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Abstract: A new resonant converter is presented to have the advantages of soft switching operation
on power devices, without reverse recovery current loss on power diodes and wide input voltage
range operation. Resonant converter with frequency modulation is adopted in the proposed circuit to
accomplish the low switching loss on power switches and possible zero current switching operation
on fast recovery diodes. To improve the problem of limit voltage range operation in the conventional
resonant converter, a new parallel-series structure resonant converter is studied to achieve wide
input voltage operation capability, such as from Vj, iy to 4Viy min. A 1.8 kW laboratory circuit
is implemented, and the measured results are provided to confirm the theoretical analysis and
circuit performance.

Keywords: soft switching; reverse recovery current loss; wide input voltage operation

1. Introduction

Modern power converters with high efficiency and high power density are important to achieve
compact size and low power loss. To achieve the low switching loss and compact size, the soft switching
circuit topologies with the high switching frequency using wide-band gap power devices, such as GaN
power devices, have been developed in modern power electronics. The GaN devices have low switching
loss characteristic at high switching frequency, so that the converter efficiency is increased. The main
drawback of GaN power devices is high cost compared to power MOSFETs. For the past twenty years,
the quasi-resonant (QR) flyback converter [1,2] with low turn-on switching loss, the active clamp dc/dc
converters [3] with zero voltage switching operation, the resonant converters [4-6] with soft switching
operation on power semiconductors, and pulse width modulation (PWM) converters [7-9] have been
developed to implement high efficiency converters with power MOSFETs devices. QR flyback [1,2]
is limited at low power applications, and active clamp dc/dc converters [3] have the problems of dc
magnetizing current and unbalance voltage and current stresses on the rectifier diodes. For conventional
resonant converters [4-6], the input voltage variation is limited due to the limited available voltage
gain on the resonant tank. Conventional phase-shift PWM full bridge converters [7-9] have drawbacks
of hard switching loss at light or low load condition, and high freewheeling current at low load or
high input voltage condition. For solar photovoltaic systems, the output voltage of a solar panel is
relative to geographical location and solar intensity, so that the solar cell panel has wide output voltage
range. Therefore, the power converters with wide voltage operation and high circuit efficiency are
demanded for solar power systems. The dc/dc converters with the widespread voltage operation have
been proposed in [10-15] for fuel cell and solar power converters. In [10,11], the series-connected or
parallel-connected structure has been studied to achieve wide input voltage operation on fuel cell
power conversion. In [12-15], the phase-shift PWM dc/dc power converters have been presented to
achieve wide voltage operation. In [16], the full-bridge resonant converter with one ac switch and
two transformers is proposed to achieve wide input voltage operation. The main drawbacks in [16]
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are (1) transformer will be shorted suddenly when ac switch is turned on, which will result in serious
problems at the transient voltage change and make system unstable, (2) the control scheme of this
circuit topology is much more complicated with four equivalent operation topologies, and (3) some
power switches will always be conducting at some specific circuit topologies that will increase the
conduction loss.

A new parallel-series (full bridge resonant converters are parallel connection and diode rectifiers
are series connection) based resonant circuit is developed to obtain the main benefits of the wide input
voltage range operation (from vj, yn to 4V, 1min) and soft switching operation on power semiconductors.
The variable frequency control is used to regulate load voltage over wide input voltage variation. The
input impedance of the equivalent resonant tank in the proposed power converter is controlled under
the inductive load characteristic. Therefore, the soft switching operation on power semiconductors is
achieved. Since two diode rectifiers of the proposed converter are series-connected on the secondary
sides, two resonant converters with the parallel-connection on the primary side are worked at the
low voltage input (from 100 V to 200 V) to have high dc voltage gain. For high input voltage range
(from 200 V to 400 V), only one resonant converter is operated on the primary side to reduce the
conduction loss and obtain low dc voltage gain. Therefore, the developed resonant converter can be
operated from V;, = 100 V to 400 V. At the low input voltage range, the parallel-series based resonant
converter can provide 1.8 kW to output load. At the high input voltage range, only one resonant tank
is operated (the other resonant tank is off) to provide 1 kW to output load. The main advantages of the
proposed converter compared to [16] are a simple control scheme and low current rating of power
switches. At the high input voltage, only four switches instead of eight power switches are operated to
reduce power conduction losses. At the low input voltage range, eight power switches are operated to
achieve high voltage gain and reduce current rating on each power switch for more power output. The
circuit structure, the principle of operation, and design procedure are provided and discussed in this
paper. Finally, the experimental waveforms with a 1.8 kW laboratory circuit are presented to show the
theoretical examination and investigation of wide input voltage capability.

