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ABSTRACT A current-fed LLC resonant converter is proposed for high-voltage and high-power applica-
tions. Here, a two-phase interleaved structure is used in the input stage under the continuous conduction
mode (CCM) to effectively reduce the input current and output voltage ripple values and the input filter
and the output capacitors volumes. Due to the expandable structure and high voltage gain, the proposed
configuration is suitable for high voltage applications since low voltage stresses are applied across its
components. In fact, voltage stresses across the power semiconductors, i.e., MOSFETSs and output diodes,
along with the output capacitors, are almost one-third of the output voltage in the implemented three-stage
configuration of the proposed converter. Here, the switching frequency is chosen close to, but less than,
the converter series resonant frequency to reduce its different components’ current stresses and perform
soft-switching operation for all power devices under wide input voltage and output power variations. There-
fore, conduction and switching losses, and EMI noises are effectively reduced. Consequently, efficiency
is improved and high-frequency operation is possible, which reduces the volume of passive components
to achieve high-power density. The given topology is thoroughly analyzed mathematically. Also, a 1 kW
prototype converter has been implemented to validate the given simulations and analyses. Here, wide input
voltage (100 V-200 V) and output power (100 W-1000 W) variations are applied, and an asymmetric pulse
width modulation (APWM) technique is used at 143 kHz switching frequency to regulate the output voltage
at 1 kV. The obtained maximum efficiency value is 95.3%.

INDEX TERMS Asymmetric pulse width modulation (APWM), current-fed converter, interleaved
technique, LLC resonant converter, multi-winding transformer.

I. INTRODUCTION

Recently, renewable energy sources have been regarded as a
solution to the environmental issues [1], [2]. Since depletable
energy sources mostly have low and fluctuating output volt-
age, using a dc-dc step-up power converter is indispensable
to both level up and regulate their output voltages [3], [4].
Till now, various converters such as high step-up, high volt-
age, interleaved, and resonant converters have been intro-
duced to increase voltage gain, output voltage, and output
power of the dc-dc converters. The given converters in [5],
[6], [7], and [8] that have been introduced for high voltage
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applications usually use large transformers turn-ratios to
obtain high voltage gains, which in practice increase voltage
stresses on some output stage components.

On the other hand, although the transformer turn ratios
in most of the high step-up converters [4], [9], [10], [11],
[12], [13] are lower than the previously referred ones, they
still use large transformer turn ratios to obtain high voltage
gains. Consequently, these converters also suffer from similar
disadvantages, as mentioned earlier. In some other converters
[14], [15], where the transformer turn ratios are small, lower
voltage gains are obtained in practice.

Interleaved structures [2], [16], [17], [18], [19], [20], [21]
are another large category of converters, which are proposed
to increase output power, but they often give small output
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voltages, and they are not suitable for high voltage appli-
cations. Some of these converters have been used as PFC
converters [22], [23], [24].

On the other hand, among the different isolated and non-
isolated dc-dc topologies, the full-bridge converter is pre-
ferred in many pieces of literature [18], [25], [26], [27], [28].
The soft switching operation is achievable for this con-
verter by phase-shifting without using auxiliary circuits. But,
the soft-switching range in conventional phase-shifted full-
bridge (PSFB) converter is limited due to the loss of zero
voltage switching (ZVS) for primary switches in worst-
case conditions. Also, circulating currents power losses are
high [29]. Albeit using additional circuits may widen the soft-
switching range [30], [31], [32], [33], it leads to higher com-
ponents count and cost. Resonant-type full-bridge converters
can realize soft-switching operation by using resonant tank on
the primary side, which can improve the efficiency by elimi-
nating MOSFET-based [28], [34] and IGBT-based [35] con-
verters’ turn-on and turn-off switching losses, respectively.

Another one of the most widely used converters is
LLC-based resonant converters, which have received much
attention from researchers and industry in recent years due to
their good features. These resonant converters have low elec-
tromagnetic interference (EMI), and they can provide ZVS
condition for primary MOSFETSs and zero current switching
(ZCS) turn-off condition for output diodes when they operate
between series-resonance and parallel-resonance frequencies
[36], [37]. Moreover, by paralleling small capacitors to the
drain-source of MOSFETs, their turn-off switching losses
can be reduced [38], [39]. The LLC resonant converter is
widely used in practice in many applications such as renew-
able energy systems [40], [41], on-board chargers [42], [43],
light-emitting diodes (LEDs) [44], [45], and power factor
correction (PFC) [46]. To regulate the output voltage of
the LLC-based resonant converters, several methods such as
Pulse Frequency Modulation (PFM), Phase Shift Modulation
(PSM), Pulse Width Modulation (PWM), Asymmetric PWM
(APWM), or hybrid modulation strategies like PFM + PWM
and PFM + PSM can be utilized [26]. In the PFM strategy that
operates based on the resonant tank impedance modification,
a wide frequency range is used to regulate the output voltage.
So, optimal designs of transformer(s) and inductor(s) are a
challenge [47]. Besides, in the PSM strategy, the lagging
leg soft commutation may also be lost under the light-load
conditions [48].

However, topologies like [22], [23], [49] are only suit-
able for low voltage applications. Also, the achievable out-
put voltages in [5], [11], [14], [15], [16], [17], [24], [50],
[51], and [52], which are roughly twice the abovementioned
LLC-based resonant converters due to their half or full
bridge output rectifiers, are still low for lots of applications.
On the other hand, although using voltage quadrupler rec-
tifier configuration [2], [6], [20], [53], [54] increases the
converter voltage gain and output voltage values, these val-
ues are still low for some applications and we need more
improvements.
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Interleaving the primary current fed stages and stacking
the output rectifiers stages of series-based [19] or LLC-
based [55] resonant topologies is a good approach to increase
the converter voltage gain, output voltage, and power values.
However, many components must be used in these topolo-
gies, which in practice reduce the converters’ reliabilities and
increase their costs.

