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A High-Efficiency MHz-Integrated Three-Phase
Interleaved Boost—LLC Converter With
Voltage Regulation

Jiajia Guan"”, Shuangxi Zhu

Cai Chen

Abstract—Three-phase interleaved LLC can achieve high-
efficiency and low-ripple conversion, but it is difficult to reach a
wide voltage regulation range due to the difficulty of synchronous
rectification. Based on the principle of bridge arm multiplexing, this
article proposes a three-phase interleaved boost and three-phase in-
terleaved LLC integrated topology. The integrated topology adopts
a modulation strategy in which the duty and frequency change
cooperatively, which can achieve decoupling of boost and LLC and
smooth gain. Among them, the boost works in the forced continuous
conduction mode, using the inductor current to realize zero-voltage
turn-ON of all switching devices, which can realize an air-gap-free
transformer design and help reduce winding losses. Based on the
modal analysis, this article gives the switching function of the pro-
posed topology to achieve synchronous rectification in the voltage
regulation range. Furthermore, this article analyzes the effect of the
transformer ratio on device stress and provides an optimization
strategy for integrated transformers. Finally, a prototype with
a switching frequency of 1 MHz, 40-60-V input, and 400-V at
1.5-kW output was designed to verify the proposed topology and
the modulation strategy, achieving a full-load efficiency of 97.7 %
and a power density of 159 W/in3.

Index Terms—High frequency, integrated converter, three-phase
interleaved LLC, voltage regulation.

I. INTRODUCTION

O INCREASE power density, the switching frequency can
T usually be increased to reduce the size of passive compo-
nents. However, the higher the switching frequency, the greater
the switching losses. To achieve high-efficiency and high-power-
density conversion, LLC is widely used because it can realize
soft switching of primary- and secondary-side devices [1], [2],
[31, [4], [5], [6], [7]. Furthermore, to improve power capac-
ity and reduce current ripple, three-phase interleaved LLC is
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Fig. 1. Two two-stage voltage regulation structures. (a) LLC + buck/boost.
(b) Buck/boost + LLC.
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widely used [8], [9], [10], [11], [12], [13], [14]. However, three-
phase interleaved LLC also needs to adjust the gain by chang-
ing the frequency, which makes it difficult to achieve a wide
voltage regulation range. There are two main reasons for this:
1) when the switching frequency changes, it is difficult to im-
plement synchronous rectification on the secondary side; and 2)
the wide frequency variation range is not conducive to designing
magnetic components.

Therefore, many studies adopt a two-stage structure to achieve
voltage regulation (see Fig. 1). Many studies use buck or boost
as the voltage regulation stage, and LLC works in the quasi-
resonant mode [15], [16], [17], [18], [19], [20]. In [18], the front
stage uses LLC to work at a fixed frequency, and buck is used to
realize voltage regulation. Similarly, Jin et al. [19], [20] added a
four-phase interleaved buck circuit after three-phase interleaved
LLC to achieve a wide voltage regulation range. The two-stage
structure can achieve power decoupling and simple control.
However, this voltage regulation method requires many power
devices. Moreover, the wide bus voltage is not conducive to the
design of the transformer, and there may be a large magnetizing
current that increases losses.
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In the two-stage structure, three-phase interleaved LLC op-
erates in the quasi-resonant mode, the switching frequency is
fixed, and the voltage regulation stage achieves a wide voltage
regulation range. However, the two-stage structure has too many
energy processing stages, which will greatly affect the cost and
efficiency.