2. Circuit Diagram and Operating Principle

Figure 1a illustrates the presented resonant converter with wide input voltage operation. Two
resonant converters are used in the studied circuit with parallel-series connection. V;, is the input
voltage and V, is the output voltage. L,; and L,, are resonant inductors, C;; and C,; are resonant
capacitors, and L;;; and L, are the magnetizing inductors of transformers T; and T, respectively.
In each resonant circuit, the primary side is a full bridge power converter for medium power rating,
and the output side is a full-wave diode rectifier. The passive components (Crq and L,1) and (C;p
and L;,) are naturally resonant in each resonant tank to allow the soft switching on power switches.
In low input voltage range V;, = 100 V ~ 200 V (Figure 1b), two resonant converters are operated with
primary-parallel and secondary-series structure. Each resonant converter provides power P to output
load. Therefore, the total output power is 2P. Due to the series connection of two diode rectifiers, the
load voltage V, is the sum of two rectified voltages. Therefore, the voltage rating of diodes D; ~ Dg
equals V,/2. The voltage gain G, of each resonant circuit is controlled between 1 and 2. Therefore,
the total voltage gain Gy, of the studied circuit operating at parallel-series connection is regulated
at Gp = 2 ~ 4 under the low input voltage range from V;,, = 100 V ~ 200 V and V,, = 400 V. In the
high input voltage operation (V;, = 200 V~400 V) as shown in Figure 1c, only one resonant converter
(Q1 ~ Qu) is operated, and the other resonant converter (Qs ~ Qg) is off. The diodes D5 ~ Dg are all
conducting, and V, equals the average rectified voltage of the diode rectifier by D1 ~ D4. Since the
voltage gain of resonant circuit is controlled at Gry,; = 1 ~ 2, the output voltage V,, can be regulated at
400 V under high input voltage range from V;, =200 V ~ 400 V. Based on the circuit structures shown
in Figure 1b,c for low and high voltage input, the wide input voltage operation and the soft switching
characteristics are accomplished in the proposed power circuit.
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Figure 1. Circuit configurations of the developed dc/dc converter: (a) The proposed circuit structure;
(b) at low voltage input range; (c) at high voltage input range.

2.1. Under Low Voltage Input Range (V,, =100 V ~ 200 V)

For low voltage input range, two resonant circuits with parallel-series connection are operated to
achieve the higher voltage gain. The dc voltage gain of each resonant converter is controlled between 1
and 2. Since two rectified voltages on the secondary-side are series-connected, the resultant voltage
gain of the proposed parallel-series connected resonant converter is regulated between 2 and 4 under
100 V <V}, <200 V. The proposed converter has six operating steps in every switching cycle. Under
the condition of f; (switching frequency) > f, (resonant frequency), the main PWM waveforms are
demonstrated in Figure 2a. The equivalent circuits of six operating steps are provided in Figure 2b-g.
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Step 1 [ty ~ t1l: D1, D4, D5, and Dg are conducting at ty. Since Q1, Q4, Qs and Qg are conducting,
the voltages v,y = vy = Vi and vy,1 = v = 1V, where n is the turns ratio of T7 and T,. Components
C;1 and L, are naturally resonant in the first resonant converter, and components C;, and L, are also
naturally resonant in the second resonant converter. The resonant frequency f, = 1/21 VL,1C,1.

Step 2 [t1 ~ t2]: Q1, Q4, Qs, and Qg turn off at time ¢4. i1, and if,; are positive. Thus, Cps, Cg3,
Cgs, and Cqy are discharged, and Cp1, Cg4, Cos, and Cg are charged in this step. Due to i1 > irp1
and ir,p > iry2, D1, D4, Ds, and Dg are conducting.

Step 3 [tz ~ t3]: At tp, the voltages of Cy, Cos, Cos, and Cgy are decreased to zero voltage. Since
ir;1 and ip,; are still positive, Dy, Dos, Dge, and Dg7 conduct. Thus, Q», Q3, Qs, and Q7 can turn on
after ¢, with soft switching operation. Since ij,1 > ir,;1 and if,» > ir2, diodes D1 and Dy in the first
diode rectifier and D5 and Dg in the second diode rectifier are forward biased. Owing to v, = vy =
-Vin and vp,1 = v =1V, ip,1 and ig,, are decreased, and ij,,1 and ij,,, are increased.

