the load conditions. The power switches turn on under zero
voltage. Therefore, the switching losses are improved under high frequency operation. Compared with
series or parallel resonant converters, the LLC (inductor-inductor-capacitor) resonant converters [15-18]
are more attractive in consumer and industry applications such as server power and power units in
personal computers and plug-in hybrid electric vehicles. Unfortunately, the narrow voltage range and
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wide switching frequency range are the main drawbacks of the LLC converters. For photovoltaic and
fuel cell power applications, the solar panel or fuel cell output is a variable voltage that is related to
the solar intensity. The low power units of railway systems, the input voltage of DC converters for
motor drive controllers, lighting systems, electric door systems, and braking systems may be variated
from 24 V to 110 V. For hybrid electric vehicle or electric vehicle systems, the output voltage of battery
chargers is varied between 200 V and 450 V. Therefore, the wide voltage DC converters [19-21] have
been developed as the interface circuits to convert the solar power to electric power. In [21], the PWM
converter was presented with two transformers and one alternating current switch to achieve 4:1
(Vinmax = 4Vin min) input voltage operation capability. Four operating circuits can be controlled [21] to
realize wide voltage operation. However, the control algorithm in [21] was not easy to implement
with the commercial analog integrated circuit. For remote control demand in stand-alone solar power
systems, the wide voltage DC converter is needed to supply the necessary power for the control system,
and the input voltage range of power units for controller demand is normally more than 4:1 (Vi jax 2
4V iy min)- Therefore, the circuit topologies in [19-21] cannot achieve this wide voltage demand.

This paper proposes a three-leg DC converter with auxiliary winding turns to accomplish low
switching loss and wide voltage operation (30 V ~ 240 V). According to the different winding turns,
there are three sub-circuits in the present converter to obtain three different voltage gains. Thus,
the wide voltage operation is achieved in the presented pulse width modulation (PWM) converter.
Three converter legs are used on the high voltage side to achieve 4:1 voltage range operation, and two
secondary winding sets are used on the low voltage side to realize the other 2:1 voltage range operation.
Two voltage comparators are employed in the control circuit to select the different primary and
secondary turns and voltage gains. The reference voltages of the two voltage comparators are designed
at 60 V and 120 V. Therefore, the presented converter can achieve 8:1 (30 V ~ 240V) wide voltage
operation. Compared with the former wide voltage DC converter, the presented converter has a
wider voltage range operation and is easier to implement with an analog or digital control circuit.
The description of the presented circuit is discussed in Section 2. Three operation ranges of the
presented circuit are provided in Section 3. The circuit characteristics and design procedures of the
studied converter are demonstrated in Section 4. Experimental verifications are demonstrated in
Section 5. Finally, the conclusions are discussed in Section 6.

2. Description of the Presented Converter

The proposed circuit topology is provided in Figure 1. As can be noted, three converter legs and
one AC switch (two MOSFETs (metal-oxide-semiconductor field-effect transistor) connected by a
back-to-back structure) are used on the input-side, and two sets of secondary winding turns and two
AC switches are used on the output-side. The magnetic transformer with two primary turns n, and
two different secondary turns n5; and 75 is used in the proposed circuit topology. Switch Sp is on
or off to select the full-bridge circuit with the larger primary turns 2n, (S1 on, Q3 and Q4 off) or less
primary turns n, (51, Qs, and Qg off) on the input-side. Two AC switches S, and S3 are on/off on the
output-side to select the secondary turns ns or ng1+1s, connected to the output inductor. According
to the on/off states of S1~S3 and Q;~Qg, the presented three-leg PWM converter has three different
equivalent circuits (Figure 2) under three voltage ranges: low voltage range (Viy min=2Vin,min), medium
voltage range (2Vi, min—4Vinmin), and high voltage range (4Viy, 1min—8Vin,min). For low voltage operation,
the equivalent circuit is given in Figure 2a. It can be seen that switches S1, S», Qs, and Qg are off
and S3 is on. Since the phase-shift PWM scheme is adopted to generate the PWM signals of Q1 ~ Qu,
the equivalent full-bridge converter (Q1~Qu, Ly1, T, D3, Dy, L,, and C,) with transformer turns-ratio
Np = np/(ns1 + nsp) is operated to achieve high voltage gain Gy = Vo/Vj,, | = 2d.g/NL, where Vi,
denotes V;, in the low input voltage range and d,g is the effective duty cycle of the full-bridge converter.
Figure 2b gives the equivalent circuit of the proposed converter under the medium input voltage
range Viy v = 2Vip min=4Vin min- Q3, Qa, and S, are in the off-state, and S; and S3 are in the on-state.
The equivalent circuit with components Qy, Q», Qs, Q¢, L1, Ly2, D3, D4, Ly, Co, and T with turns-ratio
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Ny = 2np/(ng1+ns7) is adopted for the medium voltage range to achieve the low voltage gain Gy
VolVin.m = 2de/Npy. Figure 2c provides the equivalent circuit for high voltage range operation (Vi g =
4Viy min—8Vin min)- The switches Qs, Q4, and S3 are in the off-state, and S; and S, are in the on-state.
The equivalent circuit shown in Figure 2c has voltage gain Gy = V,/Viyy = 2de5/Ny, where Ny =
2ny/ns1. According to the above discussion, the proposed converter can be operated at three different
input voltage ranges by proper selection of the on/off states of Q1-Qg and 5;—53 to achieve wide voltage
operation from Vi, yin t0 8Viy min.