Finally, it should be mentioned that [7] is a good config-
uration for high-voltage high power applications, but its VM
rectifier stage needs more capacitors, and lower voltage gain
is achieved as compared to the given one here, which has a
continuous input current with small ripple value instead of a
pulsating current waveform.

Here, a high step-up interleaved current-fed LLC resonant
converter, suitable for high-voltage high-power applications,
is introduced. Low input current and output voltage ripples
values, as well as soft-switching operations, are performed
under wide input voltage and output power variations by
using the well-known asymmetric PWM (APWM) technique
to control the output voltage. So, low EMI, high efficiency,
high frequency operation, and high power density are practi-
cally achievable.

The proposed converter is introduced in Sec. II and its key
waveforms and different operational states are given in Sec.
III. Then, its steady-state and dead-time analyses are given in
Sec. IV and V, respectively. Next, the resonant tank compo-
nents are calculated in Sec. VI. Also, output stage capacitors
values are derived in Sec. VII. Finally, experimental results
and conclusions are respectively given in VIII and IX.

Il. PROPOSED CONVERTER

The proposed converter with full-bridge topology, suitable for
high-power applications, is shown in Fig. 1. This converter
current-fed interleaved structure reduces the input current
ripple, as well as the input filter volume. The LLC resonant
circuit is employed, among existing resonant topologies, due
to its excellent features such as soft switching operation of all
primary stage switches and output stage diodes even under the
wide input voltage and output load variations, low EMI, high
efficiency, high power density, low circulating currents, and
so forth. A full-wave rectifier is used for each output stage to
reduce each diode voltage and current stress. Also, the output-
stage diodes and capacitors voltages stresses can be reduced
by adding more stages. So, the proposed converter can be
used for high-voltage applications. Here, two small capacitors
are connected in parallel to M, and M;,, MOSFET: to reduce
all power MOSFETS’ turn-off switching losses. Furthermore,
the output voltage is regulated by the APWM technique at a
desired fixed switching frequency. As a result, unlike pulse
frequency modulation (PFM), magnetic components can be
designed more efficiently.

IIl. PROPOSED CONVERTER KEY WAVEFORMS AND ITS
DIFFERENT OPERATIONAL STATES

The fundamental waveforms of the proposed converter are
plotted in Fig. 2. Based on these waveforms, the proposed
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FIGURE 1. General configuration of the proposed step-up converter.

converter has eight different operational states during a
switching period for a three-stage configuration, as depicted
in Fig. 3. These states are summarized as follows:

State I [tg — t1]: at the beginning of this interval, the body
diode of M,, begins conducting. Therefore, this power switch
can be turned on under ZVS condition, as shown in Fig. 2.
Diodes Dy, , and Dy, , also start conducting current from zero
by increasing their currents sinusoidally. Here, Dy, , and Dp, 5
are conducting and delivering power to the load during this
interval, M,, is also conducting current and M, , Mp,, Dy, 5,
and Dy, , are all off, as shown in Fig. 3(a). This state ends
after My, is turned off. The resonant tank capacitor voltage
and inductors current waveforms are respectively given as
follows:

ve, (1) = Zoi, (0) sin (wor)
1
+ (Vc, ) — Vcom1 + ;VCMQ) cos (wot)
1
+ Vcaml - ZVC‘WZ 6]
ir, (t) =i, (0) cos (wot)

1 1 .
A (Vcr 0) = Ve, + ;Vcl)m) sin (wot)

2
. VCos, .
ir,, ) = ——=1t+1ig, (0) 3
L
where,
1 L,
wo = 2= | = “

b, L.C, , C,

State II [t —t>]: during this interval, Mj, continues to conduct
current, but M, is turned off with small switching losses
due to the presence of its drain-source equivalent parasitic
capacitance, its fast gate drive signal, and a properly selected
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FIGURE 2. The fundamental waveforms of the proposed converter.

dead-time value. In addition, the output stage diodes are
switched off under ZCS condition. Therefore, the reverse
recovery issue is simply overcome. The conducting states
of the different components of the converter are shown in
Fig. 3(b).

State III [t — t3]: at the beginning of this interval, the
body diode of M, starts conducting current after discharging
its drain-source capacitance at the end of the previous state.
Therefore, M,, can be switched on under ZVS condition.
M,, is still conducting, but M,, and M,, are off. Since,
the transformer magnetizing current reaches the resonant
inductor current, no current passes from the primary side
winding to the secondary and third windings. As a result, the
output diodes are off and the output load is fully powered by
the output capacitors. The conducting states of the converter
components are shown in Fig.3(c). The resonant tank capac-
itor voltage and inductors currents can be given as follows:

ve, (1) = Zyig, (t2) sin (o) (f — 12))
+vc, (12) cos (w1 (t — 12)) ©)
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FIGURE 3. Different operational states of the proposed converter for D > 0.5.

iL, (1) = ir,, (1) = i1, (12) cos (wy (t — 12))

_Ye ) oo (¢ - 1) ©6)
where,

1 L+ L
VI +L)C Cr

State IV [t3— t4]: during this state, the body diode of M,,
continues to conduct current, but My, is turned off with small
switching losses, as previously explained for M,, during
operational State II. All output diodes are still off, and the
load is still powered by the output capacitors, as shown in
Fig. 3(d). During the next half-switching period, the dif-
ferent operating states of the converter are the same as
previously described for States I-1V, but in the opposite direc-
tion. Also, the operating states for D < 0.5 are the same as
described for D > 0.5, but there are two simple differences.

(N

w] =
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For D < 0.5, M,, and M), gate-source signals overlap, in
contrast to D > 0.5, where the gate-source signals of the
lower switches, i.e., My, and M}, overlap. States IIl and IV
are depicted in Fig. 4 for D < 0.5. States VII and VIII are
similar to States III and IV, but in opposite directions.

