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Abstract: A hybrid PWM converter is proposed and investigated to realize the benefits of wide
zero-voltage switching (ZVS) operation, wide voltage input operation, and low circulating current for
direct current (DC) wind power conversion and solar PV power conversion applications. Compared
to the drawbacks of high freewheeling current and hard switching operation of active devices at the
lagging-leg of conventional full bridge PWM converter, a three-leg PWM converter is studied to have
wide input-voltage operation (120-600 V). For low input-voltage condition (120-270 V), two-leg full
bridge converter with lower transformer turns ratio is activated to control load voltage. For high
input-voltage case (270-600 V), PWM converter with higher transformer turns ratio is operated to
regulate load voltage. The LLC resonant converter is connecting to the lagging-leg switches in order
to achieve wide load range of soft switching turn-on operation. The high conduction losses at the
freewheeling state on conventional full bridge converter are overcome by connecting the output
voltage of resonant converter to the output rectified terminal of full bridge converter. Hence, a 5:1
(600-120 V) hybrid converter is realized to have less circulating current loss, wide input-voltage
operation and wide soft switching characteristics. An 800 W prototype is set up and tested to validate

the converter effectiveness.

Keywords: pulse-width modulation; DC converters; wide voltage variation; freewheeling current

1. Introduction

For past years, clean and sustainable energy has received increased attention to reduce
greenhouse gas emissions and fossil energy demand. Photovoltaic (PV) solar cell, fuel
cell stacks, and DC wind power are attractive sustainable energy sources as they are cost-
effective [1-4]. The main drawback of these sustainable energy sources is that the output DC
or AC voltage is not constant. To solve this problem, the soft switching high-frequency DC-
DC converters have been developed by using switching frequency modulation [5,6], pulse-
width modulation (PWM) [7-10], active clamp PWM [11,12], and asymmetric PWM [13,14]
schemes. The main drawbacks of active clamp PWM and asymmetric PWM schemes are
the unbalance current and voltage stresses on the rectifier diodes. In resonant converters,
the operating switching frequency depends on the load power and input voltage so that
the load voltage is controlled by frequency modulation. However, the wide output-voltage
variation of sustainable energy sources will result in wide switching frequency deviation
in resonant converters. In PWM scheme, the duty ratio (or duty cycle) on active devices
or input leg voltage of PWM converter depends on input voltage. Thus, the duty cycle
of PWM converter can be regulated to countract input voltage variation. Generally, the
maximum (minimum) effective duty ratio def max (defr,min) is related to minimum (maximum)
input voltage Vi, 1in (Vipmax). Due to duty loss problem at the freewheeling state on
conventional phase-shift PWM converter, the effective duty ratio d,g is usually designed
to be greater than 0.15 and less than 0.45. Hence, input voltage variation will be limited
at Viy max/Vinmin = Aeffmax / defmin <3 on conventional phase-shift PWM operation. As the
voltage deviation from PV panels and DC wind generator outputs may be greater than
3, the cascaded or parallel-connected circuit structures [15-17] have been developed to

Electronics 2021, 10, 473. https:/ /doi.org/10.3390/ electronics10040473

https:/ /www.mdpi.com/journal/electronics


https://www.mdpi.com/journal/electronics
https://www.mdpi.com
https://doi.org/10.3390/electronics10040473
https://doi.org/10.3390/electronics10040473
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/electronics10040473
https://www.mdpi.com/journal/electronics
https://www.mdpi.com/2079-9292/10/4/473?type=check_update&version=1

Electronics 2021, 10, 473

20f18

overcome this problem. However, the low efficiency is the main problem of cascaded
PWM converters. In serial- and parallel-connected circuit topology with wide voltage
operation in [15,16], the component counts, high circulating current, and the complicated
control algorithm are the main disadvantages. However, the maximum voltage deviation
in [15-17] is still less than 4 (Vi jax/ Vigmin < 4). The DC converters with more than 5
(Vinma! Vinmin > 5) wide voltage capability are normally demanded for renewable energy.