To improve the efficiency of the converter and reduce the num-
ber of components, some studies have proposed an integrated
topology based on the principle of bridge arm multiplexing.
Jeong et al. [21] and York et al. [22] proposed an integrated
boost—LLC structure for single-phase LLC, reducing the number
of devices by multiplexing the boost and LLC bridge arms.
Integrated two-phase interleaved parallel boost LLC (IIBLLC)
is proposed in [23] and [24], which uses two-phase interleaved
boost as the regulating stage and multiplexes the primary-side
bridge arm with full-bridge LLC, which can reduce the number
of switching devices. However, when the duty is not equal to
0.5, LLC will work in the over-resonant mode, which is not
conducive to achieving synchronous rectification. In [25], the
duty cycle is fixed to 0.5, which can achieve zero input current
ripple. However, LLC has a wide frequency range, and it is
difficult to achieve high efficiency. To reduce the size of passive
components, Deng et al. [26] proposed a method of integrating
high-frequency passive components, which can greatly improve
the power density. To solve the problem of dead time asymme-
try caused by IIBLLC soft-switching current asymmetry, Wen
et al. [27] proposed an iterative calculation dead time com-
pensation strategy. Based on IIBLLC, Wu et al. [28] added an
inductor, which not only improved the power reverse transmis-
sion characteristics but also achieved smooth gain adjustment.
However, since boost operates in the continuous current mode
(CCM), a large magnetizing current is still required to achieve
soft switching of the lower switching device. To optimize the loss
and soft-switching characteristics, Xu et al. [29] proposed digital
adaptive frequency modulation. However, limited by parameter
design, the power density and efficiency of the prototype are
low. The authors in [30], [31], and [32] proposed integrating
buck—boost with half-bridge LLC and adjusting the gain through
phase shifting. However, there are problems with soft-switching
current and secondary-side current asymmetry under the pro-
posed modulation. Furthermore, Wang et al. [33] proposed a
two-phase buck—boost and full-bridge LLC integrated topology,
which solved the current asymmetry problem in single phases
by interleaving.

Although the integrated topology can reduce the number of
devices, it will introduce new modulation problems. Different
modulation strategies impact the secondary-side synchronous
rectification, soft-switching characteristics, and gain character-
istics greatly.

Based on the principle of bridge arm multiplexing, to achieve
wide voltage regulation range of three-phase interleaved LLC,
this article proposes an integrated three-phase boost—LLC topol-
ogy (as showninFig. 2). After adding the three-phase interleaved
boost circuit, the primary-side bridge of three-phase interleaved
LLC and the bridge of three-phase interleaved boost can be multi-
plexed. Therefore, it is equivalent to adding only three inductors
to achieve a wide voltage regulation range. Furthermore, this
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Proposed three-phase integrated boost—LLC topology.

Fig. 2.

article proposes a modulation strategy for the proposed topology
with coordinated changes in frequency and duty. The imple-
mentation method of synchronous rectification, soft-switching
characteristics, and gain characteristics of the proposed topology
are analyzed. The characteristics of the proposed modulation are
as follows.

1) The time of the positive half-cycle or negative half-cycle of
the resonant current is always equal to half of the resonant
period, and the sum of the two times is equal to the resonant
period. This means that even if the switching frequency
changes, three-phase interleaved LLC always works in a
quasi-resonant mode and has high efficiency.

2) Since three-phase interleaved LLC operates in a quasi-
resonant mode, it is easy to achieve synchronous
rectification of the secondary-side devices. However,
unlike traditional integrated boost LLC, the secondary- and
primary-side drive timings are the same. The synchronous
rectification timing of integrated three-phase interleaved
boost LLC is different from the primary side. Combined
with the switching mode of the primary side, this article
analyzes the timing sequence of synchronous rectification
under different input voltages and gives the switching
function.

3) Boost works in the forced continuous conduction mode
(FCCM) using inductor current to achieve soft switching
of switching devices. No magnetizing current is required
to achieve zero-voltage switching (ZVS), so the trans-
former does not require an air gap, which can further
reduce winding losses [31]. It is worth noting that when
there is no magnetizing current, the resonant part is equiv-
alent to a series-resonant converter. Considering that the
magnetizing current can also be used to assist in soft
switching, this article still calls it LLC.

4) Due to the large magnetizing inductance, the gain of three-
phase interleaved LLC can be approximately 1 under all
operating conditions through appropriate design. There-
fore, the overall gain of the topology is only related to the
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duty cycle of the three-phase boost, which is conducive to
continuous and smooth voltage regulation.