IV. STEADY-STATE ANALYSIS OF THE CONVERTER

To simplify the analysis of the steady-state behavior of the
converter, following assumptions are considered: 1) During
a switching period, voltage ripples of the output capaci-
tors (i.e., Cour; — Cour,,) are ignored. 2) The primary stage
switches and the output stage diodes are considered ideal.
3) Both input inductors are the same (L, = Lp = L).
4) Two non-dominant operational States of Il and IV are
ignored first, but the converter behavior during the dead-
time is separately analyzed in more details later. 5) Different
turns ratios of the transformer are considering being the same,
ie,Ny/Ny =+ =Ny /N =n.

VOLUME 10, 2022
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FIGURE 4. Operational States of the proposed converter for D < 0.5
(a) State Il (b) State IV.

1) VOLTAGE STRESSES OF THE OUTPUT CAPACITORS
By applying the volt-second balance principle to one of the
input inductors, voltage across Cy, is derived.

Vi

Vew, = 17— p ®)

Thus, voltages of the other capacitors can be identified.

Vout Vi

Ve, =--=Ve, = - 9
Cautz Cuutm m— 1 (m _ 1) (1 _ D) ( )

where, m is the number of the stages of the converter.

2) INITIAL RESONANT INDUCTOR CURRENT AND
RESONANT CAPACITOR VOLTAGE

By ignoring the non-dominant operational States, i.e., Il
and 7V, the following equations set can be derived during a
half switching period:

ir, 0) = —ig, (1a)

l.L, 0 = l.Lm 0) (10)
ir, (ta) =1ir, (1a)

ve, (0) = —vg, (1a)
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Furthermore, since non-dominant operational states are
ignored, the following expressions can then be derived:

iL,, (2) = ir,, (2) (1)
ve,, () = v, (22) (12)
where, ir,, ,vc, andig,, . vc,, are the magnetizing inductor
current and resonant capacitor voltage during operational
States I and III, respectively. By using (10)-(12), the res-
onant inductor current and capacitor voltage initial values,
i.e., ir, (0) and v¢, (0), are derived as:
iL, 0) = —a2Vour — b2Vin (13)
ve, (0) = —c2Vour — doVin (14)
where the given coefficients are calculated as follows:
a1 = Zysinb, — Zysinb,
b = (1 —cosby) (1+cosby)

15
c1 = (14 cosby) cos by (15

di =1+cosfy— %—(1’ sin Oy sin 6,
Oy cos 0y,
aHg=——
n(m — 1) L,,wod
n sin 6y, 1 0. + 1
¢y — —— | cos _
21d] : n(m-—1) Y nm—1)
(16)
by — —0y cos 0,
> wm—1DL,w(1-D)d,
sinby nm—1)+1
— | 4 %
2 [( 2t =D a—p) )™
-1 1
_ nm-D+ (17
n(im—1)(1—-D)
1 0 b
¢ = xa1 . 1 (18)
ci+dy \n(m—1)L,,w9 n(m—1)
-1 ( Qxal
dy =
(c1 +di) (1 =D) \n(m—1) Lywo
—1 1
n (m )+ by (19)
n(m—1)
Here 0,, 6, A, and F parameters are given as follows:
2nD
2 D <0.5
b = 25(1—1)) _ (20)
27(0.5-D) [ A
6y = “rym D=03 @1
27 (D—0.5) A
L,
A= — F= JE (22)
Ly Jr

A. CONVERTER VOLTAGE GAIN
Voltage gain of the proposed converter can be derived by
calculating the average output current value as follows:

Vout 1

1y, =— =
out R T,

T,/2
/0 (ir, (1) — i1, () dr (23)
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By substituting (2), (3), (8), (9), (13), and (14) into (23)
and doing some straightforward algebraic calculations, the
converter voltage gain is derived, given by as in (24), shown
at the bottom of the page. Here, Ry = R, / Zo is the normal-
ized output load resistance value. (24) clearly shows that the
converter voltage gain depends on the converter duty cycle,
normalized output load, and normalized switching frequency.

Since the output voltage regulation by varying switching
frequency can cause some problems such as inefficient design
of magnetic components and also efficient usage of parasitic
components of the transformer is a challenge by employing
this approach [4], [56]; therefore, the APWM approach is
used here to regulate the output voltage.

To identify the necessary duty cycle variations for regu-
lating the output voltage at a desired switching frequency
when both input voltage and load variations are applied to
the converter, the normalized output voltage is defined as
follows:

Vour Vour Vin
Vour N = v, - Vi Vi =MViyn (25)

Here, V;, v is the normalized input voltage and Vj, is

defined as:

Vh _ Vin min '; Vt'n max (26)

Using (25), the converter normalized output voltage has
been plotted in Fig. 5 under the two worst-case conditions,
i.e., (a) minimum input voltage and minimum output load
resistance and (b) maximum input voltage and maximum
output load resistance. Fig. 5(a) depicts three-dimensional
normalized circuit voltage gain versus normalized load resis-
tance, Ry and duty cycle. The intersections of the desired nor-
malized output voltage value with the two other normalized
output voltage curves under the worst-case conditions, shown
in dashed lines, specify the duty cycle variations to regulate
the output voltage when wide input voltage and output power
variations are applied to the converter. Here, the duty cycle
should theoretically vary from 0.3 to 0.75 to regulate the
output voltage, as it is depicted in Fig. 5(b).

B. MINIMUM AND MAXIMUM VALUES OF THE INPUT
INDUCTORS CURRENT AND THE CONVERTER INPUT
CURRENT RIPPLE VALUE

The input inductors current for D > 0.5 are shown in Fig. 6.
Considering these waveforms, the L, inductor current during
a switching period can be expressed as follows:

(@)

(i) (A /
5 / 1
)e (B)—>.

