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Abstract: A new circuit structure of LLC converter is studied and implemented to achieve wide
zero-voltage switching range and wide voltage operation such as consumer power units without
power factor correction and long hold up time demand, battery chargers, photovoltaic converters and
renewable power electronic converters. The dc converter with the different secondary winding turns
is adopted and investigated to achieve the wide input voltage operation (50—400 V). To meet wide
voltage operation, the full bridge and half bridge dc/dc converters with different secondary turns can
be selected in the presented circuit to have three different voltage gains. According to input voltage
range, the variable frequency scheme is employed to have the variable voltage gain to overcome the
wide input voltage operation. Therefore, the wide soft switching load variation and wide voltage
operation range are achieved in the presented resonant circuit. The prototype circuit is built and
tested and the experiments are demonstrated to investigate the circuit performance.

Keywords: frequency modulation; dc/dc converters; wide voltage variation; soft switching operation

1. Introduction

Power electronics are more and more important for the energy conversion systems such
as renewable power conversion, electric vehicle systems, traction vehicles, light rail vehicles,
dc nano- or micro-grid systems, battery-based storage systems, personal computer power units
and industry power units. Power semiconductors such as insulated gate bipolar transistors (IGBTs),
Metal-Oxide-Semiconductor Field-Effect Transistor (MOSFET), Gallium Nitride (GaN) FET and Silicon
Carbide (SiC) devices are widely used power switches in power electronic circuits. However, IGBT
devices have low switching frequency problem. GaN and SiC devices have the advantages of low
switching loss and high frequency operation. However, the cost of GaN and SiC is much more
expensive than the IGBT and MOSFET devices. Compared to IGBT, GaN and SiC devices, MOSFET
elements have low cost and medium frequency operation for modern power converters. Pulse-width
modulation (PWM) power electronic circuits have been widely studied and developed in power
electronics to lessen reduce global warming and air pollution problems. The dc-dc or dc-ac power
converters are the most attractive interface circuits between the photovoltaic (PV) cells (or fuel cells)
and the utility dc or ac voltage. However, the output voltage of PV cells, fuel cells and dc wind turbine
power generators is not constant and related to solar intensity or wind speed. Conventional duty cycle
control converters [1-4] and frequency control converters [5-7] cannot be operated well under wide
voltage variation condition due to the limit voltage gain of power converters. Multi-stage dc converters
with parallel or series structure [8-11] have been researched to overcome wide voltage variation
problem and used for renewable energy conversion and battery charger applications. However, the
disadvantages of multi stage dc-dc converters have low reliability and more active and passive power
components. Two full bridge circuits structure was presented in [12] to overcome limit voltage range
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problem of conventional resonant converters. However, sixteen power semiconductors are used in this
circuit structure. The conventional LLC converter with two sets of secondary windings was studied
in [13] to have wide hold-up time operation for PC power units. The main drawbacks of this circuit
structure are four secondary windings and large copper losses. The resonant converter with interleaved
duty cycle control was achieved in [14] to overcome wide voltage variation problem and achieve low
current ripple input. However, the circuit topology is still the multi stage converter.

The new resonant converter with voltage doubler configuration and two sets of secondary
windings is presented in this paper to accomplish soft switching operation and overcome wide voltage
input variation (V;, = 50-400 V). According to the input voltage range, the present LLC converter
can be operated under full bridge resonant structure or half bridge resonant structure with different
secondary turns. Therefore, the proposed converter has much wide range of input voltage operation.
When V;,, = 50-100 V (low voltage region), the full bridge type LLC circuit with more secondary turns
is operated to have high voltage gain. If V;, = 100-200 V (medium voltage input region), the full bridge
type LLC circuit with fewer secondary turns is adopted to have less dc voltage gain. If V;, = 200-400 V
(high voltage input region), the half bridge structure is used to obtain the lowest voltage gain on the
presented circuit. With the proposed control strategy, the wide voltage operation (V;, = 50—400 V)
is accomplished in the presented circuit structure. Since the proposed resonant circuit is controlled
under the variable switching frequency with input inductive impedance operation, the active switches
have soft switching turn-on characteristic. The voltage doubler rectification structure can reduce the
voltage rating of diodes compared to the center-tapped rectifier topology. Thus, the diode conduction
loss can be reduced. The proposed LLC converter has less circuit components compared to the wide
voltage resonant converter presented in [8-14]. Finally, the experimental verifications are provided to
demonstrate the performance of the studied LLC resonant circuit.