To reduce current stress, this article provides optimization
methods for the transformer ratio and chopper inductance. Fur-
thermore, to improve the efficiency and power density of the
prototype, this article uses a three-phase integrated transformer.
The volume and loss of the integrated transformer are optimized
based on the loss model and the size model.

Finally, a 1.5-kW prototype with a switching frequency of
1 MHz was designed to verify the proposed topology and the
modulation strategy. Soft switching is achieved in the full volt-
age range, and synchronous rectification of the secondary side is
also achieved. The prototype achieved a full-load efficiency of
97.7% and a power density of 159 W/in>. The prototype can be
used in photovoltaic power generation. The output voltage and
power of photovoltaic panels are not stable and are affected by
many factors. Therefore, an isolated dc/dc is needed to achieve
a stable output voltage.

The rest of this article is organized as follows. Section II
introduces the modulation strategy of cooperatively changing
duty and frequency and analyzes the synchronous rectification
strategy. Section III analyzes the soft-switching characteris-
tics and the system gain. Section IV gives the transformer
ratio and the current stress optimization method, proposes a
three-phase integrated transformer structure and optimization
model, and verifies it through simulation. Section V gives the
experimental results of the 1.5-kW prototype, which verifies the
previous theoretical analysis. Finally, Section VI concludes this
article.

II. MODULATION STRATEGY AND SYNCHRONOUS
RECTIFICATION

After the three-phase boost is integrated with three-phase
LLC, the number of switching devices can be reduced by
one-third. However, the duty needs to be changed to achieve
voltage regulation, which will affect the working mode of three-
phase interleaved LLC. Assuming that the switching frequency
is constant and equal to the resonant frequency. When the duty
is 0.5, the operating mode of three-phase interleaved LLC is no
different from that without integration [12]. When the duty cycle
is not 0.5, the operating mode of three-phase interleaved LLC
will be changed.

Taking the duty less than 0.5 as an example, the key wave-
form is shown in Fig. 3. The driving waveforms of the three
half-bridges have a phase difference of 120°, and the driving
waveforms of the upper and lower switches on the same bridge
are complementary. The resonant period of the resonant element
is T.. Taking phase A as an example, in the positive half-period,
due to the reduction in the duty cycle, the high-level time is
less than 0.5%T,.. The resonant current does not have a com-
plete half-resonant period [7g, t1]. After the upper switch is
turned OFF, the resonant current quickly drops to zero within
the dead time [t1, #3]. At this time, it is equivalent to being
in the over-resonant mode, and the turn-OFF current of the
secondary-side device is large. In the negative half-period, the
low-level time is greater than 0.5%7,; the resonant current will
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Fig. 4. Modulation of frequency as a function of the duty cycle. (a) D < 1/2.
(b) D > 172.

have a complete half-resonant cycle [73, #4] and then be in the
current discontinuous mode [74, fg]. At this time, it is equivalent
to the under-resonant mode, and it is also difficult to achieve
better synchronous rectification. It can be seen that when the duty
cycle is not equal to 0.5, three-phase interleaved LLC operates
in the under-resonant mode or the over-resonant mode, which is
not conducive to achieving high-frequency and secondary-side
synchronous rectification.

A. Frequency and Duty Cycle Coordinated Modulation
Strategy

According to the previous analysis, when the switching fre-
quency is unchanged, changes in the duty will cause changes in
the resonant mode, which is not conducive to achieving high-
frequency work. When the duty changes, three-phase interleaved
LLC is under-resonant mainly because the high-level time is
less than 0.5+T,.. Therefore, this article proposes a modulation
strategy in which the duty and frequency change cooperatively.
Taking the duty cycle less than 0.5 as an example, as shown in
Fig. 4(a), when the duty cycle changes, the switching frequency
changes accordingly to ensure that the high-level time is equal to
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Fig. 5. Relationship between switching frequency and duty.