01 02 03 04 05 06 07 08 09
D

(b)
FIGURE 5. Converter normalized output voltage versus different

parameters (a) Ry and D, and (b) D (A: Vi, uaxs RN maxr B: Vin mins RN mins
and C: desired constant value).

By substituting (8) into (27), using average value of
in = Voulour [nVin and iy, = ir, + ir,, and doing some
algebraic calculations, the minimum and maximum values of
the input current are derived as follows:

_ | M DTs
I, = [m - w] Vour

. (28)
I = [,,MTL + —zLazﬂ Vour

where n and M are the efficiency and voltage gain of the
converter, respectively. Since a two-phase interleaved struc-
ture is used at the primary side of the proposed converter,
the input current ripple is minimized because the inductors
currents are the same, but 180 degrees out of phase, as shown
in Fig. 6. It should be noted that when D = 0.5, the inductors
currents cancel out each other ripples; thus, the converter
has a ripple-free input current under this condition. In addi-

%t +1,,, 0 <t < DT tion, when the proposed converter operates under the CCM
i, (t) = Vir—V conditions, the inductors current ripple values as well as the
La (t =DTs) + 1, DITs<t<Ts converter input current ripple are further reduced. Therefore,
27 a smaller input filter can be used. Both inductors current
92

X
Vour _ 2nm=1(1=D)Lnwo

O—1 (m—1)+1 .
cosZO (d2 + W) — by (sin 6y — 6y)

M (D, Ry, F) = -2 —
(D, RN, F) 7

m

02 cos O, —1
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FIGURE 6. Input inductors current and input current waveforms D > 0.5.

ripple values are the same and can be calculated as follows:
Aij = DTy Vin
L

Calculating the ratio of the converter input current ripple
value to each of its input inductor current ripple values,
i.e., Aij, to Aip, it can be shown that how much the input
current ripple value decreases with respect to the values of
the inductors currents ripples values in the given interleaved
structure.

(29)

. 1-2D
A _ 1-D D <05 (30)

A |22l psos

By substituting (29) into (30), the normalized input current
ripple of the interleaved two-phase structure can be derived
as:

Ai Aiin
l; = —
"N T Vo JL
D(1-2D)
_ o D <0.5 an
L=l p>o0s

Based on (31), some curves are plotted in Fig. 7, where
Fig. 7(a) illustrates the normalized input current ripple ver-
sus different duty cycles and normalized output resistance
load values. This figure clearly shows that the input current
ripple value increases by increasing the output power value.
In addition, when the duty cycle deviates from D = 0.5,
then the input current ripple increases. Therefore, to mini-
mize the input current ripple, the converter should operate
around D = 0.5 under full load conditions. Fig. 7(b) shows
the normalized input current ripple versus A. Because X has
a little effect on the normalized input current ripple value,
as shown in Fig. 7(b), using large magnetizing inductor value
is preferred to minimize the circulating currents and conduc-
tion losses.

V. DEAD-TIME ANALYSIS
Although turn-on switching losses of the MOSFETs of the
proposed converter are almost eliminated due to their ZVS

VOLUME 10, 2022
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FIGURE 7. Normalized input current ripple versus different parameters
(@) D and Ry and (b) A = L, /L.

operation, their turn-off switching losses are still remaining.
To decrease these switching losses, small capacitors may
be connected in parallel with the MOSFETS’ drain-source
[39], [57], [58], in addition to their parasitic capacitances,
by turning them off fast and properly considering dead-time
subintervals. These switching losses are effectively reduced
by increasing the abovementioned capacitances, even when
the minimum input voltage is applied to the converter and
maximum power is delivered to the load, which is the worst-
case condition for turn-off switching losses of the MOSFETs.
However, using higher capacitances lead to a narrower ZVS
operation range because larger currents are required to fully
charge/discharge these capacitors to provide the ZVS condi-
tion. Thus, ZVS operation may not be fulfilled under the light
load conditions, especially when the maximum input voltage
is applied to the converter. This is also a worst-case condition
to fully charge/discharge the MOSFETs parallel connected
capacitors during the dead-time subintervals to realize the
ZNS operation. Consequently, a proper trade-off between
reducing the turn-off switching losses and providing the ZVS
condition for reducing the turn-on switching losses must be
addressed here for the abovementioned worst-case conditions
to overcome this issue in practice. Fig. 8 shows the oper-
ational State II, occurring due to the considered dead-time
subinterval. Therefore, maximum capacitance value, Cg, can
be identified as follows:

dvc . .
dls = Csmin = (ILa - lLr(tZ))min
Vin max
~ C 32
S max AT ( )
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FIGURE 8. Dead-time subinterval [t;- t,] at V;;; jaxs RN max (@) Simplified
equivalent circuit and (b) some key waveforms.

By keeping in mind that i; () = i, (©2) and
using (3), (9), (16), (28), and (32), the maximum capacitance
value of Cg can be calculated as follows:

CSmux < (1 - Dmin) AT

Mmax

M(DminsRLmax) (1 =Dwin)Ts
x I: ( anLmax - n(m—1)Ly, + @ Vaut

DyinTs Ts
- - —b )V 33
( 2L n(m—1)Ly 2) ‘”"””] @)

Here, AT is the dead-time value which can be obtained from
the datasheet of the used power MOSFET by considering
some parameters such as rise and fall times, turn on and
off delay times, and body-diode reverse recovery duration
time [59].