2. Circuit Configuration and Principles of Operation

The conventional resonant converters with half bridge or full bridge structure are provided in
Figure 1. The fundamental root-mean-square (rms) input voltage of full bridge structure is two times
of the fundamental rms input voltage of half bridge structure. Therefore, the full bridge resonant
converter has more power capability than the half bridge resonant converter. Owing to the center-tapped
rectification structure, the diodes D; and D, has at least 2V, voltage stress. The other disadvantage
of the center-tapped rectifier is two winding sets are needed on the secondary side of transformer T.
For high load current applications, there are more copper losses on the secondary windings.
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Figure 1. Structures of the conventional LLC converters: (a) full bridge LLC structure; (b) half bridge
LLC structure.

The proposed LLC hybrid converter is provided in Figure 2a to overcome the disadvantage of
narrow voltage range in conventional LLC converter. The adopted circuit comprises a full bridge
resonant circuit and a voltage double rectifier with variable winding turns to have wide voltage
operation capability (50400 V) and wide soft switching operation. L, is the series resonant inductance,
Ly, is the magnetizing inductance and C; is the series resonant capacitance. According to the switching
status of S1—S4, the converter can operate as the full bridge circuit structure (Figure 2b,c) or half bridge
circuit structure (Figure 2d). The LLC resonant tank with C,, L, and L, is operated with variable
frequency to have inductive input impedance and zero-voltage turn-on switching for all devices 51-54.
The variable secondary turns are controlled by S, to achieve different voltage gains. S, is realized with
two back-to-back MOSFETs. According to the adopted circuit configuration, the converter has three
operation sub-circuits under three different input voltage regions. Figure 2b—d give the equivalent
circuits for low, medium and high input voltage conditions respectively. If50V <V, <100V
(low voltage region Vj, ), then switches S1-S4 are controlled by frequency modulation and S
is in the on-state. Figure 2b gives the circuit diagram for low input voltage operation. The voltage
vy has voltage level Vj, or —V;,. The 2n; winding turns and diodes D; and D, are connected to
output load. The voltage gain under low input voltage region is obtained as Vo/Vy, 1 = Gac(fsw)(4ns)/nyp,
where Gg(f) is the voltage transfer function of resonant tank. From the conduction states of the power
semiconductors, the circuit in Figure 2b has six or four states in one switching period under the f;
(series resonant frequency) > or < fs, (switching frequency). If 100 V < V;, <200 V (medium voltage
region Vj, p), Sac turns off and Figure 2c¢ gives the equivalent circuit configuration. It is clear to observe
that D, and D, are off. The ns winding turns and diodes D3 and D, are connected to load.

The voltage gain in Figure 2c is Vo/Viy M = Gac(fsw)(2ns)/np. I 200 V < V3, <400 V (high voltage
region V;, ), the active switches S3 and S, are turned off and S, is always in the on-state. Figure 2d
illustrates the circuit diagram operated at high voltage region. The leg voltage v, has voltage level V;,
or 0. Only n; winding turns and diodes D3 and Dy are connected to load. The voltage gain in Figure 2d
is Vo/Vin, i = Gac(fsw)ns/np. From the three voltage gains in previous discussion, it can observe that
VolVin = Gac(fsw)(@ns)/ny = 2Vo/Viy m = 4Vo/Viy 5. Thus, one can conclude that Vi, i =2V, a1 =4V, 1.
Therefore, the proposed LLC converter has the highest voltage gain at low voltage region V;, ; and the
lowest voltage gain at high voltage region V;, p.