the half-resonant period (1). Among them, T’ is the switching pe-
riod, and f;. is the resonant frequency. Therefore, the relationship
between switching frequency and duty, as shown in Fig. 5, can
be obtained (2). When the duty is 0.5, the switching frequency
is equal to the resonant frequency. Three-phase interleaved LLC
operates in the resonant mode, and the resonant element has a
complete resonant period. When the duty cycle is not equal to
0.5, the switching frequency can be changed so that the resonant
element still has a complete resonant period (2). This means
that even if the duty changes, three-phase interleaved LLC still
operates in the quasi-resonant mode, which is beneficial to the
secondary side to achieve synchronous rectification. It can be
seen that the proposed modulation is equivalent to inserting a
certain length of zero-level time based on the resonance period

DT, = 0.5T, = 0.5/ f,, D<0.5 0
(1—D)T, =0.5T, =0.5/f., D>05
fs:2Dfr7 D§05 (2)
fs:2(1_D)f7‘7 D > 0.5.

B. Analysis of Synchronous Rectification

The difference between the proposed modulation and three-
phase interleaved LLC operating in the quasi-resonant mode is
that a certain length of zero-level time is inserted. Therefore, the
zero-level time in each mode can be calculated, and the ON—OFF
signal of the secondary side can be adjusted to achieve syn-
chronous rectification. Depending on the duty, the driving signal
of the secondary-side switching device needs to be discussed
in four cases: [0, 1/3], [1/3, 1/2], [1/2, 2/3], and [2/3, 1]. The
key waveforms for each case are shown in Fig. 6. To simplify
the analysis, the following analysis takes the duty cycle less
than one-third and phase A as an example (as shown in Fig. 7),
ignoring the influence of dead time.

Mode I (tg, t1): S1, S4, and Sg are turned ON. C,; starts to
charge, and C,.5 has been charged at the previous moment. Since
Se is turned ON, C,.g starts to discharge. i ¢-; = —icy3. Therefore,
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Fig. 6. Key waveforms under different duty cycles. (a) D < 1/3. (b) 1/3
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there is no current in phase B, and the capacitor voltage remains
at 0. Due to the change of switching frequency, DT’s = 0.5x%f,., so
the resonant current of phase A has a complete half-resonance
cycle.

Mode II (t1, t2): So, S4, and Sg are turned ON. The resonant
current of phase A enters the discontinuous mode, and the
capacitor voltage remains unchanged. The zero-level time at
this stage is (1/3-D)*T.

Mode III (13, t3): So, S3, and Sg are turned ON. The resonant
capacitor of phase A begins to discharge, and the resonant
current enters the negative half-cycle, DT; = 0.5x%f,, so the
resonant current of phase A has a complete half-resonant cycle.

Mode 1V (t3, t4): So, S4, and Sg are turned ON. This mode is
the same as Mode II, where the resonant current enters the dis-
continuous mode, and the capacitor voltage remains unchanged.
The zero-level time at this stage is (1/3-D)*T.

Mode V (4, t5): So2, S4, and S5 are turned ON. This mode is
similar to Mode I. C,.3 charges, C,2 discharges, and the currents
are equal. There is no current in phase A, so the capacitor
voltage remains unchanged. The zero-level time in this stage is
DxT,.
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Fig. 8.  Comparison of soft-switching currents under different modulations.
(a) CCM. (b) FCCM.

Mode VI (t5, tg): So, S4, and Sg are turned ON. This mode is
the same as Modes II and IV. The resonant current enters the dis-
continuous mode, and the capacitor voltage remains unchanged.
The zero-level time at this stage is (1/3-D)*T.

