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ABSTRACT This paper proposes a three-phase inverter combined with two LLC resonant tanks series
resonant DC-DC boost converter with variable frequency control. The three-phase inverter side of the
proposed circuit is connected to identical two-level LLC tanks to ensure balanced resonant currents. The
proposed converter requires less switching devices and transformers as compared to the conventional
interleaved LLC resonant converter, which competitively offers higher efficiency and reduced size and cost.
Furthermore, the proposed converter works above the resonant frequency to achieve zero voltage switching
(ZVS) for the entire operating frequency range (42.5kHz <f;< 50kHz) for all switches. Variable frequency
controller is considered in order to obtain better stability for diverse loads. Therefore, the proposed converter
will have the ability to respond to the load changes by varying the switching frequency to the value that fulfils
the requirement. In order to verify the improvement of the proposed converter, the converter performance
is compared to conventional interleaved LLC resonant converter. The theoretical outcomes are confirmed
through simulation studies using MATLAB/SIMULINK and validated experimentally using a laboratory

prototype. Selected results are presented to verify the effectiveness of the proposed converter.

INDEX TERMS Series resonant converter, LLC, zero voltage switching, variable frequency control.

I. INTRODUCTION

Due to rapid improvements of modern-clean energy and
industrial applications in power electronics, for instance
hybrid electric vehicle (HEV), smart grids, renewable energy
systems (RES), and solid state transformers, resonant DC-DC
converters have earned consequential and essential interests.
This can be attributed to their effective features as compared
to the conventional converters in order to appease the require-
ments of the industrial applications of power electronics.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yijie Wang
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Resonant DC-DC converters have efficient power density,
capacity to operate at high switching frequency with soft
switching realization, high conversion, and noticeable reduc-
tion in size of the magnetic components such as transform-
ers and passive filters [1]-[4]. Furthermore, resonant power
converters, RPCs, utilize other method to realize soft switch-
ing requirements rather than embracing auxiliary equipment
for each switch. RPCs structure them in the form of Res-
onant Tank Network (RTN) with two or three or multi-
reactive elements connected in cascade with the converter [5].
Moreover, RTN types could be categorized based on their
elements connection methods and the number of the tank
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elements [6]. The Parallel Resonant Converter (PRC) and
Series Resonant Converter (SRC) are considered the most
popular topologies of the two-element resonant tank network
type. While the Series-Parallel Resonant Converter (SPRC)
like LLC and LCC are considered under three-elements, and
LCLC is a multi-element resonant tank [7]. Besides, the soft
switching technique in power resonant converter also relies
on the relation between resonant frequency and switching
frequency. In cases where the switching frequency is lower
than the resonant frequency, the resonant converter will then
obtain Zero Current Switching (ZCS) commutation for all
switches [8]. In contrary, Zero Voltage Switching (ZVS) can
be achieved when the switching frequency is higher than the
resonant frequency [4]. Series resonant converters have been
implemented in many applications in literature owing to their
popularity and simplicity [9], [10], where the LC resonant
tank is connected in series with the loaded-rectifier network.
Consequently, the drawbacks of the SRC could be highlighted
according to the law of the voltage divider where the input
voltage is distributed between the resonant impedance and
the resistive load, which makes the voltage gain less than
unity [5], [11]. Moreover, the achievement of the zero voltage
switching is restricted to the input voltage range and specific
load conditions. The output voltage cannot be controlled at
no-load operation [12], [13].