Step 4 [t3 ~ t4]: At time t3, i1, is less than if,,1, and i1, is less than if,,2. Dy, D3, Dg, and Dy are
conducting. The magnetizing voltages vy,,1 and vy, are -nV, so that ir,,; and ir,,» are decreased.
L;1 and C;; are naturally resonant with resonant frequency f, = 1/2n VL,1C, in the first resonant
converter. Similarly, L,, and C;, are naturally resonant in the second resonant converter.
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Figure 2. Cont.
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Figure 2. Circuit waveforms and equivalent circuits at low input voltage range and f; > f,, (a) PWM
waveforms, (b) step 1, (c) step 2, (d) step 3, (e) step 4, (f) step 5, (g) step 6.

Step 5 [t4 ~ t5]: Atty, switches Q», Q3, Qg, and Q7 turn off. Owing to ir,1 <0and ir,» <0, Cg1, Coa,
Cps, and Cgg are discharged and Cgj, Cp3, Coe and Cqy are charged in step 5. In this step, i7,1 < ipn1
and ir,p < ipyp so that Dy, D3, Dg, and Dy are conducting.

Step 6 [t5 ~ Ts+tol: At time t5, the capacitor voltages of Cg1, Cos, Cos, and Cpg are decreased to
zero voltage. Owing to ir,1 <0 and i,» <0, Dg1, D4, Dgs, and Dgg conduct. Therefore, Q1, Qs, Qs,
and Qg turn on after 5 with soft switching operation. Since ir,; < if,,1 and if,p <ipy2, D2, D3, Dg and
Dy are still conducting. Owing to v, = vy = Vi, and vp,1 = Upyp = -1V, the primary side currents iy ,q
and iy, are increased, and ir,,; and if,,» are decreased. At time Ts + g, iry1 > i1, and ipyo > ipy2 SO
that Dy, Dy, D5, and Dg conduct.

The main PWM waveforms and the equivalent step circuits at low voltage input range under
fs <fr condition are provided in Figure 3. Under this condition, the presented circuit has six operation
steps in every switching cycle. The circuit operations at f; < f, condition are discussed as follows.

Step 1 [~ t11: UcQ1 =UcQ4 = UCQ5 = UcQs = 0 at time t5. Owing to ir,1(tp) and i;,o(fp) are negative,
diodes Dg1, Dgs, Dgs, and Dgg are conducting. Q1, Q4, Qs, and Qg can turn on after ty with soft
switching operation. In step 1, vy, = vy = Vi, and vp 1 = vy = 1V,. Cp1 and Ly are naturally resonant
in the first resonant tank, and C;; and L,; are naturally resonant in the second resonant tank.

Step 2 [t1 ~ t2]: Since fs < fr, i1, and if,p will equal ij,,1 and iy, at time t; and D ~ Dg are reverse
biased. On the primary-side, L;1, Ly;1, and C;1 are naturally resonant in the first resonant converter
and Ly, L2, and C;, are naturally resonant in the second resonant converter.

Step 3 [t2 ~ t3]: Q1, Q4, Qs, and Qg are turned off at time t,. Cpo, Cp3, Cs, and Cy7 are discharged
due to 71,1 (t2) and if,2(t;) are both positive. Since the secondary-side currents of T1 and T, are negative,
Dy, D3, Dg, and Dy are forward biased. If the energy on L;q, Lr1, Ly1, and Ly, at time ¢, is large enough,
then the voltages of Cgs, Cn3, Cpe, and Cpy can decrease to zero at time t3. The soft switching condition
of power switches Q», Q3, Qg, and Q7 are expressed as.

Z'Lml (tZ) = iLmZ(tZ) = nVo/(4mes) > Vz'n 4Ce/(Lm +Lr)/ (1)

where Lm = Lml = Ler Ce = CQl =..= CQS and Lr = Lrl = er.

Step 4 [t3 ~ t4]: Attime t3, vcg2 = vcQ3 = vcge = vc7 = 0. Since if,1(t3) and i1, (t3) are positive,
Dg2, Dg3, Dge, and Dg7 are conducting. Then Q,, Q3, Qp, and Q7 can turn on after time t3 with
zero-voltage switching. In this step, components C,; and L;; are naturally resonant in the first resonant
tank and C;; and L;; are naturally resonant in the second resonant tank.