Based on the aforementioned analysis, the synchronous recti-
fication switching function of phase A can be obtained (3). Based
on the same method, the zero-level time inserted in different
stages can be calculated to obtain the synchronous rectification
functions in the other three cases (4)—(6)

when D€ (0, 1/3}

(d)

Equivalent circuits in different working modes. (a) [0, t1]. (b) [t1, t2], [13, t4], [t5, t6]. (¢) [t2, t3]. (d) [t4, t5].

when D € <1/3,1/2}

G(Ql_on = GSl_on
Ga1 off = Gs1_off

{GQQOn = GS270n

(4)
GQa oft = Gs2 ot — (1 —2D)T's
when D € (1/2, 2/3}
GQl_on = GSl_on
Gqiot = Gs1_o — (2D — 1)T's
GQQ_OH = GSQ_on
{ (5)
G2 ot = Gs2 oft
when D € (2/3, 1)
GQl_OH - GSl_on + (D - 2/3)T$
GqQi oft = Gs1 ot — (D —1/3)T's
GQ2,OH = GS270n
{ (6)
GQ2_ott = Gs2_oft-

III. SOFT SWITCHING AND GAIN ANALYSIS

GQl_on = GSl_on
Ga1 off = Gs1_off

{GQ2on =Gs2on+ (1/3—-D)T's

Gqa ot = Gso_off — (2/3—D)Ts

3

A. Analysis of the Soft-Switching Strategy

The front stage is boost, and the latter stage is three-phase
interleaved LLC. The soft switching is realized differently
depending on the boost operating mode: 1) boost works in
the CCM; and 2) boost works in the FCCM.

1) Boost Works in the CCM, and the Key Waveforms are
Shown in Fig. 8(a): Mode I ([t1, t2]): During the dead time
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after the upper switch is turned OFF, the current of the boost
inductor flows into the switch node, and the magnetizing current
flows out of the switch node. According to Kirchhoff’s law,
it can be known that the inductor current is not conducive to
realizing soft switching. The equivalent soft-switching current
is the difference between the magnetizing current and the boost
inductor current (7) and (8). Therefore, a large magnetizing
current is required to achieve soft switching, which will increase
winding loss. In addition, a large magnetizing current means
a small magnetizing inductance. This requires a large air gap,
which increases losses due to fringing flux (9)

iLm1 = i1 +ic_¢ +icp (7
Usoft_sw = ¢Lm1 — ¢L1 = 1Lm_pk — %L_min ®)
NZ2A
Ly =t ©)
g

Mode II ([ts, t4]): During the dead time after the lower
switch is turned OFF, the current of the boost inductor flows
into the switch node, and the magnetizing current flows into
the switch node. According to Kirchhoff’s law, the current of
the boost inductor is conducive to realizing soft switching, and
the equivalent soft-switching current is the sum of the magne-
tizing current and the inductor current as follows:

Tsoft_sw = iLm1 T IL1- (10)

2) Boost Works in the FCCM, and the Key Waveforms are
Shown in Fig. 8(b): Mode I ([t1, t2]): During the dead time
after the upper switch is turned OFF, the magnetizing current
flows out of the switch node. Since the current of the boost
inductor is reversed, the current flows out of the switch node.
According to Kirchhoff’s law, the current of the boost inductor
is conducive to realizing soft switching, and the equivalent soft-
switching current is the sum of the magnetizing current and the
boost inductor current as follows:

(11)

Mode II ([t3, t4]): This mode is the same as when boost works
in the CCM. The current of the boost inductor is conducive
to achieving soft switching, and the equivalent soft-switching
current is the sum of the magnetizing current and the inductor
current (10).

According to the previous analysis, after the boost operates
in the FCCM, the current of the boost inductor during the
dead time is conducive to achieving soft switching. Further-
more, to reduce the winding losses caused by the magnetizing
current and the eddy losses caused by the fringe flux, this
article adopts an air-gap-free transformer design and uses the
boost inductor current to achieve zero-voltage turn-ON of all
devices.