V1. CALCULATING THE RESONANT TANK COMPONENTS
VALUES

Here, a simple approach is used to calculate the con-
verter components values. Vc,, is approximately applied
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FIGURE 9. Resonant capacitor voltage and inductor current waveforms.

to the transformer primary winding because the con-
verter operates near its series resonant frequency. There-
fore, the transformer turns ratios can be approximated as
follows:

VCou
n—= 2, ,m (34)
vcout|

So, the transformer turns ratios can easily be identified.
Since the output stage capacitors with the same voltages
stresses are preferred in practice, the transformer unity turns
ratios are considered here. Considering Fig. 9, voltage of C,
changes from minimum to maximum value during #, to ¢,
time duration and these values are respectively occurring-
when iDb1 (ty) = iDa1 (t;) = I,y during States I and V.
Therefore,

Vout

R, (35)

1
n (ir, (0) =iz, (1)) =

Substituting (2), (3), (13), and (14) into (35), ¢, and 7, can
be obtained numerically. Consequently, peak-to-peak voltage
variation of C, is obtained as follows:

1 [=
AVe, = —/ i, () dt
¢ ),

1 D'Ty 14 Iz
— / l']_r (Hdt +/ iLr (Hdt —}—f iLr (l‘)dl‘)
G-\ D'T, 1

(36)

Doing some algebraic calculations, AV, can be calculated
as expressed in (37), shown at the bottom of the next page.
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Here, different parameters are given as follows:

kK1 =x1d2—n(m—1)+1
ko =Ts+ x2b2

K3 = Zfl sin (a)OD’TS)

Kq = Zl_1 cos (a)oD’Ts)

ks = xy1da+n(m—1)+1
ke = (1 —=D)Ts — x2a2
x1=n(m—1)(1-D)
x2=n(m—1)Ly

(38)

71 = sin (woD/TS) — sin (woty)
T = sin (wpt;) — sin (0.5woT5)
3 = cos (woD'Ty) — cos (woty)

T4 = cos (wpt;) — cos (0.5woTy)

Considering (38), and substituting (4) and (7) into (37),
C, can be identified numerically from (37) for given voltage
ripple value under the worst-case condition. Then, for given
resonant frequency, L, is also simply identified from (4).

VII. CALCULATING THE OUTPUT STAGE CAPACITORS
VALUES

To limit the output voltage ripple value, the output stage
capacitors values must be chosen properly. Fig. 10 shows
the different output capacitors voltages ripples and currents
waveforms for D > 0.5 during a switching period. Con-
sidering these waveforms, the capacitors voltages ripples are
calculated. As illustrated in Fig. 10, V¢ is occurred at ty,

out lmax
which can be identified as follows:
1-D)T
ty = % (39)

Therefore, peak-to-peak voltage variations of Cy,, is iden-
tified.

1
AV, = ] 1) dt
Cuutl Cuml \/(\) lCautl ( )

. 1 /ly |:1( (t) —i (l‘)) _ :|dt
= Cuutl A " L, , out

1 |:<K7 +(1—D)b2/€g+l€9>
Cour, X3 (1 =D) x4

K arkg + Kk
+ (ﬂ + 2= “) vom} (40)
X5 X4

m

Ve
GS M, Ma, |'
Mbl sz
LA N - .
IpT ted Ipy, Ip,
I A 1
out \ /_
i A / ty B g
e
IL N—" 5/”
b
A N —
Coutl \/ ‘§~/\‘\-/
. R \
\
lCout1
A
C ot ft
o x—\\\/ \\/ \\~
i N N time
Cautz N
to trtatzty t5tgty tg

FIGURE 10. Output capacitors voltages ripples and currents waveforms
forD > 0.5.

where,

k7 = —Dty* — nD(1 — D)t, T,

kg = n(m — 1) sin(woty)

k9 = [x1d2 +n(m — 1) — 1]75

k10 = (M —2n)ty

k11 = [n(m — ey — 1]15 41
x3 = 2nL(1 — D)

x4 = n*wo(m — 1)

X5 =2nRg

75 = Crwp(cos(woty) — 1)

Moreover, Vc,,,, .~ varies from its minimum to maximum
R} .
value during . to #,. Therefore, peak-to-peak voltage varia-

tions of Vc,,,, ~ is obtained as follows:
1 I
AVCM2 = r / (Couy . (1) dt
T outy ... m Jity T
1 K12K13T7
= —— x| | —k12b2t6 + ———
C()ulz,,.._m [( ZO
T8 byt
+ + =)V
(1-D)  2n ) "
K12K14T7
- (Klzazf6 + 7 + 13— KlSTQ) Vout] (42)

Cri(u—13) Kk

1 —
AVe = L |:<b2 (2 —11) n

sin (w; (D —0.5)T,) +

Z b
ok +Kkaks G s Ts) v,

C, wo X1 w12
_ C —-(1-D - -(d-D
N (az(rz 11)+ r (X162 — ( ) (T4 T3)+(Zox3a2+(X1C2 ( ))K4>(D—0.5)Ts
@0 X1 X1
+ X Gin(w (D-0.5) TS)) ng] (37)
W1 X2
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where,
_ 1
k12 = 2nwy

_ 1 1
K13 =dy + 55 + nm—1)Zo(1—D)

1
K14 = Cp — nom—T)

— @ __ 1
K15_2n Ry,

. 4
16 = sin(wotp) — sin (wotx) “3)
7 = cos(woty) — cos (wotx)
_ bt
B = L2Zm=DL,
T9 = tp — Iy
Also, t, can be approximated as follows:
1-D)Ty, D=>0.5
t, ~ ( ) T > (44)
to=0 D <05

Now, for the given voltages ripples values, the output stage
capacitors can be identified by considering (40) and (VII).
Finally, it must be mentioned that voltage stresses of all
power MOSFETs are equal to V(;oml . Also, each stage output
capacitor and diodes voltage stresses are the same. Since all
output capacitors voltages are almost equal, consequently, all
power diodes voltage stresses are also the same. Therefore,
each MOSFET, diode, and capacitor voltage stress can be
identified.