A hybrid converter with a three-leg phase-shift PWM circuit and a LLC circuit are
presented and realized to have benefits of wide load range of zero voltage switching (ZVS),
less circulating current loss, and wide input voltage capability (120-600 V). On the basis of
input voltage, two sub-circuits are selected to operate in order to overcome wide input-
voltage deviation. One AC switch is adopted to select one of two sub-circuits under low
or high input-voltage condition. Therefore, a 5:1 (Vi yiox = 5 Vi min) wide input voltage
hybrid converter is achieved. The phase-shift PWM approach is used to control output
voltage. Power devices at the leading leg can be easily turned on at ZVS because the output
inductor energy is used to release energy stored on output capacitor of active devices.
The hard switching disadvantage of lagging-leg active devices in conventional full bridge
converter is overcome by connecting a LLC resonant circuit to the lagging-leg active devices.
Therefore, the lagging-leg active devices are turned on at ZVS. In circuit implementation,
a Schmitt comparator with a £30 V hysteresis range is adopted to select the appropriate
sub-circuit under high or low voltage input operation. The control scheme can be easily
implemented by using logic gates, comparator, and phase-shift PWM integrated circuit.
The benefits of the studied hybrid zero-voltage switching (ZVS) converter are confirmed
by an 800 W experimental prototype.

2. Structure of the Proposed Converter

The converter diagram of conventional full bridge PWM converter is given in
Figure 1a. The main benefit of full bridge PWM converter is ZVS operation on S; and S
(leading-leg switches). However, the full bridge PWM converter has several drawbacks.
such as hard switching operation on S3 and S, (lagging-leg switches) and high primary
current loss at the freewheeling state v,;, = 0 when S; and S3 are ON or S; and S4 are ON.
Therefore, serious switching losses can be generated at the lagging leg and high conduction
losses will be generated on the primary side under low duty cycle condition. To overcome
hard switching loss, a LLC resonant circuit (L, T2, C;, D3, Dy, Cy1c and Ds) remark in red
(Figure 1b) is adopted and connected to the lagging-leg switches. As LLC resonant circuit
is operated at constant frequency (fs,, = f; resonant frequency of L, and C;), active devices
S3 and 54 can achieve ZVS operation. The other drawback of conventional PWM converter
in Figure 1a is the serious circulating current loss at the freewheeling state v, = 0. To solve
this problem, diode D5 is used to connect two voltage terminals V, ;1 and V on the sec-
ondary side. Therefore, the secondary rectified voltage V7 is positive in Figure 1b instead
of Vg = 0in Figure 1a during the freewheeling interval. During the forward power flow
from V;, to V,, the primary-side leg voltage v, | =~ V;, and the secondary rectified voltage
VR & Vigns /ny > Vo 11c- Thus, diode Ds is reverse biased. Diode Ds is forward biased
during the freewheeling interval (v,, = 0). Because Ds is conducting, the energy on Cyc is
transferred to V, at the freewheeling state. In the freewheeling interval, the rectified voltage
VR = Vo 11c > 0, the primary inductor voltage Vig = —(1,1/151)V, 11c, and the primary
current ir are decreased. For some renewable energy power conversions for solar power
or wind power applications, the DC converters with wide voltage operation capability are
needed in order to counteract wide input voltage variation. Conventional full bridge PWM
converter can operate well with narrow voltage variation, such as Vi, 0/ Vin min < 3. For
more wide voltage deviation, the conventional full bridge PWM circuit cannot achieve this
demand. To achieve wide voltage deviation request, three leg PWM converter is adopted
and shown in Figure 1c. Comparing the circuit diagrams in Figure 1b,c, it can be noted, one
more switch leg with components S1, S and Q remark in blue is adopted in the presented
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circuit. The transformer Ty has four winding turns 7,1, 11p1, 151, and ns1. Switch Q is used
to control turns ratio of T7 under the different input voltage regions.

(©

Figure 1. Circuit structure (a) conventional phase-shift PWM converter, (b) hybrid soft switching

PWM converter with less primary current at the freewheeling state, (c) proposed hybrid soft switching
PWM converter with wide input voltage operation and less primary current at the freewheeling state.