LLC resonant topologies have been developed to overcome
the limitations of SRC, whereby they exhibit high voltage
gain, low electromagnetic interference (EMI), wide operating
range and efficient conversion [14], [15]. These topologies
have been presented for half and full-bridge primary inverter
and with either full-bridge or center-tapped rectifiers on sec-
ondary side, where the center-tapped rectifiers are not pre-
ferred due the high voltage stress on the diodes. The LLC
output voltage or current can be regulated in a wide range
by varying the switching frequency [16]-[18]. Also, Series
Resonant Converter with two series transformers has been
proposed in [12] to turn on all switches at ZVS with wide
load conditions and input voltage ranges. Despite the fact
that, single stage resonant converters are well-entrenched
and advanced in many applications, nevertheless they face
some challenges in high input voltage applications, where
the current stress on switches devices cause a reduction in
both efficiency and reliability [19]. Therefore, this has led
to the introduction of multilevel converters, that allows the
use of low voltage rating switching devices for high voltage
applications [20], [21]. Moreover, the operating modes of
three-phase three-level are discussed in [22], where the soft
switching range is clearly enlarged when compared to PWM
controlled three phase three level converter [23]. On the other
hand, multi-phase parallel technique is introduced in [24],
but the resonant frequencies were not equal in each indi-
vidual LLC phase, which caused imbalanced output currents
between the phases. Also, authors in [25] have proposed a
three-phase interleaved LLC resonant converter that consists
of three full-bridge LLC resonant converters with the associ-
ated secondary parts are combined using Y-connected diode
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rectifier which is suitable for high voltage applications with
ZVS achievement for all power switches. A hybridization of
three-phase and LLC controlled using phase-shift technique
is presented in [26] to reduce the conduction losses by sharing
the lagging switches between the three-level converter and the
LLC converter at the primary side of the transformers, which
also reduces the circulating current. Although, LLC series
resonant converter has many advantages over conventional
topologies, but many output capacitors are needed to deal
with output voltage ripples especially in low-voltage and
high-current applications. Therefore, a two-phase interleaved
LLC converter has been proposed by utilizing a phase of the
resonant capacitor and adopting synchronous rectification at
secondary side in [27]. As aresult, the conduction loss and the
output capacitor can be reduced by the interleaved operation.

In this paper, a new combination of three-phase inverter
with two LLC resonant tanks series resonant dc-dc boost
converter is presented. The proposed converter achieves
high output voltage gain with a reduction in the number of
power switches and components compared to the conven-
tional three-phase interleaved LLC resonant converter [25],
and two-phase common inductor LLC converter [1]. The
converter achieves balanced resonant currents by utilizing
identical LC tanks, which are linked in series with two step-up
transformers to boost the voltage gain and to enhance the ZVS
range. The output voltage is regulated by adopting variable
frequency control, where the gain of the system is analyzed
with respect to the tank impedance, which is a function of
the relation between the switching frequency and resonant
frequency.

The remaining paper is organized as follows: Section II
describes the circuit configuration of the proposed converter
and its main characteristics. The various operating modes are
explained in Section III. The simulation results are presented
in section I'V. Selected experimental results using 5 kW scaled
laboratory prototype are reported in Section V to validate
the theoretical findings. Finally, the work is summarized and
concluded in section VI.

Il. THE PROPOSED CONVERTER: CIRCUIT TOPOLOGY
AND CHARACTERISTICS ANALYSIS
Figure 1 illustrates the schematic diagram of the proposed
converter formed by a simple three-phase inverter feeding
two LLC resonant tanks, where each tank is performed by
resonant inductance L;, resonant capacitance C, and the
magnetizing inductance of the HF transformer Ly,.

Both HF transformers are connected to each other in series
in the secondary side, and are connected to the loaded full-
bridge diode rectifier.

A. CIRCUIT CONFIGURATION

The proposed converter structure shown in Fig.1 is differ-
ent than other reported topologies in the literature [1], [25],
as two LLC tanks are connected to the three-phase inverter
by sharing the leg B, and both tanks are sharing a full bridge
diode rectifier. Thus, this structure will lead to significant
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FIGURE 1. Schematic diagram of the proposed three-phase with two LLC
tanks series resonant converter.

reduction in the used components and size/weight and cost.
Here, it contains three phase inverter rather than two or three
level inverters, which confirms the reduction of the proposed
converter active switches. Also, the two transformers are
connected in series and linked to full bridge rectifier which
confirms the reduction of the rectifier diodes when compared
to three phase rectifiers. It should be noted that both resonant
tanks of the proposed converter are identical (i.e. L1 = L;3.
and C;; = Cp) to ensure balanced resonant tank variables,
ie iy, ir,, vc,» and vc, and to produce equal resonant
frequencies to simplify the design considerations. Hence, all
inverter switches (S; — Sg) will be able to achieve ZVS if res-
onant tanks impedance can behave inductively. Furthermore,
each resonant tank will transfer/deliver half of the power to
the output load. Also, the aim of utilizing two HF step up
transformers is to boost the gain and overcome the limitation
of the SRC, where the magnetizing inductance will ensure
the achievement of the ZVS for all switches by enhancing
the resonant tank inductivity. The primary windings of both
transformers are connected to the end of the resonant tanks
through the Leg B as shown in Fig. 1 while the secondary
windings are connected to each other in series and to the full
bridge-rectifier. This will led to the currents balance through
the resonant tanks and the secondary side. Furthermore, the
boosted output voltage is regulated by utilizing variable fre-
quency control to obtain wide load variation and to achieve
soft switching.