Step 5 [t4 ~ ts5]: At time t4, i1, equals ip,1 and ip,» equals if,». Thus, D1 ~ Dg are all reverse
biased. In the first converter, L,1, L;;1, and C;q are resonant, and L;, Ly;;», and C,; are naturally resonant
in the second converter with input voltage v, = vy = —Vj,.

Step 6 [t5s ~Ts + tol: Qz, Q3, Qs, and Q7 turn off at t5. Since i1,1(t5) and ir,»(t5) are negative, Co1,
Co4, Cgs, and Cgg are discharged from ts. At time T + ty, vcQ1, VcQ4, UcQs, and vcpg are decreased to
zero voltage.
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Figure 3. Circuit waveforms and equivalent circuits at low input voltage range and f; < f, (a) PWM
waveforms, (b) step 1, (c) step 2, (d) step 3, (e) step 4, (f) step 5, (g) step 6.
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2.2. Under High Voltage Input Range (V, = 200 V ~ 400 V)

For high input voltage case, only one resonant converter (Q; ~ Q4) is operated and the other
resonant converter (Qs ~ Qg) is off. The rectifier diodes D5 ~ Dg are all conducting and the output
voltage of T is connected to the output load (Figure 1c). The voltage gain of the proposed resonant
converter is regulated between 1 and 2 under 200 V < V};, < 400 V. The proposed converter under
high voltage input case has six operating steps for every switching cycle. Figure 4a gives the PWM
waveforms under the condition of f; > f,. Figure 4b—g demonstrate the equivalent circuits of six
operating steps. The circuit operations under high input voltage range and f; > f, are presented below.

Step 1 [tp ~ t1]: D1 and D, are conducting after time ty. Since Q1, Q4, D1, D4 and Ds ~ Dg are
conducting, it can obtain the voltages v, = Vj;, and vy,,1 = nV,. Components C;1 and L;q are resonant.

Step 2 [t1 ~ t2]: Q1 and Q4 turn off at ¢;. Due to i1,1(t;) is positive, Co, and Cg3 are charged.
Owing to ir,1(t1) > ipm1(t1), D1, D4, and Ds ~ Dg are conducting.

Step 3 [tz ~ t3]: At time tr, vcg2 = vcgs = 0. Since i1,1(t2) > 0, Doy and Dg3 are forward biased
and Q; and Q3 turn on at zero voltage after ¢,. Since if,1(t2) > ipu1(f2), D1, Ds, and D5 ~ Dg conduct.
In this step, vy, = -V}, and vy, = nV, so that ij,q decreases and iy, increases.

Step 4 [t3 ~ t4]: Atts, ir,1 <ipy1, and Dy and D3 are conducting. In step 4, v,,1 = -1V, and i,
decreases. C,1 and L,; are naturally resonant with resonant frequency f, = 1/21VL,1Cp1.

Step 5 [ty ~ ts]: Atty, Qp and Q3 are turned off. Since i1,1(t4) < 0, Co1 and Cg4 are discharged.
In this step, 1,1 < ipm,1 so that Dy, D3 and Dg ~ Dg are conducting.

Step 6 [t5 ~ Ts+tol: At time t5, vco1 = vcg4 = 0. Since i,1(t5) < 0, Dg1 and Dg4 are conducting
and Q; and Q4 turn on at zero voltage after t5. Owing to ir,1 <iry1, D2, D3 and Dg ~ Dg are conducting.
In this step, v,y = Vi, and vy,,1 = -1V, so that i, increases and ir,,; decreases. At time Ts+ty, if,1 >
irm1- Then, Dy, Dy and D5 ~ Dg are conducting.

. Vo1, V04,g V02,9 V03¢ r
[ ] ]
! V02,40 V03,d L Vo1,d V04,4 }M V.
1 x | M n
} I } : 1 :
| _ } [N
= T
| [ [
] . |
| Lo1, Lga | ! b
(N NA
| [ - - :\ |
N o gy lgs N\ |
| - - N o
‘ Ipi, Ipa N 1A
| [ R
: N
| [ [
o . . . |
] o >t
0 tiht t4ts T+t
- Cor - Cos
I+ Ly Cn Ti
— — Vin aﬁm—| b
__|_;A> v Lm
l_Tcgz |_TC94
— —
I,, In
+ +
C,,::VogR,, Cn::V,,;Ro
D, D,

Figure 4. Cont.