VOLl
Yos = (45)
VD = VCout = #MI

The converter stages number can be identified easily by
considering the available devices volt-ratings and the desired
output voltage values properly. Because the converter devices
entirely operate under the soft switching conditions over
wide input voltage and output power variation ranges, the
conduction losses are dominant components of the converter
losses. Thus, to reduce the converter conduction losses and to
improve its efficiency, low volt-rating devices are preferred.
Therefore, a trade-off between efficiency, cost, and complex-
ity of the converter must be done to properly identify the
converter stage number in practice.

VIIl. EXPERIMENTAL RESULTS

To confirm the theoretical analyses of the proposed converter,
a 1 kW prototype converter has been implemented, as shown
in Fig. 11. The implemented converter can step up wide
input voltage variation ranges (100-200 V) to be regulated
to 1000 V at the output port. Also, its output power varies
in a wide range (100 W- 1 kW). Here, unlike the conven-
tional LLC resonant converter, where the minimum switching
frequency determines the sizes of the converter’s magnetic
devices, the switching frequency is fixed at f; = 143 kHz,
and the output voltage is regulated by the APWM method,
as mentioned before. Therefore, the converter’s magnetic
components used in the input filter, resonant inductor, and
multi-winding transformer can be designed more appropri-
ately. The specifications of the main parameters of the pro-
totype converter are given in Table 1. Here, the gate driver
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FIGURE 12. ZVS operation of the power MOSFETs when V;, =100 V,
Vout =1kV, and Poys =1 kW, (a) switch My, (b) switch My, (c) switch
My, and (d) switch Mp.,.

signals are generated by a STM32F334R8 board. The steady-
state experimental waveforms for two worst-case conditions,
ie., Vip = 100 V, Py = 1 kW and Vi, = 200 V, Py =
100 W are given. Figs. 12 and 13 show the ZVS opera-
tion of the primary stage MOSFETsS for the two worst-case
conditions, respectively. Like the other resonant converters,
to realize ZVS operation, the resonant tank network input
current waveform must be lagged properly compared to the
output voltage of the switching network [60]. Consequently,
by turning on M,, MOSFET, for instance, the converter
current fully discharges the parallel connected Cs, capac-
itor during the dead-time. Then, anti-parallel body-diode
Dy, is forward-biased and starts conducting the current. So,
M,, power MOSFET can be turned on a short time later
under the zero-voltage condition without having switching
losses. To realize the ZVS operation, each power MOSFET
anti-parallel body-diode must first conduct the current. This
means that each power MOSFET current waveform must
have a negative part before turning it on by the control circuit,
which passes through the anti-parallel body-diode of the
MOSFET in the reverse direction, as clearly marked with a
dashed curve in Figs. 12 and 13. As shown in Figs. 12 and 13,
all MOSFETS’ drain-source voltages reach zero before apply-
ing their gate-source signals under the given two worst-case
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FIGURE 13. ZVS operation of the power MOSFETs when V;,, =200V,
Vout =1kV, and Poyt =100 W, (a) switch My, (b) switch My, (c) switch
My, , and (d) switch My, .

conditions. So, all MOSFETSs turn-on switching losses are
effectively eliminated due to their ZVS operation. Switching
losses of the MOSFETS are illustrated by the bottommost
waveforms of the different parts of Figs. 12 and 13, too.

Also, the bottommost waveforms of Figs. 14 and 15 clearly
show that the output stage diodes turn-off switching losses
are effectively eliminated due to their ZCS operations that
significantly alleviate their reverse recovery problem. There-
fore, the soft-switching operation is guaranteed for all power
switches of the proposed converter in all input voltage and
output power variations ranges. It means that high efficiency,
low EMI noises, and high switching frequency operation
are achievable. Consequently, high power densities can be
realized in practice.

Fig. 16 shows the input inductors currents and the con-
verter input current waveforms under the abovementioned
two worst-case conditions. Due to the converter interleaved
structure, its input current ripple value is effectively lower
than both input inductors current ripple values, as clearly
illustrated in Fig. 16. Also, the input current frequency is
twice the frequency of both input inductors current wave-
forms, which is effectively reducing the input filter volume.
Fig. 17 shows the resonant tank inductor current and capacitor
voltage waveforms under the abovementioned two worst-case
conditions when the output oltage is 1 kV. Also, Fig. 18 shows
the different output stage capacitors voltages as well as the
converter output voltage waveforms under the two worst-case
conditions. This clearly illustrates that the output voltage is
almost equally divided between the output capacitors. Thus,
these capacitors, as well as the output stage diodes, experi-
ence the same voltage stresses, even when more stages are
used to employ either lower volt-rating devices or to achieve
higher output voltage values in practice. Also, Fig. 19(a)
shows the converter’s different efficiency curves versus out-
put power for different input voltages. Besides, Fig. 19(b)
depicts the loss distribution of the proposed converter. Based
on Fig. 19(b), although the dominant switching losses of the
MOSFETs are eliminated due to soft-switching, most of the
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TABLE 1. Main parameters of the prototype converter.

Parameter or device Symbol Value
Input DC voltage V; 100 V-200V
Output DC voltage Vout 1kV
Output power Pout 100 W-1 kW

. PQ 32/20 core
Input inductors Lo, Ly 50 uH
ETD 34/17/11 core
Transformer N1/N2/N3 15/15/15
. RMB8 core
Resonant inductor L, 11.8 uH
Resonant Capacitor C, 100 nF
Output capacitors Couty 47 uF
Capacitors connected in
parallel with lower Cs,, Cs, 1nF
MOSFETs
Switching frequency fs 143 kHz
My, M
Power MOSFETs a IPP50R140CP
My, , My,
D, — D,
Rectifier diodes a s MUR450
Dy, — Dy,

e

FIGURE 14. ZCS operation of the output stage diodes when V;, =100 V,
Vour =1kV,and Poyt = 1 kW (a) D, sDag, Dy, and Dy, and
(b) Da2 s Da4 s Dbl , and Db3 -

I
1 ZCS turn off

: : N
AN

N o : :
Logs 2 : : :

: | T 5 o : I h
i : : ] : : : N

(@) (b)

FIGURE 15. ZCS operation of the output stage diodes when v;, =200V,
Vout =1kV,and Py, = 100 W (a)Dal ,Da3 ’Db2 , and Db4r and
(b)Da2 ’ Da4 ) Dbl ) and Db3 .

losses are related to the conduction losses of the MOSFETs.
Thus, by selecting switches with a lower rys o, higher effi-
ciencies can be achieved. To gain a deeper insight about this
issue, the proposed converter is compared with the most sim-
ilar converters in Table 2. Although some better efficiencies
have been reported in the literature, this is mainly due to their
used components with lower conduction losses and switches
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TABLE 2. Comparison of the proposed converter with the most similar converters.