B. CIRCUIT CHARACTERISTICS AND ANALYSIS
The line-to-line voltages, Vap, Vpc and Vca of the voltage
source inverter shown in Fig. 1 that feeds the resonant tanks
can be expressed using Fourier series as follows:

i(sin (nwst) — sin n (wst-—> (1)

n=1,3,5,...
4V 1 2 4
Ve () = -8 Z —<(sinn wst——n)—sinn <a)st——n>>
b4 neias, n 3 3
2
1/ . 4 .
Vea () = —= - ((smn (a)st— ?>> —(sin (nwst)))
n=1‘3,5,...n
3
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FIGURE 2. The AC equivalent circuit for one of the LLC resonant tanks.

where V, the peak value of the square-wave of the
inverter output voltage and ws is the angular switching fre-
quency. The line-to-line voltage contains harmonics of order
2n — 1 (n = integer).

Assume that the voltage V ap is applied to one of the LLC
resonant tanks as shown in the equivalent circuit in Fig.2, The
AC voltage gain of the LLC resonant tank can be obtained
by splitting the voltage between the input and the output
impedances. The effective resistance R, is converted from the
secondary to primary part by using the transformer winding
ratio, and the converter gain equation can be expressed as the
following equations:

Z; = Xpr+Xcr + Xom//Re) 4)
Zy = (Xpm//Re) (5
V, 7 JjwsLin-Re
_ n __“o __ Re+jwsLiy
M = v 7 J jwsLn Re ©)
a1 L josLy— e+ gAaTe

Equivalently, the voltage gain of the second LLC resonant
tank can be obtained with the same manner, as all the tank
parameters are identical to the first tank. Hence, the resonant
tank parameters can be defined by the following expressions:

1
Resonance frequency : = — 7
quency : f; A JEC @)
. Ly,
Inductance ratio : Ap = — (8)
L
o e . Lr 1
Characteristic impedance : Z, = | —=2nf,L, = ———
Cr 2rf Cy
)
. Z, /L, 1
Loadquality factor: Q = — = =
e R, w,CrR,
(10)
8n?
Effective ac resistance : R, = — R (11)
T

where w; is the angular resonant frequency, Ay is the induc-
tance ratio between the resonant inductance L, and the mag-
netizing inductance Ly, while, n is the transformer turns ratio,
and R, is the effective equivalent ac resistance consisting of
the full rectifier bridge with capacitor and the load.

According to (10), the resonant inductor value can be
calculated by:

OR,

wr

L =

(12)
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FIGURE 3. Voltage gain versus the relation between switching frequency
and resonant frequency for (0 < fs/f, < 2) characteristics of the proposed
LLC converter. (a) Different load factor with A; = 0.4. (b) Different
inductance ratios with Q = 1.

Substituting (12) into (9), the resonant capacitor is given by:

1

Cr=——
" era)%

(13)
By rearranging (6), utilizing (7)-(11) and taking into account
the transformer ratio n, and the gains of both LLC resonant
tanks, the voltage gain of the proposed converter as a function
of switching frequency fs, load quality factor Q, and the
inductance ratio Ar, can be expressed as

M (fs, 0, Ar)
2V,
= 1
Vin
B 2
(1+AL)* [ 1— VT 73 (L - 5)T
L s O\fF AL+ T f

(14)

Based on the relation between the voltage gain and the
switching frequency as shown in Fig 3.a, it can be clearly seen
that when the switching frequency is lower than the resonant
frequency (i.e. f < f;), the converter voltage gain drops
rapidly as the switching frequency decreases. The converter
still can boost the gain for a narrow range as the switching
frequency is lower and closer of resonant frequency, and it
can be seen there are not much different of gain curves, thus
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the output voltage cannot be maintained utilizing variable
frequency control. While, in case of the switching frequency
is lower than half of the resonant frequency, the gain curves
reaches nearly zero for all load conditions (i.e. Q = 0.1 to
Q = 2). Therefore, the proposed converter is not suitable
for boosting the voltage gain when operating at lower than
resonant frequency.