2.1. Low Voltage Region (Vy, 1: 50-100 V)

When S, is in the on-state, the LLC converter has less transformer turns-ratio 7,/(2n;) and large
voltage gain. Under this condition, the rectifier diodes D3 and D, are always off. The voltage gain of
the converter is obtained as Vo/Viy, 1 = Guc(fsw)(4ns)/np. From the gating signals of S-S54 and the on/off
state of Dy and D, six equivalent operating states per switching periods are provided in Figure 3.
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Figure 2. Proposed converter: (a) circuit diagram; (b) low input voltage region; (c) medium input
voltage region; (d) high input voltage region.

State 1 [ty—t1]: When t = t(, vcg1 = vcgs = 0 V. Power devices S4 and Sq turn on at this moment to
realize soft switching operation due to i1 ,(fy) < 0. Since i}, > i,,, D1 conducts in this state. In state 1,
Vab = Vin, L, OLm = (Vco11p)/(2ns) = (Vony)/(4ns) and iy, increases. The resonant frequency of the LLC
converter in this state is f,1 = 1/[2nVL,C,]. If f; 1 > or < fs, then the circuit operation will go to
state 2 or 3.

State 2 [t;—t;]: When ip; = 0 at t1, D; is turned off with zero-current switching. The resonant
frequency in state 2 is f,» = 1/[2n+/C/(L; +Ly)]. It is obvious that f,1 > f;». The current
variation on L,, approximates Air,, = (np Vo) / (8nsLy, fsw) and the magnetizing current if,, at t; is
iLm(tZ) = Nipy /2 = (npvo)/(16nsmesw)'

State 3 [fr—t3]: Power devices S; and Sy are off at time #,. Since if,(tp) is positive, vcg3 and
vcsy are decreased. Due to iry,(t2) > ir,.(t2), Dy is conducting. To ensure the soft switching turn-on
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of S3 and S, the current ij,,(t;) must be greater than Vj, 1 \/Coss/ (L + L;) where Coss = Cs1 = ...
= Cg4. The other necessary condition for zero-voltage switching is that the dead time t; between
S, and S; is greater than time interval in state 3. To accomplish this condition, one can obtain
Limax = (thonp)/(32Cossnsfswvin,L)'

State 4 [t3—t4]: Attime 3, vcsy = vcg3 = 0 V. At this moment, power devices S3 and S; are turned on
under zero voltage. Owing to iy ,,(t3) > i,(t3), D2 conducts. In state 2, vy = = Vi 1, 0w = —(Vcoatp)/(215)
~ —(Vonp)/(4ns), ir,y, decreases and Coq (Co2) is discharged (charged). If f, 1 > or < f, then the circuit
operation will go to state 4 or 6.

State 5 [t4—t5]: If f;1 > fsw, one obtains ipy equals 0 at t4. Then, D, turns off. The resonant
frequency in state 4 is f,» = 1/[2mn+/C;(Ly + Lyy)]. The magnetizing current iy, at t5 approximates
iLm(ts) = =(npVo)/ (16n5Ly fsww )
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Figure 3. LLC converter at low input voltage region: (a) key PWM waveforms; (b) state 1 equivalent
circuit; (c) state 2 equivalent circuit; (d) state 3 equivalent circuit; (e) state 4 equivalent circuit; (f) state 5

equivalent circuit; (g) state 6 equivalent circuit.

State 6 [t5-Tsw + tol: Sz and Sp turn off at t5. Cg1 and Cgy are discharged owing to ir,(t5) < 0.
Since iy ,(t5) > ip,(t5), the rectifier diode Dy conducts. To achieve soft switching turn-on of S; and S5,
the magnetizing inductor current ir,, at t5 is obtained and expressed as [if; (t5)| = Vin . /Coss/ (L + Lr).