(c)

Figure 2. Equivalent circuit of the proposed converter for (a) low voltage range, (b) medium voltage
range, and (c) high voltage range.
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3. The Principle of Operation

3.1. Low Voltage Operation (S3 on; Qs, Qg, S1, Sz off)

When Vi in < Vin < 2Viy min, the active switches Qs, Qg, S1, and S, are off and S3 is on.
The proposed converter has 1, primary winding turns and ns; + 15, secondary winding turns in
Figure 2a. In the presented circuit, it is assumed that L;;; and Ly;2 > Ly and Lyp, Co1 = ... = Cge =
Coss, and ng1 = ngp. Figure 3a demonstrates the main voltage and current waveforms under low voltage
operation. The voltage gain of the presented converter for low voltage operation is G = 2d.5/N, =
4ns1d,g/ny,. There are ten operation modes in every one switching period. Figure 3b-k gives these ten
equivalent operating circuits. Since the PWM waveforms are symmetrical between Modes 1-5 and
Modes 6-10, only the circuit operations of Modes 1-5 are examined in the following discussion.

Mode 1 [ty, t1]: Mode 1 begins at t = t) when Q1 and Q4 (Qz and Q3) are active (inactive) on the
input-side and D3 conducts on the output-side. The input current flows through the components Qy, T,
L;1, and Q4, and the output current flows through the components T, D3, L,, and C,. The magnetizing
voltage vr,1 = Vi (due to Ly > Lyp) and vp, = Vy,/Np — V. Thus, if,1 and ij, are calculated as:

i1 (t) = ipn (to) + (Vin = NLVo ) (£ — fo)/(N%Lo) 1)

iLo(t) = iLo(tO) + (Vin/NL - Vo)(t - tO)/Lo (2)

Therefore, ir,1 and i, increase in Mode 1, and vcgy = veg3 = Vi, and vpg = 2V, /Ny,
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(k)

Figure 3. PWM waveforms and equivalent circuits at low voltage range operation: (a) PWM voltage
and current waveforms for (b) Mode 1, (c) Mode 2, (d) Mode 3, (e) Mode 4, (f) Mode 5, (g) Mode 6,
(h) Mode 7, (i) Mode 8, (j) Mode 9, and (k) Mode 10.

Mode 2 [t3, t2]: Mode 2 begins at t; when Q; turns off. The primary current i, at time f; is positive.

Therefore, the output capacitors Cpq and Cg; of switches Q1 and Q; charge from 0 V and discharged
iirl
2Coss V%q , then the capacitor Cq is discharged to zero voltage at t = t,. The time interval of this mode is
given in Equation (3).

from V;,, respectively. If the inductor energy (Lrl + N[%Lo) (t1) is greater than the capacitor energy

At1p = 2CossVin/irs1 (1) = 2N1.Coss Vin /iro(t1) 3)

The dead time f; between the PWM signals of Q; and Qp must be greater than At;, to accomplish
the soft switching turn-on of Q.