On the other hand, for switching frequency higher than
resonant frequency (i.e. fy > f;), the converter produces sig-
nificant higher output voltage compared to the input voltage
for the whole range of the switching frequency. Furthermore,
the gain increases as the switching frequency gets closer
to the resonant frequency. This can be seen for wide range
of the load (i.e. Q = 0.25 to Q = 2), where the proposed
converter is able to provide voltage gain which is five times
higher than the input voltage. For small values of Q (e.g.
Q = 0.1), the converter can still step up the voltage, but
only for a narrow range, when the switching frequency is
much higher than resonant frequency. Therefore, the opera-
tion range of the proposed converter is selected to be higher
than resonant converter to provide high output voltage with
wide load variations, where the switching frequency range
is (42.5 kHz<f;<50 kHz). Also, it should be noticed that the
Ap value is a fixed design parameter and does not change
with operation. According to the gain equation (14), the gain
curves have been analyzed with different inductance ratio A,
with constant load factor Q in order to confirm the optimal
selection of the suitable A, value as shown in Fig 3. b.
As it can be seen for Ap>1, the gain is much higher than
the required gain, as at minimum frequency (42.5 kHz) with
taking into account the transformers turns ratios the gain
will be much higher than the required gain which is might
damage the converter equipment as the devices were selected
to achieve 1000 V. While, for values Ay <1, the gain curves are
matched with the required voltage gain and the range is suit-
able to be used for entire selected operation range. Therefore,
to ensure safe operation and to satisfy the proposed converter
characteristics, the Ar, value has been chosen to be 0.4.

For better visual, the three-variable figure of (switching
frequency range, fs, load quality factor, Q, and the input volt-
age) is presented in Figure 4. The expression that completely

400

X 4
4.4 x 10

Quality factor (Q) 0

Switching frequency (fs)

FIGURE 4. The proposed converter voltage gain versus different Q values
and switching frequencies.
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describes the proposed converter’s behaviour can be obtained.
To obtain the desired output voltage 1000 V, at minimum
switching frequency 42.5 kHz, the load quality factor must
be equal to Q = 1.6 whereas to obtain the same output value
at the maximum switching frequency 50 kHz, the load is
varied to obtain the load quality factor that equal to Q = 0.8
as shown in Fig.4. It is noticed that, to obtain the desired
output voltage the input voltage and loading range should be
limited to specific values. Therefore, the proposed converter
can obtain 1000V by varying the load factor within the range
of Q = 0.8 — 1.6, with input voltage Vi, = 200 V. More-
over, the relation between the input impedance angle and
the switching frequency for different Q values is illustrated
in Fig. 5. It is seen that the proposed resonant tank impedance
is positive which means the proposed tank provides an effec-
tive inductive load to the inverter for the all load quality
factors (i.e. Q = 0.1 to Q = 2), within the entire operating
range (42.5-50 kHz) due to the large selected magnetizing
inductance value, Lm. In consequence, the zero crossing
of the voltage waveform occurs before the sinusoidal input
current waveform. Thus, the primary switches will turn-on
at ZVS.

E31DD T |
o ~— I
[=H
i} ——
Tz 50t : s
W — Q=1
a Q=02
§ 0 — =0
=
@
o
_E -50
5
a
=
1005—

4 & & 7 %
Switcing Frequency, fs (Hz) w104

FIGURE 5. The relation between the input impedance angle and the
switching frequency for different load quality factors Q.

1Il. OPERATION PRINCIPLE

The key waveforms of the proposed converter are depicted
in Fig. 6, where the (Vgs1 — V) are the driving gate signals
of active switches. To ensure the safe operation, a dead time
is considered between each two switches in the same leg. The
proposed converter has seven operation modes during half
switching period and they are described as follows:

Mode 1 [t0-t1, Fig.7a]: This mode starts when switch S3 is
turned off at t = 0, while switches S; and S5 are still on. Here,
Vg drops to zero, Vpc starts its negative cycle, and Vca is
equal to the input voltage. In this mode, i; , starts to increase
and Vc,, starts to discharge. Thus, the second resonant tank
resonates and makes the freewheeling diode of S4 to conduct
before the end of this mode. The energy stored in the resonant
tank is transferred to the output load through the transformer
and the rectifier diodes, D;, and D3 at the secondary side,
as shown Fig 7(a).