2.2. Medium Voltage Region (Vi p: 100-200 V)

If Vi, is in the medium voltage region between 100 V and 200 V, the switch S, is tuned off.
The converter has low transformer turns-ratio 1,/ns and less voltage gain. The circuit diagram is shown
in Figure 2c. The voltage gain at medium voltage operation is equal to Vo/Viy m = Gac(fsw)(2n5)/np.
Figure 4 shows the key PWM waveforms and state circuits for medium voltage operation (100-200 V).
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State 1 [tp—t1]: The drain-to-source voltages of S; and S, are decreased and equal to zero at fg.
Due to i, (tg) < 0, the primary-side current if, flows through the anti-parallel diodes Dg4 and Dg;.
Power devices S4 and S turn on at this moment to accomplish soft switching turn-on. Since iy, > ir,,,
D3 conducts. From Figure 4b, it can obtain that vy, = Vi, v, = (Vony)/(2ns), ipy increases and the
resonant frequency f,1 = 1/[2rt VL,C,]. In this state, C, is charged and C,, is discharged.

State 2 [ti—tp]: If f; 1 > fow, then ip3 is decreased to zero ampere at time ¢; and D3 turns off
at zero-current switching. Then, the resonant frequency in state 2 is f,» = 1/[2n+/C:(Lr + Li)]-
The magnetizing current i, at the end of this state is iz, (t2) = (1,V,) / (81sLm fsw).-

State 3 [to—t3]: Power devices S and S are turned off in state 3. The positive primary current iy, (t;)
will discharge Cg, and Cg3. Owing to if,(t2) > i1,(t2), D4 on the output-side is conducting. The soft
switching turn-on condition of Sz and Sy is ir (t2) = Viy s /Coss/ (L + Ly). To ensure vegy =ves3 =0 at
t3, the maximum magnetizing inductance Ly, may is obtained as Ly,max = (tgVonp)/ (16Cosstts fsw Vinm)-

State 4 [f3—t4]: The vcg3 and vcs, are decreased to zero at t3. The primary-side current i7,(¢3) is
positive and flows through the body diodes Dgs; and Dsj3. At this moment, power devices S3 and S
turn on to realize zero-voltage switching. Since iy,,(f3) > ir,(t3), D4 conducts. From Figure 4e, it can
obtain that vy, = =V, v, & —(Vony)/(2ns) and iy, decreases. The output capacitors Cp1 and C,, are
discharged and charged.

State 5 [ts—t5]: ip4 is decreased and equal to zero at t;. Then, D4 turns off. The resonant
frequency in state 5 is f,o = 1/[2n/C;(L; + Li)]. The magnetizing current ir,, at t5 approximates
iLm(tS) ~ _(npvo)/(gnsmesw)-

State 6 [t5—Tsw + to]: Power devices S3 and S, turn off in this state. if,(f5) is negative and discharges
Cs1 and Cgy. Since ir,(ts5) > ipm(ts), D3 is conducting. The soft switching turn-on condition of S4 and S;

is obtained as |iLm(t5)|2 Vin i \Coss/ (L + Ly) .
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Figure 4. LLC converter at medium input voltage region: (a) key PWM waveforms; (b) state 1 equivalent
circuit; (c) state 2 equivalent circuit; (d) state 3 equivalent circuit; (e) state 4 equivalent circuit; (f) state 5
equivalent circuit; (g) state 6 equivalent circuit.

2.3. High Voltage Region (Vi ij: 200—400 V)

When Vj, is increased from 200 V to 400 V, the presented circuit is controlled under high input
voltage region. Power devices S3 and S, turn off and S4 turns on. Only power semiconductors 5, and
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S1 are controlled with frequency modulation so that the half bridge LLC resonant circuit (Sq, Sy, S4, Ly,
C, and T) is operated on the input-side. The voltage gain of the converter at high voltage region is
Vo/Vin,1 = Gac(fsw)ns/np. From the on/off state of D3, D4, S1 and Sy, six equivalent operating states per
switching periods can be observed in Figure 5 for high input voltage range (200-400 V).