Mode 3 [t5, t3]: The inductor current ir,1 > 0, and vcg, = 0 at . The body diode Dg; of switch Q;
is conducting, and Q; can be turned on after time f; to achieve soft switching turn-on. The primary
current if,; is flowing the components Q;, T, L1, and Q4, and vy,,; = 0. The secondary-side diodes
D3 and Dy are both conducting, v;, = —V,, and i, decreases in this mode. The inductor currents are
given as:

iLrl (t) ~ iLrl (tZ) - (VQZ,drop + VQ4,drop)(t - tZ) /Lrl (4)
iLo(t) = iLO(tZ) - (VO)(t —t2)/Lo )

where V3 4rop and Vg grep are the voltage drop on switches Q> and Q4, respectively. The diode
currents ips (ip4) decrease (increase), and the slopes of the diode currents are calculated as:

diD4(t)/dt = _diDS(t)/dt = NL(VQZ,drop + VQ4,drop)/2Lrl (6)

Mode 4 [t3, t4]: Mode 4 starts at time t3 when the lagging switch Q, turns off. The primary current
ir,1 at time t3 is positive. Therefore, the output capacitor Cnpz (Cp4) of switch Q3 (Q4) is discharged
(charged) from Vj;, (OV). Due to D3 and D4 conducting in Mode 4, it can obtain vy,,; = 0. If the inductor
energy L, iirl (t3) is greater than the energy 2Css VZ.Zn, then it can obtain vcg3(ts) = 0. The time interval
of this mode is given in Equation (7).

At34 = 2Coss Vin / iLrl (t3) (7)

The dead time f; between the PWM signals of Q3 and Q4 must be greater than At34 to accomplish
soft switching turn-on of Qs.

Mode 5 [ty, ts]: Att =t4,i1,1 >0, and vcgz = 0. The body diode D3 of the lagging-leg switch Q3
is forward biased. After time t4, Q3 turns on under zero voltage. The D3 and D; are still conducting
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in this mode. The leg voltage v,, = -V}, and the inductor voltage v;,; = —Vj,, so that i,; decreases.
In Mode 5, ip3 (ip4) decreases (increases). The slopes of ip3 and ip4 are expressed as:

dipy(t)/dt = —dips(t)/dt ~ NLV;, /2L (8)

The diode current ip3 is decreased to zero at time f5, and the time duration of Mode 5 is
calculated as:
Atys = 2111,/ (NLViy) )

The duty cycle loss in this mode is obtained as:
dioss5 = Dtas/ Tsw = 2Lnlo/ (NLVinTsw) (10)

where T, is the switching period of PWM waveforms. After the time ¢5, the converter operation goes
to the next half switching period.

3.2. Medium Voltage Operation (S1, S3 on; Q3, Qq, S> off)

When Vj, is in the medium voltage range (2Vi, min < Vin <4Viymin), S1 and Sz are in the on-state
and Q3, Q4, and S; are in the off-state (Figure 2b). The proposed converter has 21, primary winding
turns and 151 + 15y secondary winding turns in Figure 2b. The voltage gain for medium voltage
operation is Gy = 2deg/Npp = 2ns1dg/np. Comparing the voltage gains Gr and Gy, it can be noted that
Gr = 2Gy. Figure 4a demonstrates the main voltage and current waveforms under medium voltage
operation. There are ten operation modes in every one switching period. Figure 4b—k gives these ten
equivalent operating circuits. Since the PWM waveforms are symmetrical for each half switching cycle,
only the circuit operations of Modes 1-5 are discussed in the following.

Mode 1 [tg, t1]: Q1, Qs, and D3 conduct at time (. The input current flows through Q1, T, L;1, Lyo,
and Qg, and the output current flows through T, D3, L,, and C,. The magnetizing voltage v1,,1 + Urm2
~ Vi, due to Liy1 + Ly > Ly + Lyp. Since vp, = Viy/Ny — Vo > 0, i and if, both increase linearly,
and iy, () = ip,2(t) = i (t)/Ny. The drain-to-source voltages of O, and Qs are equal to Vj,,, and the
diode voltage vps = 2V;,,/Np1.
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)

Figure 4. PWM waveforms and equivalent circuits at medium voltage range operation: (a) PWM
voltage and current waveforms for (b) Mode 1, (c) Mode 2, (d) Mode 3, (e) Mode 4, (f) Mode 5, (g) Mode
6, (h) Mode 7, (i) Mode 8, (j) Mode 9, and (k) Mode 10.