Mode 2 [t1-t2, Fig.7b]: The freewheeling diode, S4 is
conducting. This mode will start by turning on S4 at ZVS.
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FIGURE 6. The theoretical key waveforms of the proposed converter.

The voltage values, Vap, VBc, and Vca remains the same
as mode 1. Also, the resonant inductors are still charg-
ing and the capacitors are in discharging operation. The
stored energy is transferred to the load through the rectifier
diodes, D7, and Dj3.

Mode 3 [t2—t3, Fig.7c]: At the start of this mode, switch
S2 is turned off while switches S4 and S5 are still on. The
resonant inductors, i,1, and ir,» are almost fully charged,
while the capacitors are almost totally discharged. As the
stored energy in the resonant inductor must be larger than that
of the resonant capacitor to achieve ZVS, the freewheeling
diode of the switch S begins to conduct at the end of this
mode. Moreover, at the end of this mode, Vap starts its
positive cycle to be equal to V;,, Vpc still remains at same
value as the previous mode, and V4 drops to zero. Also, D,
and Dj3 are still conducting to deliver the power to the load.

Mode 4 [t3—t4, Fig.7d]: The conduction of freewheeling
diode of switch S; enables the switch to turn on at ZVS at the
beginning of this mode. In the middle of this mode, both tanks
start to resonate by charging the capacitors and discharge the
resonant inductors. However, the voltages values, Vap, VBc,
and Vca remains the same as the previous mode, and the
energy is transferred to the load through D5, and D3 of the
rectifier.

Mode 5 [t4-t5, Fig.7e]: This mode starts by turning off of
switch S5, while switches S and S4 are still on, which makes
VB equals to Vi,, Vpc to drop to zero, and Vcp to start its
negative cycle to be equal to —Vj,. Furthermore, the reso-
nant inductors and capacitors will continue the charging and

VOLUME 8, 2020
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FIGURE 7. Operation modes of the proposed converter. (a) Mode 1. (b) Mode 2. (c) Mode 3. (d) Mode 4. (e) Mode 5. (f) Mode 6. (g) Mode 7.

discharging operations as the previous mode, which leads to
the freewheeling diode of Sg to conduct before this mode
ends. The load receives the energy through the rectifier
diodes, D; and D3.

Mode 6 [t5-1t6, Fig.7f]: As the freewheeling diode of Sg
conducts at the end of the previous mode, this enables S¢
to turn on with a ZVS at the beginning of this mode. Once
again, the switches S; and S4 are still on and maintains

VOLUME 8, 2020

VaB, VBc, and Vcpa at the same values as in the previous
mode. The resonant inductors are still discharging towards
zero at the end of this mode, and the capacitors voltages are
increasing to the maximum at the end of this mode. Also,
the diode rectifiers, D;, and D3 are still conducting to deliver
the energy to the load.

Mode 7 [t6—t7, Fig.7g]: At the beginning of this mode
switch Sy is turned off and both tanks starts to resonant by

22391



IEEE Access

M. Salem et al.: Three-Phase Series Resonant DC-DC Boost Converter

Gs1
Circuit E Proposed DC-DC o Load
driver > Converter -
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PWM | VCO [« PI
Dead time fmax fmin

FIGURE 8. The block diagram of the variable frequency control.

charging the inductors and discharging the resonant capaci-
tors. S1 and Sg are on in this mode and all Vapg, Ve, and
Vca are at the same values as previous mode, and the rectifier
diodes Dy, and D3 are conducting. The freewheeling diode
of S3 will conduct at the end of this mode. This repeats the
operation where S3 switches at ZVS and the energy will be
transferred to the load via the diodes D; and D4 for next
half cycle.