Energies 2019, 12, 4095 8 of 18

Figure 4. Circuit waveforms and equivalent circuits at high input voltage range and f; > f,, (a) PWM
waveforms, (b) step 1, (c) step 2, (d) step 3, (e) step 4, (f) step 5, (g) step 6.

The PWM waveforms under f; < f, condition are given in Figure 5a and the equivalent circuits
in every cycle under high voltage input range are provided in Figure 5b—g. The operation principles
under high voltage input and f; < f, condition are discussed as follows.

Step 1 [to ~ t1]: When t < ty, Q1 ~ Q4 are all off and Cg1 and Cg4 are discharged due to if,1 <0.
At time tp, vcQ1 = vcos = 0, and Dg1 and Dg4 are conducting. Thus, Q1 and Q4 can turn on after ¢,
with soft switching operation. The load current flows through the components Dy, C,, Ry, D5 ~ Dg, and
D, so that the magnetizing inductor voltage vy,,; = nV, and if,,; increases. C,1 and L,q are naturally
resonant with vy, = V;, and vy,,1 = nV,.

Step 2 [t1 ~ t2]: Atty, iry1 =i, and Dy ~ Dg are all off. L;q, L1, and Cyq are naturally resonant
with Vg, = Vy,,.

Step 3 [tz ~ t3]: At tp, Qp, and Q4 turn off. Owing to ir,1(t2) > 0, Cor and Cp3 are discharged.
Since ifyq < ipm after ty, Dy, D3 and D5 ~ Dg conduct.

Step 4 [t3 ~ t4]: Att =13, vcgr = vcos = 0. Since if,1(t3) is positive, D, and Dg3 are conducting
and O, and Q3 turn on with zero-voltage switching after time f3. Since Q,, Q3, Dy, and Dj are
conducting, v, = -Vj, and vy, = —nV,. C, and L;; are naturally resonant with v,, = -V}, and
Upm1 = —1V,. Instep 4, i,1 and i, both decrease.

Step 5 [t4 ~ t5]: At time ty, i1 = irr1, and Dy ~ Dg are off. Therefore, L,1, C;1, and Ly, are
naturally resonant with v, = =V,.

Step 6 [t5 ~ Ts + tol: Q> and Q3 turn off at t5. Owing to ir,1(t5) <0, Co1 and Cpy are discharged.
At time Ts + tg, vcg1 = vcgs = 0. Then, the circuit operations in a switching cycle are completed.
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Figure 5. Circuit waveforms and equivalent circuits at high input voltage range and f; < f,, (a) PWM
waveforms, (b) step 1, (c) step 2, (d) step 3, (e) step 4, (f) step 5, (g) step 6.
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3. Circuit Analysis and Design Procedures

Variable frequency control is used to generate the PWM signals of power switches and regulate
output voltage at V, = 400 V under wide voltage variation from V;, = 100 V to 400 V. Then, a dc/ac
inverter can be adopted as the second stage for PV inverter applications. The fundamental harmonic
analysis is adopted to derive the voltage transfer function of the proposed converter. For low voltage
input range from V;, = 100V to 200V, two resonant converters are operated, and the output voltages of
two diode rectifiers are series connection to achieve high voltage gain (Figure 1b). For high voltage
input range from V;, =200 V to 400 V, only one resonant converter is operated on the primary side to
regulate load voltage (Figure 1c). Since the frequency modulation is used in the presented circuit, it can
obtain that the waveforms on v,, and v.4 are square voltage waveforms. Based on the Fourier Series
Analysis (FSA), the fundamental root-mean-square (rms) voltages Vyp s and Vg 45 are obtained as.

Vab,rms =2 \/Evin/n/ (2)

2V2V,, /7,100V < V;, < 200V
Vcd,rms = { " " (3)

0,200V < V;, < 400V’
For low input voltage range (V;, = 100 V ~ 200 V), the magnetizing voltages vj,,1 = v, = t1nV,/2.