Mode 2 [t1, to]: At time t = t1, the leading-leg switch Q; is turned off. ij,q is positive, and Cp»
is discharged from V;,. If the inductor energy (L,l + Lo+ N%ALo)i%ﬂ at time #; is greater than the
capacitor energy 2Coss Vl.zn, then C, can be discharged to zero voltage at time ;.

Mode 3 [t, t3]: Since vca(t2) = 0and if,»1(t2) > 0, the body diode D, conducts, and the leading-leg
switch Q) can be turned on under zero voltage. The leg voltage v, = 0 and the primary-side and
secondary-side voltages of transformer T are zero voltage. Thus, D3 and D, both conduct. Therefore,
v, equals —V,, and iy, is decreasing.

Mode 4 [t3, t4]: Since Qg is turned off at time t3 and 71,1 (t3) > 0, Cgs is discharged. The magnetizing
voltages v,,1 = U2 = 0. If the inductor energy (L,; + er)iiﬂ (t3) > 2Coss Vl.zn, then vcgs will reach zero
voltage at time #4.

Mode 5 [t4, t5]: Since vcs(ts) = 0 and ir,1(t4) > 0, the body diode D5 conducts, and Qs can turn
on at t4 under zero voltage. In this mode, v;c = =V}, and v,,1 = v, = 0 due to D3 and D4 conducting.
V11 + V12 = —Viy, and ip,1 decreases. At time ts, ips is decreased to zero. Then, the converter operation
goes to the next half switching period.

3.3. High Voltage Operation (S1, Sy on; Q3, Qu, S3 off)

When 4V, in < Vi <8Viymin, S1 and Sy are turned on and Qs3, Q4 and S3 are turned off (Figure 2c).
This equivalent circuit has 21, primary turns and 157 secondary turns, and the voltage gain Gy =
2d.4/Npy = ns1d.g/np. Comparing the voltage gains G, Gy, and Gp, it can be noted that G; > Gy >
Gp. Figure 5a demonstrates the main voltage and current waveforms under high voltage operation.
Figure 5b-k gives these ten equivalent operating circuits. Since the PWM waveforms are symmetrical
for each half switching cycle, only the circuit operations of Modes 1-5 are discussed in the following.
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() (k)

Figure 5. PWM waveforms and equivalent circuits at high voltage range operation: (a) PWM voltage
and current waveforms for (b) Mode 1, (c) Mode 2, (d) Mode 3, (e) Mode 4, (f) Mode 5, (g) Mode 6,
(h) Mode 7, (i) Mode 8, (j) Mode 9, and (k) Mode 10.

Mode 1 [y, t1]: Att =1t;, D1, Q1 and Qg conduct. ip,q flows through Q1, T, L;1, Ly, and Qg on the
primary-side of transformer T. ij,, flows through D;, L,, and C, on the secondary-side of T. Since vy, =
Vin/Ny — Vo >0, i1,1 and i, both increase linearly in this mode. The drain-to-source voltages vcgo =
vcs = Vin, and the diode voltage vpy = 2V;,/Np.

Mode 2 [t;, tp]: Q1 turns off at time t;. Due to if,1 being positive, i;,; discharges Cp, from
Vin. If the inductor energy (Lrl + L+ NIZJLD)I%ﬂ at ¢ is greater than the capacitor energy 2Coss Vizn,
then vcg, will be decreased to zero voltage at t,.

Mode 3 [ty, t3]: Since vcga(t2) = 0 and i1,1(f2) > 0, the body diode Dy, is forward biased. Thus,
the leading-leg switch Q, turns on at time f, under zero voltage. In this mode, v, = 0, and the primary
winding and secondary winding voltages equal zero voltage. The diodes D and D, both conduct so
that v, equals -V, and i}, is decreased.