The variable frequency control is applied to the proposed
converter to regulate the output voltage by varying the switch-
ing frequency. To control the output voltage at a certain level,
the switching frequency needs to be selected in accordance
to the gain curves shown in Fig. 3.a. In this particular case,
to keep the output voltage around 1000V, switching frequency
range should be limited to (42.5kHz<f;<50kHz). Figure 8
depicts the conceptual block diagram of the variable fre-
quency control, where the error signal V., between the
measured voltage (output voltage)V, and the desired volt-
age (reference voltage) V., = 1000 V is processed by a
PI controller with (Kp = 3000, K; = 0.002), which are
obtained by equations 15, 16 respectively. Therefore, any
deviation from the required output based on the error sign,
the controller works to increase or decrease the switching
frequency in accordance to the desired output voltage. Then
the controlled switching signal f; is applied through PWM to
produce controlled switches pulses. Where fixed duty cycle
50%, a dead time of 0.5 ws is considered for all switches
(S; — S¢) for safe operation and ensre ZVS acheavment, with
taking into account the phase shift between each leg signals.

AL
Ki=1L, <m> X (Fiax — Fpin) x T (15)

(Fmax - Fmin)
Ly
2(&)

where T is a sample time, T = 1 us.

Ky = Ki X Vir X (16)

IV. SIMULATION RESULTS
The proposed resonant converter simulation model is built by
utilizing Matlab/Simulink software based on the parameters
shown in Table 1.

The simulation results clearly shows that the three-phase
output inverter voltages (VaB, VBC, Vca), resonant currents
(ir,,» iL,,), and resonant capacitors voltages (Vc,,, Vc,,) are

22392

TABLE 1. Prototype specifications.

Parameter Symbol Value Units
Input voltage V; 200 \'
Output voltage v, 1000 Vv
Switching frequency fs 42.5-50 kHz
range
Resonant inductances Ly=1L, 200 uH
Resonant capacitances Cr =Cpy 70 iy
Magnetizing Ly = Lo 70 uH
inductance
Output capacitance Cr 470 uF
Rated output power Pue 5000 w
Active Switches S —Ss IRGP35B60PDPBF
Transformers ratio n, =n, 0.2
Microcontroller TMS320F28335

balanced as shown in Fig 9. The only difference from the
theoretical parts in Fig 6 is that the phase-angel was assumed
to be constant based on the average of the selected switching
range, which causes a difference in output inverter voltages
width and a delay in currents and voltages waveforms. More-
over, the sinusoidal resonant current lags the input voltage
for each tank level. This verifies the theoretical part, as the
operation region is set to be equal and higher than the resonant
frequency (42.5 kHz-50 kHz), Also the selected magnetizing
inductance,

L, enhances the resonant tank to ensure that the tank
impedance behaves inductively in the entire operation region.
This ensures that all the switches turns-on with ZVS as
illustrated in Fig 10.

The performance of the proposed converter is tested for
load variation conditions, where the load is stepped down
from full load (5 A) to half-load (i.e. 50% of the full-load) at
time 0.25s as demonstrated in Fig 11. Furthermore, the per-
formance of the converter with stepped up load from 1 A
(i.e. 20% of the full-load) to full load is shown in Fig 12.
This confirms the validity of the proposed converter and its
controller to maintain the output voltage constant against
wide load dynamic variation.

V. EXPERIMENTAL RESULTS

A laboratory prototype of the proposed converter is
implemented to experimentally validate the theoretical and
simulation outcomes, where the experimental specifications
are tabulated in Table 1. The complete experimental config-
uration of the proposed converter is shown in Fig. 13. Where
the experimental setup is divided to two main circuits: power
circuit which contains of three-phase inverter supplied by
DC voltage source and feeds double stage LLC resonant,
then high frequency transformers are connected in series
at secondary windings then rectified by full bridge recti-
fier. Variable resistance conducted as a load by connecting
various resistors connected in parallel with through tradi-
tional switches to apply load disturbance (load variation).
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FIGURE 9. Simulation waveforms of the proposed converter (a) three-phase controlled inverter voltages, (b) Resonant tank input voltage Vg,
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FIGURE 10. Simulation waveforms of gate voltage
(c) 4, switches 5 and 6.
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FIGURE 11. Simulation response of the Step-down load condition.