When 120 V < V;,, <270 V (low voltage region, Vj, 1), the proposed converter with
high voltage gain is requested to keep load voltage constant. Therefore, active devices
Q, 51, and S, are OFF, as shown in Figure 2a. Only S3—S¢ are activated to regulate V.
Circuit 53-S¢, T1, L, D1, Dy, and L, are activated as the full bridge phase-shift PWM
converter. The leading-leg active devices S3 and S4 can easily turn on at ZVS operation.
The turns-ratio of Ty is np1/ns1 under low voltage input range. Circuit structure with
components Ss, S¢, T2, Ly, Cr, D3, Dy, and Cyjc is operated as the LLC series resonant
converter. Due to the resonant behavior, the lagging leg active devices S5 and Sg are turned
on at ZVS. When 270 V < V;,, < 600 V (high voltage region, V;, 1), Q is ON and S3 and Sy
are OFF, as shown in Figure 2b. 51, Sy, S5, and S¢ are activated to control load voltage
V. Circuit structure with components Sq, Sy, S5, Sg, T1, Lr, D1, D3, and L, are activated
as the full bridge phase-shift PWM circuit. The leading-leg active devices S1 and S, turn
on at ZVS. The turns-ratio of Ty in Figure 2b is 21,1 /7151 under high voltage input range.
Due to LLC circuit connected to the lagging leg, S5 and Sy are turned on at ZVS. From
the previous discussion, it is clear that the presented hybrid converter has soft switching
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operation, wide input-voltage operation (Vi jax/ Vin min = 5), and less primary current at
the freewheeling state.

(b)

Figure 2. Proposed hybrid PWM converter (a) operated at low voltage operation, 120 V < V;,, <270V,
(b) operated at high voltage operation, 270 V < V;;, < 600 V.

3. Principle of Operation

If V;, is in the low voltage region (V;,; = 120-270 V), active devices Q, S;, and 5,
are all turned off. Power switches S3—S4 and passive components T1, Lg, D1, Dy and L,
are operated with PWM approach to control load voltage V,. LLC resonant circuit with
components Ss, Sg, T2, Ly, Cr, D3, Dy and Cyc is operated with fixed switching frequency
to achieve ZVS operation of S5 and S¢. It is assumed the inductances L1 = Liy2 >> Lg and
capacitances Cg1 = ... = Cgg = Coss. The PWM waveforms under the low input-voltage
region are given in Figure 3a. One can observe that there are six states (Figure 3b—g) in
each half switching cycle. The PWM waveforms are symmetrical in every half switching
period. To simplify the system analysis, only the operating states in the first half switching
period are stated in this section.

State 1 [ty <t < t1]: In state 1, S3 and Sg are in the on-state and leg voltage vy, = V.
LLC converter is controlled at the resonant frequency. As S¢ is in the on-state, i;, decreases
and iy, < ip,, 12. The secondary diodes D and Dy are forward biased. The drain voltages
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vcsa = vcess = Vi, and the diode voltages vpy ~ 2 X Vin/(np /ns1) and vpz =2 V,11c. The
currents i, and ij g are expressed in Equations (1) and (2):

v
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Figure 3. Low input-voltage region operation (a) PWM waveforms, (b) state 1, (c) state 2, (d) state 3, (e) state 4, (f) state 5,
(g) state 6.

State 2 [t; <t < t]: Att, S3 turns off. As irr(t;) > 0, Cgy is discharged by ijr after
time 1. If the inductor energy [Lg + (11/141) 2Lo]i%R(t1) > 2Coss V2,

n/
and will be equal to 0 at f. The discharged time of Cg4 is expressed as:

Ucsy is decreased

Aty = (2Vincoss7’1pl)/(10nsl) 3)

LLC converter is still controlled at the resonant mode to distribute power from V', to
VorLc-

State 3 [t, <t <t3]: Atty, vcsa is decreased and equal to zero voltage. Since ipg(t2) > 0,
Dgy is conducting and S4 can turn on to have soft switching operation. Due to v, =0,
the diode D5 becomes forward biased and the rectified voltage V' is clamped at V, r1c.
Therefore, the inductor voltages v;g = —np1Vyr1c/ns1 <0and v, = V11 c — Vo <0. irg
and iy, are decreased in this state.

. . V. 7
iLo(t) & igo(ta) + —H——"(t — ) )
0
. ) Myp1Vo,LLC
iLr(t) ~irr(f2) — [ (t— 1) ®)
s1-R

However, the conventional full bridge converter has vy g ~ 0 and i g = constant in
this state (freewheeling state). Therefore, the conventional full bridge PWM converter has
more circulating current loss in this state. In Equation (5), one can observe the primary
current ir g is decreased at freewheeling state in the proposed converter. If the time interval
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at freewheeling state is long enough, the diode current ip; or the primary current i g can
be declined to zero.
2
AtiLR:O ~ LRIO/[(”pl /”sl) Vo,LLC) (6)

The time At;p,— is related to Lg, Vo 11c, and I,. Thus, more freewheeling time duration
is required at full load to eliminate the circulating current.