Mode 4 [t3, t4]: At time t3, the lagging-leg switch Qg turns off. i,1(t3) discharges Cgs from V.
Since D3 and Dj still conduct, it can obtain vy, = vy, = 0. If the energy (L1 + er)i%rl (t3) > 2Coss Vizn,
then Vg5 = 0 at the end of this mode.

Mode 5 [ty, t5]: Attime t4, vcgs = 0. ip,1(ts) > 0, and the body diode Dgs conducts. The lagging-leg
switch Qs can be turned on at time f4 under zero voltage. Since v, = —Vj, and vp,1 = v =0, if,1 is
decreased. At ts, ip; = 0. Then, the converter operation goes to the next half switching period.
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4. Converter Characteristics and Design Considerations

According to the different turns-ratio of the transformer, the presented converter has three
equivalent circuits. Three back-to-back MOSFETs are used in the presented circuit to have wide input
voltage operation. Based on the flux balance on the output inductor, the load voltage is calculated in
Equation (11).

Zdeffvin (ns1 + 7’152)/”;7 = 4d, £ Vinhis1 /Mp, Vigmin < Vin < 2Vipmin

Vo =19 deffVin(ns1 +ns2)/np =25 Vintis1 /1y, 2Vigmin < Vin < 4Vinmin (11)

deffVinnsl /npr 4Vz'n,min <Vip < 8Vin,min
The average diode currents Ip1 = ... = Ips = Io/2. The voltage ratings of D1 ~ D4 are Vp1 rating =
VDZ,rating = (Vin,muxnsl)/ np and VDB,rating = VD4,rating = in,max(”sl + nsZ)/ np. The VOltage ratings of Q4
~ Qe and S; ~ Sz are VQl,rating =... = VQ6,rating = Vin,maxz VSl,rating = Vin,muanZ/(an)r and VSZ,rating =
V53 rating = Vin,maxNs2/(211p). The average switch currents Is 5o = Is2,40 = lo- If the maximum duty cycle

loss in Equation (10) is given, then the maximum primary inductances L, and L,, are derived as:
La=Lp< ny Vin,min@oss 5,max Tsw / 415110 (12)

The inductance L, is derived in Equation (13) under the maximum input voltage and minimum
effective duty cycle.

LO = (Vin,max/NH - VO)de,minTsw/AiLo = VO (0-5 - de,min)Tsw/AiLo (13)

A 420 W prototype is illustrated as a design example to obtain the circuit parameters. The operating
low input voltage range V;, 1 is from 30 V to 60 V; the medium input voltage range V;, p is from
60 V to 120 V; and the high voltage range V, g is from 120 V to 240 V. The output voltage V, is 12 V.
The PWM switching frequency of Q1-Qg is 100 kHz. If 30 V < V;;, <60V, 51, Sy, Qs, and Qg are off and
S3 is on. The voltage gain of the converter is G, = 4d,gnsi/ny. 60 V <V, <120V, Sy, Qs, and Qy
are off and S; and S; are on. The voltage gain of the converter is Gy = 2dggnsi/np. If 120V <V, <
240V, S3, Q3, and Qg are off and S; and S, are on. The voltage gain of the proposed circuit is Gy =
degns1/ny. In order to prevent the control signal oscillation at the transition voltages 60 V and 120V,
the Schmitt trigger circuits with +5 V voltage tolerance are used between three input voltage ranges.
Thus, the actual voltage ranges are V;,,;, = 30 V=65V, V;, ps = 55 V=125V, and V;, g = 115 V-240 V.
The circuit efficiency is assumed 90% at minimum input voltage and full road condition, and the
maximum duty cycle d;;;x and maximum duty cycle loss djgss 5 max are assumed to be 0.45 and 0.15,
respectively, at minimum input voltage. Therefore, the maximum effective duty cycle def oy = dimax —
Ajoss,5max = 0.3. The primary inductances L,; and L,, can be estimated as:

Lha=Lp= TTV‘Z dloss,Sdeff,maszw /4P, = 0.9uH (14)

in,min
From Equation (11), the turns-ratio N is calculated as:
Ny = np/2ns1 = 2d, 5 fmaxVinmin/ Vo = 1.5 (15)