The second circuit is control circuit which contains of voltage
sensor which sensing the output voltage and scales down
its value, to transform this signal to digital through micro-
controller and analog digital converter (ADC). This digital
signal is proceeded with variable controller approach by
Matlab/Simulink to produce the controlled frequency, which
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FIGURE 12. Simulation response of the Step-up load condition.

converted to real time switching by the microcontroller to
switch the inverter switches.

The three-phase inverter output voltages are shown
in Fig 14, where clearly a phase shift is not exactly120 can
be easily perceived. This is due to the tanks connections, also
the controller as the switching frequency is changing based on
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FIGURE 13. Photograph of the experiment set-up of the proposed
converter.
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FIGURE 14. Measured waveforms of the three phase controlled Inverter
voltages.
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FIGURE 15. Measured experimental results of first resonant tanks
waveforms (Resonant tank input voltage Vg, resonant inductor current
i,_, 1 and resonant capacitor voltage Vcr . .) at full load.

w

the output voltage. While the phase shift angle is considered
constant within the average of the selected switching range.
Additionally, the experimental waveforms of each resonant
tank input voltage, resonant current and resonant capacitor
voltage at full load condition are measured separately and rep-
resented in Figs 15 and 16 respectively. It worth saying that
these results are in agreement with simulation results shown
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FIGURE 16. Measured experimental results of second resonant tanks
waveforms (Resonant tank input voltage Vg¢, resonant inductor current
i’-rz' and resonant capacitor voltage Ve,, .) at full load.
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FIGURE 17. Measured experimental results of first resonant tanks
waveforms (Resonant tank input voltage V,, resonant inductor current
i, and resonant capacitor voltage Vc,,-) at 20% load.
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FIGURE 18. Measured experimental results of second resonant tanks
waveforms (Resonant tank input voltage Vg, resonant inductor current
i,_r 2 and resonant capacitor voltage Vcr2 .) at 20% load.

in Fig 9 b and 9 c. The difference in voltage width caused from
switching frequency variation by controller approach. As the
phase angle assumed constant, any variation in frequency
from assumed started point will cause width difference that
seen in simulation and experimental results. Figs 17 and 18
show the experimental waveforms of each resonant tank
at 20% load, and they are in agreement with theoretical
and simulation findings as both tanks behaves inductively.
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FIGURE 19. Measured waveforms of the gate voltage Vgg and collector voltage Vg for all the switches at 100% load (a) S, and S,, (b)Ss, and
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TABLE 2. Parameters for loss calculation.

Parameter Symbol | Value Units

IGBT on-state resistance RcE(on) 84 m{)

IGBT

IGBT turn-off time ot 110 ns

IGBT's output capacitance Coes 265 pF
Number of winding turns in N, 64 turns

each resonant inductor.

Core cross-sectional area Ac 76 mm?
Core volume \'A 5350 mm?

Core material properties B 2.7 T

Kre 68 | w/cm®TP

Furthermore, it is worth noting also that Figs 15, 16,
17 and 18 confirm the ability to achieve ZVS for all switches.
The gate voltage and the collector voltage for each switch
confirms that the Vcg dropped to zero, before the switches
were turned on. Thus, all the switches turned on at ZVS
for different load conditions as shown in Figs 19 and 20
and this is in agreement with simulation results presented
in Fig 10.

The dynamic response of the system is tested through a
load step change as represented in Fig. 21, where, the load
is changed from 5 kW to 2.5 kW (i.e. corresponding to 200
to 400€2). Also, the step-up load changes has been applied
to change the load from 1 kW to 5kW (i.e from 20% of
the load to full load condition) as demonstrated in Fig. 22.
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FIGURE 21. Measured results of the output voltage and current for the
Step-up load condition.

The results confirm that the system has a good response to
the load step change, while maintaining the output voltage
constant. It should be noted that a small voltage dip was
observed during the step up load condition. Even though the
undershoot and overshoot voltages occurred in both cases of
step-up and step-down load variations, the dynamic system
response proved that the system is capable of offering wide
load variation

Fig 23 presents the measured efficiency of the proposed
converter at different load values and with input voltage
of 200V. The maximum efficiency of the proposed con-
verter recorded is 96.2% in the range of operating frequency
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TABLE 3. A comparison between the proposed converter and other LLC resonant converters reported in the literature.