On the other hand, the magnetizing voltage vy ;1 = 1V, and vy, = 0 for high input voltage range
(Viy =200 V ~ 400 V). Therefore, the fundamental rms magnetizing voltages are derived as.

v | V2nV,/m, 100V <V, < 200V @
Lmlrms = 2 \2nV,/m, 200V < V;, < 400V
. [ V2nV,/m,100V < Vi, < 200V -
bz = 0,200V < V;, < 400V

According to the dc load resistor R,, the equivalent ac resistors Ryc1 and Ryep on the primary-side
of T1 and T, can be obtained as:

4R 100V < V;, < 200V
TU

Rope1 = 8n2R ’ 6)
LR 200V < V;, < 400V
TU
4n’R,
Ruc2 = — 100V < V;, <200V, @)

According to the resonant components L;1, Cr1, Rse1, and Ly, the voltage gain of the presented
resonant converter is derived in (8).

2 2 nV,
1% 1f2-1 2_1 100V < Vi, <200V
G| = —Zmbmms g [14__](’1_2] +xz(fn_) ~] W, in , @®
Vab,rms L f7 fu 72, 200V < Vi < 400V

where x = VL,1/Cy1 /Ry is the quality factor, I, = Ly;1/Lyq is the inductor ratio, and f,, = fi/f; is the
frequency ratio. The output voltage can be obtained in (9).

2V;

2
1 f2-1 f2-
n\/[1+n 1}3 } +X2(V}T)

V, = , 9
0 Vi , 200V < V;, <400V ©)
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According to the input and output voltage conditions, the switching frequency of power switches
Q1 ~ Qg are regulated according to the input voltage variation. Since the input impedance of the
proposed resonant circuit is controlled at the inductive load, Q; ~ Qg can be turned on under zero
voltage switching. The power loss analysis of the resonant converter or inverters has been discussed
in [17,18] for fixed switching frequency. However, the switching frequency of the resonant converter is
variable. Therefore, it is very difficult to predict and calculate the actual power losses. In the proposed
converter, the main power losses are conduction losses on power switches Q1 ~ Qg, copper and core
losses on the resonant inductors L, and Ly, and transformers T7 and T, conduction losses on the
resonant capacitors C,; and C;,, and the conduction losses on the rectifier diodes Q1 ~ Qg. The rms
currents of the resonant capacitors C,1 and C;; at the series resonant frequency are calculated as:

2 2

Vimi
_), 10
27’1\/5) +(4\/§Lm1fsw) ( )

ml,

iCrl,rms - iCrZ,rms - iLrl,rms = iLrZ,rms ~ \/ (

It is clear that the primary currents are related to the switching frequency fs,, and the magnetizing
voltage Vi,,;. In the same input voltage range such as V;, = 100 V ~ 200 V, the low input voltage
(Vi =100 V) will result in low switching frequency. The low switching frequency will increase the
primary current and conduction loss on power switches, inductors, and resonant capacitors. Therefore,
the proposed converter efficiency at V;, = 100 V is less than the efficiency at V;, = 200 V. For low input
voltage range (V;, = 100 V ~ 200 V), two resonant circuits are operated, and the magnetizing voltages
Vim1 = Vima = nV,/2 instead of V1,1 = nV, under high input voltage range (V;, = 200 V ~ 400 V).
Therefore, the circuit efficiency operated at low input voltage range is better than the circuit efficiency
operated at high input voltage range.

To confirm the theoretical analysis, a design example of a laboratory circuit is provided with the
electric specifications V;;, =100 V ~ 400 V and V, = 400 V. The rated power is 1800 W (by two resonant
circuits) for low input voltage range and 1 kW (by one resonant circuit) for high input voltage range.
The series resonant frequency of the resonant tank is designed at 100 kHz. For low input voltage
range V;, = 100 V ~ 200 V, two resonant circuits with parallel-series connection are operated in the
studied circuit to obtain high voltage gain. However, one only resonant circuit is operated under high
voltage input V;, =200 V ~ 400 V. Figure 6 provides the voltage gain of the studied converter with
wide input voltage operation. The transient voltage (Vi tran) between low input voltage range and
high input voltage range is selected at 200 V with +4 V voltage tolerance. From equation (8), it is clear
that the voltage gain of the presented resonant converter under high input voltage range is two times
of voltage gain under low input voltage range. Therefore, the design considerations for two resonant
converters operation (Figure 1b) for low voltage input and one resonant converter operation (Figure 1c)
for high voltage input are identical. To simplify the design consideration, only one resonant converter
under high voltage range is discussed to design circuit components. Under high voltage range, the
minimum voltage gain G;, is designed as unity at Vj, ;5 = 400 V. From equation (8), the turn-ratio 1y
is obtained as:

Gminvin,max _ 1 %400 -1

S 7 w00 7

(11)

Magnetic cores EE-55 with flux density AB = 0.4 tesla and window area A, = 3.54 cm? are used to
build the isolated transformers T7 and T,. The minimum switching frequency of the resonant converter
is designed at 55 kHz and 200 V input. Therefore, the minimum primary turns at 200 V input are

calculated as:
N nV, 1 %400

> =
plmin =g nABA, — 55000 X 0.4 X 3.54 x 10~

~514, (12)
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The actual primary turns and secondary turns of transformers T and T; are Ny; = Ny, = Ns1 =
Nsp = 52 turns. From equation (6), the equivalent resistance Ry¢1 under P, =1 kW and V, =400 V is
obtained as: o2 S 12 4002
Roe1 = %Ro,mted =3 X To0 ~ 130, (13)
The selected inductor ratio I, is equal to 5, and the selected quality factor x is equal to 0.2. Based
on the I;;, Rae1, x, and f;, the theoretical resonant components are derived as:

xR 0.2x130
[y =Lp=220d _ ~ 41.4uH, (14)
2nfy 27 x 100 x 103
1 1
Ci=Co=—— = - ~ 61, (15)
4L ff 4m2 x41.4x 1076 x (100 x 103)
Ly = Lyp =1yLy = 41.4x5 =207uH, (16)
|Gl=nV,/2V;, Low Input Voltage Range |Gl=nV o/ Vi High Input Voltage Range
O T T T . B T T T
0L l,=Lp/Ly=5 | Topology oL Iy =Lu/Ln=5
10.22 Transition 50.221
2 N e e - — 2y e e e — — — — = N
I/ill,lllill = 100 V ,: \'_ Vvi"yﬂ‘(l" = 200 V
2:1 Voltage Range 03N, 2:1 Voltage Range

Vin,tmn =200V

1 1
Ja=flf Jo=Llfs

Figure 6. Voltage gain of the studied circuit for V;, 100 V ~ 400 V and V,, = 400 V.

In the prototype circuit, the actual resonant components are L1 = L;» =40 uH, Ly;; = Ly =200 pH
and C;1 = Cyp = 63 nE The voltage stress of Q1 ~ Qg equals Vi, . = 400 V and power MOSFETs
STW48N60M2 with 600 V/26 A rating are used for Q; ~ Qg. The voltage stress of D1 ~ Dg equals
Vo =400V and STTH8RO6FP with 600 V/8 A are used for D; ~ Dg. The selected output capacitance
Co = 810 pF (three 270 uF in parallel).

4. Test Results

Experiments based on a prototype circuit shown in Figure 7 are demonstrated to confirm the circuit
performance. The test results at low input voltage range are shown in Figures 8 and 9 with V;, =100 V
and 190 V, respectively. For low voltage range, two resonant circuits are operated with parallel-input
and series-output structure to achieve high voltage gain. Figure 8 are the test waveforms under V,
=100V, V, =400 V and P, = 1.8 kW. Figure 8a provides the measured waveforms of vg1 ¢ ~ V08 ¢
The test switching frequency at V;, = 100 V shown in Figure 8a is about 51 kHz. Figure 8b gives the
experimental waveforms of the resonant currents and voltages. Due to f; (51 kHz) < f, (100 kHz),
the resonant currents ir,; and if,, are quasi-sinusoidal waveforms. Figure 8c,d provide the current
waveforms of the rectifier diodes. Owing to f; < f;, the rectifier diodes D ~ Dg are all reverse biased
without reverse recovery current loss. Figure 8e demonstrates the experimental waveforms under V;,
=100V, V, =400V and I, = 4.5 A (P, = 1.8 kW). Figure 8f demonstrates the experimental waveforms
of power switch Q; at full load. Before Q; turns on, the drain voltage v 4 is already zero voltage.
Therefore, the zero voltage turn-on of Q; is achieved. Q; ~ Qg have the same turn-on characteristic as
Q1 with soft switching operation. Figure 9 provides the test waveform under V;, =190V, V, =400 V
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and P, = 1.8 kW. The switch signals of Q; ~ Qg are provided in Figure 9a. The measured resonant
current and voltages are given in Figure 9b. Since f; = f,, the resonant currents are sinusoidal waveforms.
The measured diode currents are provided in Figure 9¢,d. The measured waveforms of input voltage
Vin =190V, load voltage V, = 400 V and load current I, = 4.5 A are provided in Figure 9e. The test
waveforms of switch Qg are given in Figure 9f. For high input voltage range, Figures 10 and 11 shows
the experimental results of the studied circuit at Vj;, = 210 V and 400 V, respectively. For high input
voltage range, only one resonant converter (Q1 ~ Qs) is controlled to regulate load voltage. The rectifier
diodes D5 ~ Dg are bypassed at high voltage range operation. The measured waveforms at V;, =210V,