State 4 [t3 <t <t4]: Atts, ip; = 0and ijg ~ 0. The diode current ip5 = if,. Thus, the
circulating current of ij g is almost removed at freewheeling state (v;. = 0). The inductor
voltage vy, = V,11.c — Vo <0 so that i, decreases.

State 5 [t4 <t < t5]: Sg is turned off at t4. Since i1,(t4) — iLr(f4) is negative, Cs5 will be
discharged. In LLC converter, D3 becomes forward biased as ij, > i, 72 after time t4. Cg5
will be discharged to zero voltage at t5.

State 6 [t5 < t < tg]: State 6 starts at time {5 when vcg5 is declined to zero. Due to
irr(ts) — ir,(t5) > 0, Dg5 becomes forward biased. Then, S5 can be turned on after time
t5 to realize soft switching operation. In this state, v, = —V;, and D, becomes forward
biased. Owing to ipa(fs) < ir4(ts5), D5 is conducting and Vi = V,, 11 c. The inductor voltage
vrR ~ np1Vorrc/ns1 — Viy <0 and the primary current i g decreases in this state. At the
end of state 6, the diode current ip; is equal to ij, so that D5 becomes reverse biased and the
primary current ii g & — ns1i1,/7p1. The time duration of state 6 is obtained and expressed
in Equation (7):

Atse = L LR/ [np1(Vin — 1 Vo,LLc /1s1) /st )

Since Ds is forward biased, the duty loss in state 6 is calculated in Equation (8):
de ~ fswloLr/[np1(Vin — 11 Vo,LLc/n51) / 161] ®)

In this state, vr, = V,r1c — Vo < 0 so that ij, decreases. At time t;, the converter goes
to the next half switching period.

When Vi, is in the high voltage region (V, 1 =270 V-600 V), Q is turned on and S3 and
S4 are turned off. Switches Sy, Sy, S5, and Sg and passive components Tq, Lg, D1, D, and
L, are controlled by phase shift PWM scheme. Components Ss, Sg, T2, Ly, C;, D3, Dy, and
Cr1c are operated as the LLC resonant circuit to have ZVS operation of S5 and Sg. The turns
ratio of full bridge converter under the high input-voltage region is 21,1 /ns; in Figure 2b.
Figure 4a shows PWM waveforms for high voltage input region. Figure 4b—g provides the
equivalent state circuits for first half switching period.

State 1 [ty < t < #1]: In this state, switches S; and Sg are ON and the leg voltage
Uge = Vi LLC converter (S, Ly, Tp, Cy, Dy and Cyc) is operated at the resonant frequency.
On the secondary side, D; and Dy are conducting. The drain voltages vcsy = vcss = Vi
and the diode voltage stresses vpy ~ Vints1/np1 and vpz =~ 2V, 11 c. The inductor currents
ir, and ij g are increased and ij, is decreased in this state.

State 2 [t < t < tp]: At t1, switch S is turned off. Owing to ifr(t1) > 0, ifg dis-
charges Cs;. If the inductor energy [Lg + (211 /ns1)2Lo]i%R(t1) > 2COSSV51, then Cgy can
be completely discharged to zero voltage.

State 3 [tp < t <t3]: Atty, vcgy = 0. Since ipr(t) > 0, Dg» conducts and S5 is turned
on at ZVS. In this state, the leg voltage v, = 0 so that D5 is forward biased. Therefore, the
rectified voltage VR =V, 11c, vrr = —2 X Np1 VU,LLC/nsl <0and vy, = Vorrc = Vo <0. The
inductor currents iy, if,, and irg are all decreased in state 3. If the primary currents i; g or
ip1 can be declined to zero, then the necessary time interval of the freewheeling state at the
high input-voltage region is derived as:

Ati—o ~ LrIo/[(2np1/151)* Vo 110) )

If ip1 = 0 at £3, then the circuit operation goes to state 4. If ip; is not equal to zero at
the end of the freewheeling state, then the circuit goes to state 5.



Electronics 2021, 10, 473

8 of 18

State 4 [t3 <t < t4]: At t3,ip; = 0. One can observe ips = i, and the primary current
irR is approximately equal to zero when v, = 0 (freewheeling state). Since D5 is conducting,
power is delivered to V, through LLC resonant converter in state 4.