5 Components Specifications 5 g
E 2 2
~ =
£ Switches Diodes Inductors Capacitors Transformers 5 | _:' | _:
ﬂ“; > (5K =
%) = =
—_~ E = o
g o = = s | €| ¢
3 - £ 5 - = A = . =3 . = e 2
s 2|8z 22| 2|s| B |5 2 || =|B|3]z
o — o > = > = S} = =
& 2 |
120, | 5.1, 35.6, 2x0.141,
[18] 6 | 365 | 45 = = = = 3 260 4 2520 1 1.85 973 | NO NO
15, 2x2,
[2] 4 57 23 4 1000 | 3 1.7 3 %68 5 22.2x220 1 1 96.8 | YES | NO
37, 0.068,
[24] 4 36 80 6 800 | 30 24 3 21000 3 17, 1500 1 1 962 | NO NO
2x4, 2x10,
[19] 4 69 49 4 200 8 | 0975 | 4 2¢50, S 3520 = = 947 | YES | NO
17.715, e
[52] 4 38 75 4 = = = 3 107.54, | 3 N T 1 2 NM | YES | NO
10, 100
108.64
[20] 4 31 82 4 1000 1 1.1 3 10, 6 032, 1 15 NM | YES | YES
' 2x150 4x10, 270 ’
2x14.5, 2x0.356,
[55] 8 56 40 4 600 6 1.6 6 4570 5 110, 2x440 2 1.3 NM | YES | YES
11.8,
Proposed | 4 23 140 | 8 500 4 1.28 3 2550 4 0.1, 3x47 1 1 953 | YES | YES

NM: Not Mentioned

FIGURE 16. Converter input current and its input inductors currents
waveforms under different conditions: (a) and (b) V;, =100 V,

Vour =1kV,and Poyy =1 kW, and (c) and (d) V;, =200V, Vour =1kV,
and P,y =100 W.

with lower on-state resistances, as clearly given in Table 2.
Based on Figs. 12-15, the dominant switching losses of the
MOSFETs and diodes are eliminated due to the converter’s
soft-switching operation in wide input voltage and output
power variation ranges. Effects of the power MOSFETSs and
diodes conduction losses on the converter efficiency curves
have been simulated, as given in Fig. 19(c). These simulation
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(a)
FIGURE 17. Resonant tank inductor current and capacitor voltage

waveforms under different conditions (a) V;, =100V and Py, = 1 kW
and (b) V;, =200V and P,y = 100 W.

(a)

FIGURE 18. Output capacitors and regulated output voltages waveforms
under different conditions (@) V;, =100V, V,,; =1kV,and Pyys = 1 kW
and (b) V;, =200V, Vyur = 1kV, and P,us = 100 W.

results clearly show that to improve the converter efficiency,
different components with low conduction losses can be used.
In practice, a trade-off between the converter efficiency and
its cost can be done to improve the converter efficiency
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Parameters Switching . Number - -
operation g of: = "B Z| 52| & -
_ - - B - @ = 5 S >
_ = 2 S = =7 E e 2 = B
2 S g & ws |, S | TS | EE| 55| 2g| =8¢
E = o= = = < =
: e : = E £EZ | | g| 22| £%32 | 35| 2| %% Z:
> ~ % S £ 2| 8| B S s %= | EE| 3 S &
=] a = z| A = 9] E| =2 g
References = < = =
[4] 200 40-80 200 ¥ o 100 5 | 6 - 0.1795, C NM 48 97 PWM
[9] 210 25-100 250 NM NM 80-140 | 6 | 8 - 0.408, 200 3.16 ]5661' 97.7 PEM
= | (10 300 1224 600 ** . 50 5 6 500 0.36,C 03,09 12 94 PWM
3
2
2 0.99, 20
2 [11] 380 20-40 300 ¥ NM 90-180 | 4 | 4 - » 20, 11 13 96 | PEM+PWM
= 4x0.001
=2
T 4.4,220, 04, 2,
[13] 400 36-57 1000 ¥ NM 60 5| 4 54 2330, 2360 st a5 | 9584 PWM
[14] 400 80-200 1000 ¥ *x 80-160 | 4 | 4 B 2x0.141 2x9.2 0.5 975 PEM
[15] 600 100 1000 ¥ o 200 4 | 2 - 0.22, 4x100 286 15 97 NM
[5] 1000 24 600 wx *x 90-100 | 4 | 4 NM 12 025 30 ) PEM
2500 5000 o
) Aux: *, i
) [6] (per 240440 | (per Vit * wk 375 10 | 8 - 2x0.1, 4x1 2211 3 98.8 PSM
g module) module) )
z 7 000, 100 325-550 ¥ *x 4 | 16 - 0.2, 13xC 785 20 96 PEM
=, [71 10000 32-48 2 :
T S1234: %, *¥* Dy j: **
[8] 15000 | 424636 | 5000 i P 20 6 | 10 NM 0.022,02 3.6 20 93 PWM
30-50,
[16] 100 P 600 ¥ *x 100 6 | 2 | 2x100 c 5 0.75 97 | PWM+PSM
2] 200 25 400 Tt = 50 4 | a 2x68 | 2x2,22,2x220 0.9 1 96.8 PWM
[17] 360 162512130 500 1 ** 74100 | 4 | 4 | 2x150 0.0735,C 344 18 96 | PFM+PWM
[18] 380 35-45 600 SS‘]“;‘;_lg - 50 6 | o 2x60 2x0.141,2x20 | 356 185 | 97.3 PWM
[19] 380 40 1500 ¥ * v 70 4 | 4 2x50 2x10, 3x20 2x4 - 947 PWM
[20] 400 40-60 500 ¥ * 6080 | 4 | 4 | 2x150 | 0.32,4x10,270 10 12 NM PFM
=
2 [21] 400 20 500 . . 100 3 | 6 | 3x100 82, 2, . - 94.6 PWM
3 2x120
E 108.64.
E [52] 60 10-20 18 1 - NM a | 4| o | 01310100 | 17715 2 NM PEM
120 . 0.0099, 0.0164,
[22] 48 RS 350 f ** 140 4 | 2 | 2«10 "o 70 0.125 | 923 NM
110-220
[24] 400 e 1000 ¥ *x 100 4 | 6 | 2x1000 | 0.068,17,1500 37 1 962 PWM
85-265 N 0.0133, 120,
[23] 48 e 300 ¥ 50119 | 4 | 4 | 2x195 pos 177 7.1 927 | PEMIAPWM
[49] | 20-160 12 48 ¥ o 100 4 | 2 | 2x2000 | 0.053,100,200 50 47 NM NM I
[51] 400 44-52 1000 t *x 78135 | 4 | 4 | a2z | PEEDA0 N 54 375 | 933 PFM
S . 2x0.356
s 3| 55 400 40-76 1200 ¥ o NM 8 | 4 4x70 336, 2x14.5 13 NM | PWM,PFM
8¢ 2x440, 110
o=
z ] N i 0.044, 6x150,
3 §| 531 | soos40 390 1300 ¥ 100 6 | s e 57 26 95.5 PEM
[54] 760 25-50 300 ¥ ** 75110 | 6 | 8 - 0.62, 6xC 41 4 96.1 PEM
g;?.s::ffr 1000 100200 | 1000 ¥ w 143 4 | 8 2x50 0.1, 3x47 11.8 1 95.3 APWM