State 1 [to—t1]: The capacitor voltage vcg = 0 at time f(. The primary-side current ir,(t)) is negative
so that the body diode Dg; conducts and the leg voltage v,, = Vj,. Due to if, > iy, D3 is forward
biased. The inductor voltage vy, = (V,1,)/(2n5). The resonant frequency f,; = 1/[2n VL,C,] and C, is
charged in this state.

State 2 [ti—tp]: If fr1 > fsw, ip3 = 0 at time #;. Then Dj is turned off at zero-current switching.
The resonant frequency in state 2 is expressed as f,» = 1/[2m+/C;(Ly + Ly)]. At time to, if,(t2) =
(1yVo)/ (81sLi fsw) and Sy turns off.

State 3 [to—t3]: Power device S; is turned off in this state. The primary current if,(t,) is positive
and discharges Csp. To ensure the soft switching turn-on of Sy, the inductor current iy,,(t;) must
greater than Vi, iy \/2Coss / (L + L;). The other necessary condition for zero-voltage switching is that
the dead time f; between S; and S; is greater than time interval in state 3. To achieve this condition,
the magnetizing inductance can obtain Ly,max = (t4Von1p)/ (16Cessns fswVinm)-

State 4 [t3—t4]: The drain-to-source voltage vcsy = 0 at t3. The primary current i,(t3) > 0 and iy,
flows through the body diode Dg;. Atthis moment, S, turns on to have zero-voltage switching operation.
Since iy,(t3) < ipu(t3), Dy is conducting. From Figure 5e, it is clear that v,, =0, vy, = —(Vonp)/(2ns) and
ir, decreases.

State 5 [t4—t5]: ip4 is decreased to zero at time f4 and D, turns off at zero-current switching.
The resonant frequency in state 5is f,» = 1/[2m+/C,(Ly + Lin)]. Sy is turned off at the end of this state
and iy, (ts) is expressed as ir, (t5) = — (1, Vo) / (81sLn fsw)-

State 6 [t5—Tsw + to]: Owing to ir,(t5) < 0, ir, discharge Csq. The soft switching turn-on of S; is
‘iLm(t5) )2 Vin i V2Coss/ (L + Lr) . The capacitor Cg; is discharged to zero voltage at time ty + Tey.
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Figure 5. LLC converter at low high voltage region: (a) key PWM waveforms; (b) state 1 equivalent

circuit; (c) state 2 equivalent circuit; (d) state 3 equivalent circuit; (e) state 4 equivalent circuit; (f) state 5
equivalent circuit; (g) state 6 equivalent circuit.

3. Circuit Characteristics and Design Example

The proposed LLC resonant converter is operated by variable frequency control. The square
voltage waveform is generated on the leg voltage v,, with voltage values +V;, in Figure 2b,c or V,
and 0 in Figure 2d. The circuit characteristics of the converter are based on the fundamental frequency
analysis. Figure 6 gives the equivalent resonant circuit on the input-side. R, 4 is the primary-side
resistance of transformer T and v, s is the input fundamental voltage. From the leg voltage v, in
Figure 2, the fundamental root mean square (rms) voltage v rms can be expressed in Equation (1).

Nﬂ, in low and medium input voltage regions
Yab,rms \/57‘-[/1," k . . . (1)
——*, in high input voltage region
Ycr iLr
1 —>
=7
¢
vab,rms Lm Re,ac

Figure 6. The equivalent resonant circuit on the primary-side.

In low input voltage operation, S, is always in the on-state. The equivalent turns-ratio
of transformer T in Figure 2b is np/(2ns) and the rms value of the magnetizing voltage
OLmrms = Volp/ ( \/Erms). In medium and high input voltage ranges (Figure 2c,d), S, is always
in the off-state. The equivalent turns-ratio of transformer T is n,/ns. Thus, the rms value of the
magnetizing voltage vry rms = \/EVonp / (mng). The primary-side equivalent resistance R, 4 is obtained
as Reac = (np / ns)2RO / (2712) in low input voltage operation or Re s = Z(np / ns)ZRo /12 in medium and
high input voltage operation. From the resonant circuit in Figure 6, the output/input transfer function
is expressed in Equation (2).