During the dead time after the lower switch is turned OFF,
the inductor current reaches the positive peak value (I, ;). The
current freewheels through the body diode of the upper switch,
and the upper switch can achieve zero-voltage turn-ON. During
the dead time after the upper switch is turned OFF, the boost
inductor current reaches the negative peak value (/1, ,,), charging
and discharging the junction capacitor. According to (12)—(14),

isoft_sw - 7;Lm_pk + |iL_7z| .
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the absolute value of Ir,_,, is always greater than that of /7, .
Therefore, the charge that the inductor can provide (Q;4) during
the dead time (7;) needs to be greater than the charge required
to achieve soft switching (Qiot) (15). According to (12)—(15),
the maximum inductance value that meets the soft-switching
conditions can be obtained (16)

IL?avg = (1 2)

P

3V;

V(1= D)
Lfs

where I, ., is the average current of the inductor, P is the

input power, V; is the input voltage, Al is the ripple current of

the boost inductor, and L is the boost inductance

Al = (13)

Ipr = ILfavg + 0.5AT1
(14)
Iy, = IL_an — 0.5AT
{Qtd e (15)
Qior = 2CpVb + 203‘/1)/712

where C,, is the output junction capacitance of the primary-side
switching device, C; is the output junction capacitance of the
secondary-side switching device, V, is the bus voltage, and n is
the transformer ratio.

I < Vi(1 — D)tq
2fs(Pta/(3V;) + 2C, Vi, + 2C5 V3, /n?)
3D(1 — D)tan?V;?
2D f Ptyn? 4+ 12f,C,n2Vi® +12f,C Vi

=L <

(16)

B. Gain Analysis of the Topology

The system gain can be analyzed based on the two-stage
structure. To simplify the analysis, the normalized gains Gy,
G 1c, and Gy, are defined as follows:

Gw, =W/ Vi
Grre =nV,/V,
Gt =nV,/Vi = GuGric.

The gain of boost working in the FCCM is the same as that
of the CCM. Its gain can be obtained according to the inductor
volt—second balance

a7

Gy, = 1/D. (18)

When the three phases are balanced, one of the phases can
be taken out for analysis after star—delta transformation [12]
(as shown in Fig. 9). When boost works in the FCCM, the
magnetizing inductor can be designed to be large. At a high
inductance ratio (the ratio of magnetizing inductance to resonant
inductance), the relationship between the fundamental gain of
the resonant tank and the switching frequency is shown in
Fig. 10.

It can be seen that when the switching frequency is not higher
than the resonant frequency, the normalized gain of the resonant
tank does not change with the switching frequency in a wide
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range (shaded part in the figure). Therefore, the gain of the
resonant part can be considered as 1, i.e.,

Grrc = 1. (19)

Therefore, the normalized gain of the converter can be ob-
tained as follows:

1
ok

Fig. 11 shows the comparison between the calculated gain
and the simulated gain. It can be seen that the simulated gain is
consistent with the calculated gain. In a wide frequency range,
the normalized gain of the resonant tank is unchanged.

Gtot = (20)

IV. OPTIMIZATION OF THE CURRENT STRESS AND THE
INTEGRATED TRANSFORMER

A. Optimization of the Transformer Ratio and Current Stress

When boost works in the FCCM, the negative current of
the inductor is used to implement soft switching on the lower
side. Section III gives the boundary inductance value for soft
switching, but it is not intuitive. The value of the inductor is
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Fig. 12.  Peak value of inductor current. (a) Peak value of negative current.
(b) Peak value of positive current.

related to both the duty cycle and the switching frequency. To
ensure that soft switching can be achieved in the full voltage
range, itis necessary to find the peak value of the negative current
under different duty cycles. According to (2) and (12)—(14), the
relationship between the peak value of the inductor current and
the duty can be obtained [see (21) and (22)]. Fig. 12 shows
the variation curve of inductor current with the duty. As shown
in Fig. 12(a), whether soft switching can be realized mainly
considers two design points: the minimum duty and the duty
equal to 0.5. In these two cases, soft switching can be achieved,
which ensures that soft switching can be achieved in the full
range

P Mn(l_D)
4+ 2P D<os

4LDf,

Iy, = 21
3‘12“ + 4L'" D> 0.5
P Vin(1-D)
v, — arpy, » D =05

e (22)
57T — ALf D > 0.5

Therefore, it is necessary to determine the minimum duty of
the converter, which is related to the ratio of the transformer.
When the output voltage is fixed, different ratios correspond
to different bus voltages and different duties (17). In addition,
different ratios also affect the voltage and current stress and
losses of the device. Therefore, the boost inductance and current
can be optimized based on different transformer ratios.
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Fig. 13.  Square of the current RMS value changes with the duty cycle under

different transformer ratios. (a) Current of the inductor. (b) Current in the primary
side of the transformer. (c) Current in the secondary side of the transformer.