State 5 [ty <t < t5]: At ty, S¢ turns off. Owing to ijr(ts) — ir,(t4) > 0, Css5 will be
discharged. In LLC circuit, D3 is conducting. At t5, vcss is decreased to zero voltage.

State 6 [t5 < t < tg]: Atts, vcss = 0. Owing to irr(ts) — ir,(t5) > 0, Dgs5 is conducting.
Thus, S5 is turned on at ZVS. In state 6, v, = —V;,, and D, is forward biased. Due to
ipa(ts) < ipo(ts), Ds is still conducting and Vg = V,1c. The primary inductor voltage
ULR & 2np1Vorrc/ns1 — Viy <0 and i g decreases. At the end of state 6, the diode current
ipp = i1, so that Ds is conducting. The duty loss at state 6 under the high input-voltage
region is obtained as:

de ~ fswloLr/[2np1(Vin — 21,1 Vo L1c/151) /151 (10)

At time t4, the converter goes to the next half switching period.
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Figure 4. High input-voltage region operation (a) PWM waveforms, (b) state 1, (c) state 2, (d) state 3, (e) state 4, (f) state 5,

(g) state 6.

4. Circuit Characteristics
A three-leg full bridge circuit and a LLC resonant circuit are included in the studied
converter. Both PWM circuit and LLC circuit will achieve power transfer from V;, to V.
LLC circuit is controlled at constant frequency. Thus, the secondary-side voltage V, ;¢ is
calculated in (11):
Vorrc = Vinttsa/ (2n2) (11)
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At the freewheeling state, the primary-side leg voltage v, or vy, is zero and diode D5
is forward biased. Thus, the rectifier terminal voltage Vg = V11 c. The primary inductor
voltage vy r= —1p1V, 110/ 151 (low input-voltage region) or v r= —2 X 1,1V, 11c/ns1 (high
input-voltage region) and the primary current i;g will decrease to zero at the freewheeling
state. Due to LLC circuit is controlled under the inductive impedance, S5 and S¢ can turn
on at zero voltage. Due to voltage-second balance on L,, V, is derived in (2).

kd.s Vi 1—-2d.¢¢)V;
Vv, = effVin + ( eff) in (12)
Mp1 /ng 277;72/”52

def is the effective duty cycle and k =1 (or 2) under the high (or low) input-voltage region.
From Equation (12), the proposed converter has a voltage gain as Equation (13).

_ Vo B kdeff (1 — Zdeff)
Gdc,ProPosed = W - ”pl/”sl + znpz/nsz (13)

If the proposed converter does not use LLC resonant circuit at lagging-leg (Ss and Ss),
then the voltage gain of three-leg converter without LLC converter is derived as:

_ Vo _ kdegs
Gdc,con - W - npl/nsl (14)

The voltage gains of the presented circuit and conventional PWM converter are
compared and provided as:

Gdc,proposed — 14 npl(l - Zdeff)/nﬂ
Gic,con 2”p2kdeff/n52

(15)

From Equation (15), the presented circuit has a much larger voltage gain. The power
ratings of LLC circuit and full bridge circuit in the presented converter are given as:

Pric = (1 - 2deff)Vo.LLCIO ~ (1 - Zdeff)vinlo/(zan/ns2) (16)

2d, fVin L

np1/ns1 {17)

Pruti—pridge =

In steady state, the ripple currents Aif, of conventional PWM converter and the
presented converter are expressed as

Vo(0.5 — dyfy)

Ai > 18
Lo,con Lo fsw ( )

. (VO_VDLLC>(0'5_d€ff)
Al ~ : 19
Lo,proposed Lofsw 19)

From Equations (18) and (19), the ripple current comparison is given as.
Ai
Lo‘,proposed —1— Vo,LLC/Vo <1 (20)
AlLo,con

That means the presented converter has less ripple current Air,. The voltage ratings
of 51—S¢ and Q are equal to Vj;, ;. The voltage rating of Dy and D, is approximately
equal to Vi ./ (np1/ns1). Similarly, the voltage rating of D3 and Dy is approximately
equal to Vi jax/ (np2/ns2). The voltage stress of Ds is Vi yax/ (np1/151) — Vipmax/ (1p2/1s2).
The DC diode currents of D1-Ds are Ip; = Ipy ~ d.l,, Ip3 = Ipy ~ (0.5 —d,)I, and
Ips = (1 —2d,)I,.
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5. Experimental Results