2
£y
Rg,ac f’ Von
— s |l —| = m, in medium voltage region 2)
(f_ ) L_m(f_) Vol
fr Vinuns’

fu | ? Vorty in low voltage region
( = ) 1 4V, ns’ ge reg

|Gac(fsw)' = 1/

in high voltage region
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The output voltage V,, can be expressed in Equations (3)—(5) for low, medium and high input
voltage regions.

Vo = 4Vin,Lns/(np ) (3)

Vo = 2Vin,Mns/(np ) 4)

Vo = Vin,Hns/(np ) ()

FT el
fr Le\ fr

In the proposed circuit, the electric specifications are V;,, = 50400V, V, =48 V and P, = 500 W.
The design resonant frequency f, = 100 kHz. The assumed inductance ratio L,,/L; is 6. Since the resonant
tank is identical for the operation in low, medium and high voltage ranges as shown in Figure 6,
the following design procedures are based on the high input voltage condition (V;, gy = 200-400 V).
The assume voltage gain of resonant converter is 0.95 at V;;, = 400 V case. Thus, the primary-secondary
turn n,/ns can be calculated as.

/s = Gac(fsw) Vin/ Vo = 0.95 X 400/48 = 7.916 (6)

The transformer T is implemented by using the magnetic core TDK EE-55 with primary turns

n, = 16 and secondary turns n; = 2. Therefore, the actual voltage gains at 200 V and 400 V input cases
are rewritten as.

Gac,max = npvo/”s Vin =192 (7)

Gacmin = pVo/nsViy = 0.96 (8)

According to the winding turns and the load resistor at full load, R, 4 is calculated in Equation (9).
Reac = 2(np/n5)*R/ 7 ~ 60 Q) )

It is assumed the quality factor x = VL,;/C, /Ry = 0.1. Then, L, can be derived in Equation (10).
Ly = xReac/ (27f,) ~ 10 uH (10)

From the given inductance ratio L,,/L; = 6, L;, is calculated as L, = 6 X L, = 60 pH. The series
resonant capacitance C, is expressed in Equation (11).

C, = 1/(4n*L, f*) ~ 254 nF (11)

The maximum voltage rating of S1—S4 equals Vi, jmax (=400 V). The voltage rating of D1—Dj is equal
to V, (= 48 V). Power switches STF4A0N60M2 (650 V/22 A) are used for S1-S4 and switch IXTP160N0O75T
(75 V/160 A) is used for S, in the prototype circuit. Power diodes MBR40100PT (100 V/40 A) are
adopted in the prototype for the rectifier diodes D;—Dj4. The selected capacitances C,1 and C,, are
940 pF with 100 V voltage rating. The control block of a laboratory prototype is shown in Figure 7a.
Two Schmitt voltage comparators (comp 1 and comp 2) with reference voltages at 100 V and 200 V are
used to select three input voltage regions. The control unit of the converter is using the integrated
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circuit UCC25600. The logic gates such as AND and OR gates are used to generate the control PWM
signals of S;c, S3 and S4. The relationship between the PWM signals of power switches and the input
voltage is provided. It can observe that S, is always ON and S;-S, are active if 50 V < V;, <100 V.
If 200 V > Vi, > 100V, S, is always OFF and S1-S4 are active. When V;, > 200 V, S, and S3 are always
OFF, S, is always ON, and S; and S, are active.