In the laboratory prototype, the primary and secondary turns of transformer T are 1, = 12 and 151
= ngp = 4. The magnetizing inductances Ly;; = L;;» = 820 pH. Under the low input voltage range, it can
obtain the minimum effective duty cycle def iy in Equation (16) at Vy;, = 65 V.

deff,min = deff,muxvin,L,min/Vin,L,max ~0.14 (16)
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The assumed ripple current Air, = 3.5 A (10% of the rated load current) at Vi, 1 s = 65 V.
The output inductance L, is obtained as:

Ly = deff,minTsw(Vin,L,max/NL - Vo)/AiLo ~ 17HH (17)

The output inductance L, = 20 pH is used in the prototype circuit. The maximum
root-mean-squared (rms) currents of Q; ~ Qg are approximated as I, ,qteq/ (nm \/5) ~ 18 A.
The maximum rating voltage of Q1-Qg is equal to Vi, 5x = 240 V. Therefore, the MOSFETs IXTNS8ON30L2
with the 300 V/80 A/30 m() rating are used for switches Q1-Qg and S;. The MOSFETs STD100N10F7
with 100 V/80 A/6.8 m() ratings are used for switches S and S3. The synchronous rectifiers MOSFETs
IXFH80N25X3 with 250 V/80 A/16 m() ratings are used for diodes D1-Dj to further reduce conduction
losses. The output capacitance C, = 470 pF/35V. The PWM generator UCC3895 is used to provide the
PWM waveforms for Q1-Qg. The voltage regulator TL431 is used to regulate load voltage. The Schmitt
comparators and logic gates are used to produce the on/off signals of 5;-S3. Figure 6 provides the
control blocks in the prototype circuit.

Gate
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V, —»| Voltage Controller |—> PWM — Driver
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Schmitt G Optocoupler