The laboratory prototype with a rated power P, = 800 W is built and tested. The
circuit components of the laboratory prototype are provided in Table 1. Figure 5 gives
the control block of the studied converter. The general purpose PWM integrated circuit
UCC3895 is selected to generate the necessary PWM waveforms to drive the leading and
lagging leg switches. A comparator with £30 V voltage tolerance is adopted in control
block to decide low voltage input or high voltage input range. The reference voltage of
Schmitt voltage comparator is designed at 270 V. Thus, the actual low and high voltage
input ranges are V;, 1 =120-300 V and V;,, iy = 240-600 V. Figure 6 gives the experimental test
bench. The digital oscilloscope Tektronix TDS3014B, the dc electronic load Chroma 63112A,
and the dc power source Chroma 62016P-600-8 are used in the laboratory test to measure
the experimental results. Figure 7 provides the experimental results at the low voltage
region (Vj, | = 120-300 V) and full load. Figure 7a,b gives the experimental PWM signals
of S3~54 for 120 and 300 V, respectively. The leg voltage vy, primary currents i;g and
iry, and resonant voltage vc, under 120 V input case are provided in Figure 7c. Similarly,
the measured waveforms of vy, irg, i1y, and v, under 300 V input case are shown in
Figure 7d. Comparing Figure 7c,d, the leg voltage vy, at V;,, = 300 V has less duty ratio.
Since the secondary-side voltage V,;c is connected to the rectified terminal Vg, the
inductor voltage v r at the circulating state is negative and i; g will decrease to zero in
this state. Figure 7e,f demonstrates the measured waveforms of ipj, ips, ips, and ir,
for Vi, =120 and 300 V cases. One can observe that the PWM converter has less duty
cycle and more ripple current Ai;, on L, under V;, = 120 V input case in Figure 7d f.
Figure 8a provides the PWM signals of S3 (the leading-leg switch) at V;, = 120 V input
and P, = 20% rated load. In the same manner, the measured PWM waveforms of S3
at V;;, =120V input and P, = 100% rated load are provided in Figure 8b. Figure 8c,d
illustrates the test waveforms of S3 under V;, = 300 V input and 20% and 100% rated loads,
respectively. The PWM waveforms of Ss for different input voltages (V;, = 120 and 300 V)
and different loads (20% and 100% loads) are provided in Figure 8e-h. From Figure 8, it is
clear that active switches S3 and Ss can both turn on at ZVS for 120 and 300 V input cases.
Likewise, the test waveforms at high voltage input (V;,, = 240-600 V) and the rated power
are given in Figure 9. Since S3 and Sy are off under high voltage input condition, only PWM
waveforms of Sy, Sy, S5, and S¢ are shown in Figure 9a,b for 240 and 600 V, respectively.
The measured leg voltage v,., primary currents i; g and i;, and resonant voltage v¢, for 240
and 600 V inputs are given in Figure 9¢,d, respectively. It can be noted in Figure 9d, i; g will
decrease to zero during the circulating interval. The experimental waveforms of iy, ips,
ipp, and ipp for Vj, = 240 and 600 V are illustrated in Figure 9 f. The hysteresis voltage
comparator is used in the control block and the reference voltage is designed at 270 V with
+30 V voltage tolerance. Figure 10a,b shows the PWM signals of S; under 240 V input
and different load conditions (20% and 100% rated loads). Figure 10c,d provides the test
waveforms of S; under 600 V input and different loads (20% and 100% loads). The PWM
signals of Ss at different input voltages (V;, = 240 and 600 V) and different load conditions
(20% and 100% loads) are provided in Figure 10e-h. It can be noted that S; and S5 all turn
on under zero voltage. Figure 11 gives the test PWM waveforms of Q, S;, and S3 during
the input voltage variation between V;,, = 120 and 600 V. When V;,, increases from 120
to 600 V, Q turns on and Sj3 turns off at V;,, = 300 V. At the same time, Sy is activated at
Vin > 300 V. On the other hand, Q and S; turn off and Sj3 is activated at V};, = 240 V when
Vin decreases from 600 to 120 V. The measured efficiencies of the proposed converter at
the rated power are 89.7%, 91.2%, 90.9%, and 93.4% under V;, = 120, 240, 300. and 600 V,
respectively. Using thermal imaging camera FLIR E85, the measured junction and case
temperatures of power MOSFET S5 at the rated power are 98 °C and 85 °C. The junction
and case temperatures of rectifier diode D; are 102 °C and 90 °C. The measured core and
winding temperatures of filter inductor L, with MPP core CM343125 are 87 °C and 82 °C,
respectively, at the rated power.
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Table 1. Circuit parameters in the laboratory prototype.
Items Parameter Items Parameter
Vi 120-600 V L, 30 uH
Vo 48V S51~S¢, Q STF15N95K5
P, 800 W D;~Dy MBR40500PT
fow 70 kHz Ds STTH2003CT
Co 640 pF/100 V 1p1 M1 16:10
CorLC 240 uF/100 V Ty M) 22:2
Cr 205 nF L1711, L2, T1 259 uH
L, 27 uH L2 135 uH
Voltage Follower  Schmitt Trigger Op toc?up ler
Driver