48V .
S1~S4: STF40N6‘0M2 D1~D4: MBR40100PT Vﬂ —_
=[ i & 4L
g| i l 153 i 10pH D, 2;_D3 't_
z Sl JEE: S3 JEE L,, Cr 254nF 1 é VI:L:I Cal
e a — IZ,Y\T' - S S
—i Ycr E =) S
- Vin = s | <
- b L, o S
S 60 B 3
s JBEE SR n, 5 | d
. . 16T t_CIIZ
wi] ol D 7S DS v
JL Gate
Voltage Controller .S
V, —> >
’ (TL431+PC817) 7 UCC25600 Driver
r |_
Gl.lte > S
Vv, Driver
" Comp 1
s “ > ?}< —| >0 > S,
?I'ET Tov—=> X#Z ot
. Optocoupler  Gate
Voltage Follower Schmitt Trigger Driver — AND Gate
river ﬂe)_ Driver — S
(Comp 2|
SRl
200V- ZOT — G s
ate N 4
Schmitt Trigger e tg:g:gf fer Driver
High —
(a)
A
400V
200V
100V
50v
Comp 1
Comp 2
vSac,g
Vsi,g
Vs2,g
Vs3g
M NAr High
Vs4,g g
T HUUUE S Low

(b)

Figure 7. Laboratory prototype: (a) circuit diagram and control block; (b) control signal and
input voltage.
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4. Experimental Results

The experimental waveforms are provided to confirm the effectiveness of the presented resonant
converter. Figures 8-10 gives the experimental results of PWM signals of S;-S4 for low, medium and
high input voltage regions, respectively. For low voltage region operation, S,; always turns on, the 2#;
secondary turns are connected to load and diodes D3 and D, are the reverse biased. The gating signals
Us1,4~Vs4,¢ under 50 V and 90 V input conditions are provided in Figure 8a,b. The converter operated
at Vj, = 50 V condition has the low switching frequency compared to 90 V input condition. Figure 8c,d
provide the test waveforms of S; at 20% and 100% output power under 50 V input condition. Similarly,
the test waveforms of S; at 20% and 100% output power under 90 V input condition are provided
in Figure 8e,f. One can observe the switch S; is tuned on at zero voltage switching for both 50 V
and 90 V input conditions from 20% output power. Power switches S;,—S4 have the similar switching
characteristics as switch S;. Thus, the soft switching turn-on of 5;—54 can be achieved under low
voltage input region. In the same manner, the measured results of 5;—-54 for medium and high voltage
input regions are shown in Figures 9 and 10, respectively. For high voltage input region, the half bridge
LLC resonant converter is activated and controlled. Thus, S3 and S4 are always turn-off and turn-on as
shown in Figure 10a,b, respectively. Figure 11 gives the test waveforms v,,, vc, and i, at Vi, =50V,
110V, 190 V and 400 V conditions. In the same manner, the experimental results of the rectifier diode
currents, load voltage and load current at V;;, =50 V, 110 V, 190 V and 400 V conditions are shown in
Figure 12. For 50 V input case, the studied converter is controlled at low voltage input region and S
is turned on. The turns-ratio of transformer T is 11,/2ns. Diodes D3 and Dy are off. Since the studied
circuit has much more voltage gain at V;,, = 50 V than V;, = 100 V, the circuit operated at V;, = 50
V has less switching frequency. It can observe that D; and D, turn off without the reverse recovery
current loss shown in Figure 12a. For V;, = 110 V (Figure 12b) and 190 V (Figure 12c) conditions,
the circuit is operation in medium input voltage range. S, is in the off-state and the transformer
turns-ratio is n,/ns. Diodes Dy and D, are inactive. The voltage gain of the converter operated at
Vin =110 V is greater than V;,, = 190 V condition. Therefore, the switching frequency at 110 V input
(Figure 11b is less than 190 V input condition (Figure 11c). Since fs, (switching frequency) at 110 V
input is lower than f, (resonant frequency), D3 and D, are turned off under zero-current switching
shown in Figure 12b. For V;, = 400 V input, the resonant converter is operation at high voltage input
region. 53 and S, are always turn-off and switch S, is always in the on-state. One can observe there is
a dc voltage value (V;,/2 = 200 V) on voltage v, shown in Figure 11d. Owing to fs, > f, at 400 V input,
D3 and D, are turned off with hard switching shown in Figure 12d. The experimental results of V;,,
Vo1, Vo2 and I, for different input voltage conditions are provided in Figure 13. It observes that V¢,
and V¢, are balanced well each other under different input voltage conditions. Figure 14a gives the
measured input voltage V;,, the gating voltage vs, ¢ and output voltage V, between 50 V (low voltage
region)-130 V (medium voltage region) input. When V, is lower or greater than 100 V, S, turns on
(low input voltage range) or off (medium input voltage range). Figure 14b gives test waveforms of
Vin, Us3,¢ and vsg ¢ between V;, = 0V and 250 V. If V;, is lower (or greater) than 200 V, S3 is active
(or always turn-off) and Sy is active (or always turn-on). The test PWM signals of S3, S4 and S, and
input voltage V;, shown in Figure 14 are agreed with the theoretical waveforms shown in Figure 7.
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Figure 8. Experimental results of PWM signals for low input voltage region: (a) S1—S4 at 50 V input
and 100% power; (b) S1—S4 at 90 V input and 100% power; (c) S; voltage and current at 50 V input and
20% power; (d) S; voltage and current at V;;, = 50 V input and 100% power; (e) S; voltage and current
at 90 V input and 20% power; (f) S; voltage and current at 90 V input and 100% power.
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Figure 9. Experimental results of PWM signals for medium input voltage region: (a) S1-S4 at 110 V
input and 100% power; (b) S1—S4 at 190 V input and 100% power; (c) S; voltage and current at 110 V
input and 20% power; (d) S; voltage and current at V;, = 110 V input and 100% power; (e) S; voltage
and current at 190 V input and 20% power; (f) S; voltage and current at 190 V input and 100% power.
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Figure 10. Experimental results of PWM signals for high input voltage region: (a) S;—-S4 at 210 V input
and 100% power; (b) S1—-S4 at 400 V input and 100% power; (c) S; voltage and current at 210 V input
and 20% power; (d) S; voltage and current at V;, = 210 V input and 100% power; (e) S; voltage and
current at 400 V input and 20% power; (f) S; voltage and current at 400 V input and 100% power.