chmitt Comparator Driver

Figure 6. Control block of the studied converter.
5. Experimental Verifications

The components of the prototype circuit were obtained in the previous section. The experimental
results are verified in this section to demonstrate the converter effectiveness. Figure 7 demonstrates
the test waveforms for low voltage operation. The PWM waveforms vg1 ¢ —vg4¢ at Vi, =30V are
provided in Figure 7a. The gate voltages of AC switches 51-S3 under V;, = 30 V are given in Figure 7b.
One can observe that S; and S, are off and S3 is on. Therefore, only the full-bridge converter with
Q1—Q4 and diodes D3 and Dy are operated. Figure 7c provides the experimental results of vy, and if,;
under V;, = 30 V input. The secondary-side diode currents at V;, = 30 V are shown in Figure 7d. It can
be obtained that D and D; are in the off-state in the low input voltage operation. Similarly, the PWM
waveforms v(g1,¢ — V04, Us1,¢ — Us3,g, Uabs iLr1, and ip1 — ipg at Vi, = 63 V input are demonstrated in
Figure 7e-h. From the test results in Figure 7c,g, one can observe that the leg voltage v,; has a large
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duty cycle at V;;, = 30 V compared to V;, = 63 V. Therefore, the output inductor current 71, has less
ripple current Aip, at 30 V input voltage than 63 V input voltage. This large ripple current at 63 V
input can be observed in i1, in Figure 7g and ip3 and ip4 in Figure 7h. Figure 8 provides the measured
waveforms of the converter for the medium voltage range operation and the rated power. For the
medium input voltage range, S; and S3 are conducting, Sy, Qs, and Q4 are turned off, and D; and D,
are reverse biased. The gate voltages V01,6, VQ2,8, VQ5,g/ and UQe,g are given in Figure 8a, and the gate
voltages of S1—S3 are shown in Figure 8b under V;, = 57 V. The measured waveforms of vy, ir,1, and ipq
— ip4 are demonstrated in Figure 8c,d under V;, = 57 V. Similarly, the measured waveforms of Q1, Q,
Qs, Qs, S1=S3, Vac, 141, and ipy ~ ip4 are provided in Figure 8e-h under V;, = 123 V. The measured
results for the high voltage range are provided in Figure 9. For the high voltage range operation, S;
and S, are on, S3 is off, PWM switches Q3 and Q4 are off, and D3 and Dy are off. The turns-ratio 21,/ns1
of the transformer T is operated in the high input voltage range. Figure 9a—d gives the test results of
Q1, Q2, Qs, Qp, S1-53, Vac, 1141, and ipq ~ ips at Vi, = 117 V. Similarly, the measured waveforms under
Vin =240 V are demonstrated in Figure 9e-h. The measured waveforms of Q; (leading-leg switch)
are illustrated in Figure 10. From the test results in Figure 10, it is clear that the leading-leg switch
Q1 has the zero voltage switching turn-on characteristic from minimum to maximum input voltage
and from 20% power to the rated power. Figure 11 gives the measured waveforms of Q3 (lagging-leg
switch) under 30 V input and 50% and 100% rated power. From Figure 11, it can be observed that Q3
(lagging-leg switch) turns on under zero voltage from 50% rated power to full rated power. Qs and Qg
are operated under medium and high input voltage ranges. Figure 12 gives the measured waveforms
of Q5 (lagging-leg switch) under V;, = 240 V and 50% and 100% rated power. One can observe that the
leading-leg switch Qs turns on under zero voltage from 50% rated power to full rated power. Figure 13
demonstrates the measured efficiencies for different voltage ranges. Compared to the high input
voltage range, the converter has large primary current and conduction losses under low input voltage
range. Figure 14a gives the test results of the input voltage V;, and the switching signals vg3 ; and vg4,¢
between V;, =30 V and V;, = 80 V under full load operation. When 30 V < V;;, < 60V, the converter is
operated in the low input voltage range. The switches Q3 and Q4 are activated, and switch S is off.
When V;,, > 60 V and < 80 V, the converter is operated at the medium input voltage range. Therefore,
51 is on, and Q3 and Q4 are off. Figure 14b provides the test results of V;, and S, between V;, =65V
and Vj, = 150 V under full load operation. When V, is increased from 65 V and greater than 120
V, the switch S; is turned on. Then, the converter is operated under the high input voltage range.
If the V;, is decreased from 150 V and less than 120 V, the switch S, is turned off, and the converter is
operated under the medium input voltage range. Figure 14c shows the test waveforms of input and
output voltages under full load. The input voltage is variated between 30 V (low input voltage range)
and 200 V (high input voltage range). It is obvious that the load voltage is stable at 12 V output voltage.
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Figure 7. Measured results under the low voltage range and full load: (a) switch waveforms vg1 ¢ ~
vQ4¢ at Vi =30V, (b) AC switch waveforms vsy ¢ ~ vs3 ¢ at Vi, =30V, (c) vgp and ip,q at Vi =30V,
(d) ip1 ~ ipg at Vi, = 30V, (e) switch waveforms vg1 ¢ ~ vg4¢ at Vi, = 63V, (f) AC switch waveforms
Us1,g ~ US3,g atVy, =63V, (g) vap and i1 at Vi, =63V, and (h) ipy ~ipg at Vi, =63 V.
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6. Conclusions

To overcome the limited input voltage range operation of conventional PWM converters for
solar power conversion, a novel three-leg PWM converter with an adjustable transformer turns-ratio
was proposed and implemented to realize soft switching turn-on with wide input voltage operation.
According to the input voltage range, the proposed three-leg converter had two equivalent circuits
with variable primary winding turns on the input-side. On the secondary-side, the proposed converter
also had two equivalent circuits by using variable secondary winding turns to achieve different voltage
gains. Thus, the proposed three-leg converter had three equivalent circuits operated at different input
voltage ranges to provide a stable DC output voltage. Each equivalent circuit using PWM operation
could be operated to achieve 2:1 input voltage range operation. Thus, the proposed circuit could
realize 8:1 (Vyy in ~ 8Viy min) wide input voltage range operation. The Schmitt voltage comparators were
adopted to generate the signals of the three voltage range selection. The proposed three-leg converter
could work as the first stage of photovoltaic (PV) power converters with a wide range of voltage
variation. Experiments from a laboratory prototype confirmed the theoretical converter characteristics
with wide voltage range operation.
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