Gate

— > “ S;Zi‘li ver | > @
V. 2 Driver
AND Gate }
Gate ) Driver S
NOT
Gate Y AND Gate

)] s

Driver
AND ) Gate
®1— Gate Driver S3

AND Gate
®—| Gate ) Driver Sy

Gate
|| Driver Ss
Voltage Controller -
—> — | UCC3895
Vo (TL431+PC817) Gate >
Dri A
river 6

Figure 5. Control block of the laboratory prototype.

Figure 6. Pictures of the proposed converter in the laboratory: (a) Prototype circuit, (b) experimental setup.
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Figure 7. Measured PWM signals at full load and low input-voltage range (a) S3 ~ Sg at V;;, =120V, (b) S3 ~ S at V;;, =300V,
(€) Vpe, iLR, VCrs iLr at Vi, =120V, (d) vy, iLr, Vcr, iLr at Vi, =300V, (e) ipy, ipy, ips, iLe at Vi, =120V, () ipy, ipy, ips, iL, at
Vi, =300 V.
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Figure 8. Measured PWM waveforms of S3 and Ss at the low input-voltage region (a) Sz at V;;, = 120 V and P, = 20% load,
(b) Sz at V;;, =120 V and P, = 100% load, (c) S3 at V;;, =300V and P, = 20% load, (d) S3 at V;;, =300 V and P, = 100% load,
(e) S5 at V;;, =120 V and P, =20% load, (f) S5 at V;;;, =120 V and P, = 100% load, (g) S5 at V;,, =300 V and P, = 20% load,
(h) S5 at V;;,, =300 V and P, = 100% load.
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Figure 9. Measured PWM signals at full load and high input-voltage range (a) S, Sy, S5, Sg at V;;, =240V, (b) S, S», S5, S6
at V;,, =600V, (¢) v, iR, Ucr, ity at Vi, =240V, (d) vge, irr, vy, iy at Vi, =600V, (e) ipg, ip2, ips, iro at Vi, =240V, (f) ipy,
iDZ/ iD5/ iLo at Vin =600 V.
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Figure 10. Measured PWM waveforms of S; and S5 at the high input-voltage region (a) Sy at V;;, =240 V and P, = 20% load,
(b) S1 at V;, =240 V and P, = 100% load, (c¢) S7 at V;,, =600 V and P, = 20% load, (d) S; at V;,, =600 V and P, = 100% load,
(e) S5 at V;;, =240 V and P, =20% load, (f) S5 at V;;, =240 V and P, = 100% load, (g) S5 at V;,, = 600 V and P, = 20% load,
(h) Ss at V;;, =600 V and P, = 100% load.
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Figure 11. Measured waveforms of V;,;, Q, S; and S3 between 120 and 600 V input condition.

6. Conclusions

A hybrid PWM converter is presented and investigated to achieve wide voltage operation
(Vi = 120-600 V), ZVS operation for all active devices and low primary current loss at the
freewheeling state. To solve high circulating current drawback in conventional full bridge
converter, a DC voltage comes from a LLC circuit is used at the secondary rectified terminal.
Thus, the primary inductor voltage is negative and the circulating current will reduce to zero
during freewheeling state. The other drawback of conventional PWM converter is serious
switching loss on lagging leg devices. The added LLC circuit shares the same lagging-leg
devices as PWM circuit to help the lagging-leg active devices to be turned on at zero voltage.
Three-leg PWM circuit structure is used to achieve wide voltage input operation. The circuit
performance is provided through the experimental results.
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