T ZVS turn on, 1 ZVS turn off, * ZCS turn on, ** ZCS turn off, C: Unknown, and NM: Not Mentioned

TABLE 3. Comparison of the proposed converter with some different existing topologies.

and pay a reasonable cost by choosing low-loss inductors
and transformer, low-ESR capacitors, and low voltage drop

MOSFETsSs and diodes.

By considering Table 2, some conclusions are given as

follows:

VOLUME 10, 2022

a) Generally, transformers and inductors are massive
components that strongly affect the converter’s power
densities and prices. However, Table 2 clearly shows
that this is a common issue in many dc-dc converters.
The soft-switching operation of the converters, which is
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FIGURE 19. (a) different simulated and experimental efficiency curves of
the proposed converter under the different conditions, (b) loss
distribution, (c) simulated efficiency curves of the proposed converter
with different MOSFETs and diodes.

also achieved here, is an efficient approach to overcome
this problem and improve the power density and reduce
the cost.

b) Number of the active switches and their driver and
control circuits are other issues. But, Table 2 clearly
shows that the proposed converter is one of the best
solutions from this point of view.

¢) Input filter and output capacitors are also reduced here
due to the given symmetrical configuration.

d) Although more diodes have been used here, as tabu-
lated in Table 2, this is not a significant issue because
lower current and voltage stresses are applied to these
components, and this issue cannot very much affect the
price and power density of the proposed converter in
practice.

Fig. 20 shows the dynamic response of the proposed converter
when the load changes between 90% and 10%. To have a
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FIGURE 20. Dynamic response of the proposed converter when load
changes between %90 and %10.

better clarification, an implemented 3-stage configuration of
the proposed converter has been compared in more details in
Table 3 with some other existing high step-up, high-voltage,
interleaved, and LLC-based converters.

Finally, it must be mentioned that some unavoidable man-
ufacturing mismatches may lead to improper operation of this
proposed converter in practice, like many well-known power
electronics converters, including interleaved-based topolo-
gies. For instance, any mismatches between the input induc-
tors, the power switches of the different legs, their gate-drive
circuits, their gate-source generated pulses, and so forth can
affect the ideal operation of the proposed converter. This is
a well-known issue in the power electronics field, and there
are some solutions to overcome this problem. For instance,
the average or peak current control approach can easily be
used here to overcome this issue. However, the small signal
modeling and closed-loop control approach of the proposed
converter are ignored and not addressed here in detail to
shorten the subject.

IX. CONCLUSION

In this paper, a new expandable high step-up LLC-based
converter is proposed. The experimental results clearly show
that all its primary stage MOSFETSs and output stage diodes
are operating under the soft-switching conditions in the entire
wide input voltage and output power variation ranges. There-
fore, high efficiency and low EMI noises are achievable, and
high frequency operation is possible to reduce its passive
components volume and thereby increase its power den-
sity. Also, integrating a two-phase interleaved current-fed
structure with a LLC resonant converter makes it possible
to achieve high voltage gain, as well as low input current
ripple value. Besides, the input current frequency is twice
the switching frequency that effectively reduces the input
filter volume in practice. To regulate the output voltage, an
asymmetric PWM technique at a fixed switching frequency is
used to design the converter magnetic components, including
input filter, resonant inductor, and multi-winding transformer,
more effectively. A 1 kW prototype converter has also been
implemented to verify the given analyses results. Wide input
voltage 100-200 V, and output power 100-1000 W variations
are applied to the converter. The APWM technique at 143 kHz
switching frequency is used to regulate the output voltage
at 1 kV.
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