» =400V and P, = 1 kW are provided in Figure 10. Due to the voltage gain at V;, =210 V is close to 2
(under high input voltage range), it is obtained that f; < f,. From Figure 10b, the resonant current ir,; is
a quais-sinusoidal waveform. From Figure 10c,d, D1 ~ Dg turn off under zero current switching. Since
the diodes D5 ~ Dg are bypassed for high input voltage range, the secondary-side rectified current is
distributed on D5 ~ Dg. Therefore, the diode currents ips ~ ipg are balanced and the amplitude of ips ~
ipg is only one-half of amplitude of ip1 ~ ips4. From test results in Figure 10f, it can observe that the
soft switching turn-on of Q; is achieved. Figure 11 provides the test waveforms under V;, =400V,
Vo =400V and P, = 1 kW. The voltage gain at V;;, =400 V is 1 (Figure 6). The resonant current i;,;
is a sinusoidal waveform (Figure 11b). Similarly, the secondary-side rectified current is distributed
on D5 ~ Dg and the amplitude of ips5 ~ ipg (Figure 11d) is equal to one-half of amplitude of ip1 ~ ips
(Figure 11c). From the experimental waveforms in Figure 11f, Q; is turned on at zero voltage switching.
The measured circuit efficiencies of the proposed converter are 92.55% at V;,, = 100 V and P, = 1.8 kW,
94.1% at V;;, =190 V and P, = 1.8 kW, 90.8% at V;, =210 V and P, = 1 kW, and 91.8% at V;;, =400 V and
P, =1kW. It is clear that the proposed converter has better circuit efficiency at low input voltage case.
Because the magnetizing current loss is depended on the output voltage instead of input voltage. For
high voltage input, only one resonant converter is operated to provide 1 kW output. However, 1.8 kW
is provided by two resonant converters at low voltage input case. Therefore, the proposed converter
has better circuit efficiency at low input voltage case. Figure 12 provides the test circuit efficiencies of
the proposed resonant converter for 50% and 100% rated power under different input voltages.

_ Gk
EECNEN . o

Figure 7. Picture of the laboratory prototype circuit.
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Figure 11. Experimental results at V;;, = 400 V (high voltage range) and 1 kW load. (a) vg1,¢ ~ Ug4,g,
(b) Vap, ver1, inr1, (€) ip1 ~ ip4, (d) ips ~ ips, (€) Viu, Vo, Lo, (f) 01,4, V01,4, iQ1-
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Figure 12. Measured efficiencies of the proposed circuit for 50% and 100% rated power under different
input voltages. (a) low input voltage range, (b) high input voltage range.

5. Conclusions

A new resonant converter is proposed, discussed, and implemented to have low switching
losses on power devices and wide input voltage operation from V;, = 100 V to 400 V. To overcome
the drawback of the limit range of input voltage operation on conventional resonant converter, two
resonant circuits with parallel-series connection are used in the proposed converter. For low voltage
input, the output voltages of two diode rectifiers are series-connected to have higher voltage gain.
On the other hand, only one resonant circuit is operated and the other circuit is off under high input
voltage range. Because the presented resonant circuit is operated at the inductive input impedance,
the soft switching operation of all active devices is achieved. The proposed resonant converter can be
implemented by the general integrated circuit with the frequency modulation and a voltage comparator.
The applications of the studied circuit are front stage of solar power conversion with wide input voltage
variation and high voltage output. Although two independent resonant converters working for each
voltage range can also be adopted to achieve wide input voltage operation, the current rating of active
and passive power components in the proposed converter is much lower (half current rating) than two
converters working for low input voltage case. Finally, a 1.8 kW laboratory circuit was constructed
and measured. Experiments are demonstrated to confirm the circuit performance and usefulness of
the studied resonant converter with wide voltage range capability.
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