Reference Number of components Switching frequency, (kHz) Vin (V) Vo (v) Efficiency (%)
[1] S=8, L=2,T=2, and C=2 180-270 340-400 12 -
[25] S=12,L=3,T=3, and C=3 34-39 380 300 95.5%
[27] S=8, L=2,T=2, and C=2 410 12 93%
This work S=6, L=2,T=2, and C=2 42.5-50 200 1000 96.2%
Time Scale 1s/div
38 ® Full Toad
V, 500Vidiv 60 i 50% load
W 350 - -20%load—
Idiv = 40 -
lo 5A/div n
a § 30 ]
S:———————J = 20 -
2 10 -+ —
g 0-
3ph IGBT  Resoanant HF DBR
bridge turnn inductor transformers conduction
of and cores loss  cores loss loss
conduction
FIGURE 22. Measured results of the output voltage and current for the |
Step-down load condition. 0ss

96.5

96 A
€955 7 ™~
> i N
£ 94.5
w

94

93.5

1 2 3 4 5 6 7 8 9 10
Load current, lo (A)

FIGURE 23. Measured efficiency versus output current.

and it is considered more efficient compared to three-phase
interleaved LLC RC employing the Y-connected rectifier
[25]. Fig. 24 depicts the loss breakdown at full load, 50%
load, and 20% conditions. The calculations for the losses
of individual parts of resonant converters have been studied
in details in [28]-[31]. It can be clearly seen that the loss
breakdown at 20% load condition is lower than full load
condition, which clarifies that the switching, conduction and
inductor core losses are notably reduced at load extremes,
which are in agreement with the presented results in [28],
[29]. The parameters used to calculate the losses are listed
in table 2. Due to the reactive power, the reduction of the
resonant current is not linearly related to the decrease of the
output power, which leads to significant efficiency drop at
light load as shown in Fig. 23. Also, it can be noted that
the dominant loss of the total losses is the turn-off loss and
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FIGURE 24. Loss breakdown, rated load 50% and 20% load, and
Vin = 200V.

the conduction loss of the switches. While, the switches are
turned on at ZVS, thus the efficiency is notably increased.
The efficiency data and the loss breakdown show that the
proposed converter should be recommended to be employed
in high voltage applications.

Where RcE is the on-state resistance of the IGBT, tos is the
is the IGBT turn-off time, Cos IGBT’s output capacitance.
While, B8 and Ky, represent properties of the used core mate-
rial, V, and Ac are the volume and the core cross-section area
respectively, and Ny, is the number of winding turns in each
resonant inductor.

For completeness, the performance of the proposed reso-
nant converter is compared with other LLC resonant DC/DC
converters reported in the literature. The proposed converter
requires less power switches devices compared to previous
converters reported in [1], [25], [27]. Moreover, it is worth
noting that only the proposed converter in this paper works
as a boost converter with high stepping ratio, while the other
topologies can only step-down the voltage, which limits their
applications. On the other hand, the analysis of the pro-
posed converter has shown that the converter can provide
wide load variation up to 20% to full load. Furthermore, the
proposed converter is considered more efficient compared
to other reported topology, as the maximum efficiency was
95.5% in [25], while the proposed converter offers nearly
96.2% as shown in Fig. 23. Table 3 summarizes the above
comparison.
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VI. CONCLUSION

This paper proposed a three phase with two LLC resonant
tanks series resonant DC-DC boost converter with variable
frequency control. By combining three-phase inverter with
two LLC resonant tanks, and both tanks are sharing a full
bridge diode rectifier, both tanks are assumed to be identi-
cal to ensure balanced resonant tank variables. In addition,
to produce equal resonant frequencies to simplify the design
considerations, which provided the following characteristics:
1) compared to conventional three interleaved LLC resonant
converter, the proposed converter could reduce the number of
power switches, which has a significant impact on reducing
the weight, cost, and the circuit simplicity. 2) The output
voltage of the proposed converter is five times larger than
input voltage, which means that the proposed converter is
suitable for high voltage applications. 3) The variable switch-
ing frequency control was adopted and maintained a wide
load variation for the proposed converter. This confirms the
theoretical analysis of the converter that the gain is not strictly
affected by the load factor as it relies heavily on the ratio
of switching to resonant frequency. The laboratory prototype
has verified the system performance and has proven the effec-
tiveness of the theoretical parts.
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