(0 (d)

Figure 11. Measured primary-side voltage and current waveforms at 100% load: (a) 50 V input

(low voltage range); (b) 110 V input (medium voltage range); (c) 190 V input (medium voltage range);
(d) 400 V input (high voltage range).
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Figure 12. Experimental results of the secondary-side currents and load voltage at 100% load; (a) 50 V

input (low voltage range); (b) 110 V input (medium voltage range); (c) 190 V input (medium voltage

range); (d) 400 V input (high voltage range).
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Figure 13. Measured results of V,, Vicy1, Vp2 and I, at 100% load: (a) 50 V input (low voltage range);

(b) 110 V input (medium voltage range); (c) 190 V input (medium voltage range); (d) 400 V input

(high voltage range).



Electronics 2020, 9, 1931 19 of 20

Vg ™ },,,,,,V,-,,=100V

Tek  ———

10.0V 8Ch2[ 50.0V %M4.00s| A] Ch1 S 3.60V

Ch3[ 10.0V &

(b)
Figure 14. Measured waveforms: (a) Vi, vs,c and Vy; (b) Vi, vs3,¢ and vgy q.
5. Conclusions

The hybrid LLC converter with three equivalent sub-circuit topologies is proposed and discussed
to realize wide soft switching turn-on and wide voltage input operation. According to the switching
status of power devices, the full bridge and half bridge LLC circuit with variable transformer turn-ratio
are operated to accomplish wide voltage operation (V;, = 50-400 V). Owing to the LLC circuit tank,
power switches have soft switching characteristic at turn-on instant. The presented resonant converter
can be applied to dc-dc converters with wide voltage variation capability such as power units in
PV power converters, power servers with large hold-up times and battery chargers and dischargers.
The experimental results are demonstrated and provided to confirm the effectiveness of the adopted
circuit topology.
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