The RMS value of the inductor current can be calculated
according to (23). According to the output charge balance, the
peak value and the RMS value of the resonant current of the
Y-type connection of the primary and secondary sides under
different duty cycles can be calculated in (24)—(27)

(23)

\/ILp2 + ILJ’LQ + IprILfn
IL_rms = 3
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Fig. 14. Device loss changes with the duty cycle under different transformer

ratios.

TABLE I
CIRCUIT DESIGN PARAMETERS
Parameters Symbol Value
Input voltage 4 40-60 V
Output voltage Vo 400 V
Output power P, 1.5 kW
Resonant frequency 1 ~1MHz
Primary device S, EPC2305
Secondary device O, GS66508T
Drive - 1EDB7275
Controller - STM32G474rbt6
Is_pk—
3D ‘"slnwdw
1,/ (3ete) D e (0,1/3
1
f((s 5; sm zdx
3 *27
1,/ |- e (1/3,1/2]
% 1-D- 3 *27\' 24)
sin xdx
1 D—l w2
1,/ 1 5Ty , De (1/2, 2/3]
1-D d
1,/ (3< L I), De(2/3,1)
D s d
\/ ok (smz) :c)’ c (0, 1/2:|
Is_rms = 5 fz 5 )
(17D) I T (sinz)?dw
\/ e Jo . De(1/2,1)
(25)
Iy ok = Is pi/m (26)
Ip?rms = sfrms/n- (27)

Since soft switching can be achieved, device losses are pri-
marily related to the square of the RMS current. Based on the
parameters in Table I, Fig. 13 shows the comparison of the
square of the current RMS value under different transformer
ratios. Table II shows the maximum inductance that can achieve



TABLE II

MAXIMUM INDUCTANCE FOR SOFT SWITCHING

Ratio L,/Ly/Ls
1:1 3.3uH
1:2 1.9 uH
1:3 1.2pH
1:4 0.7 uH
1:5 0.5uH

& Pri p
@ Shielding
. Sec

Integration L

>

¢ 4 >

Fig. 15. Three-phase integrated transformer.

1.5 2 25 3 35 4 45 5 55
c/mm

Fig. 16.  Transformer optimization curve.

soft switching under different transformer ratios. It can be seen
that the larger the transformer ratio, the larger the secondary
current, and the larger the loss of the secondary switching
device. If the transformer ratio is too small, the primary current
will be large, and the loss of the primary switching device
will be large. Regardless of whether the transformer ratio is
too large or too small, the RMS value of the inductor cur-
rent will be large, which will greatly increase the inductor
loss.

Furthermore, the loss of the switching device can be cal-
culated according to (28) and (29). Fig. 14 shows the com-
parison of device losses as the input voltage changes under
different transformer ratios. It can be seen that different trans-
former ratios have a great impact on device loss. To achieve
high-efficiency operation within the full voltage regulation
range, it is necessary to select an appropriate transformer ratio
according to the required voltage regulation range. After com-
prehensive consideration, the transformer ratio in this article is
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Fig. 17.  Magnetic core simulation results. (a) 0°. (b) 120°. (c) 240°. (d) Core
loss density.

Loss.Density

wme3)
erover| [
sosssEar
saonEwar
7r8vEaT

Ta1Eear
saeneaar
sa210ee07
sa7aEar
asamear
3sa07EaT
32307
25876007

Loss.Density Loss.Density

w3

ST
S0s4s€.07
saoner| Il
7761E07

3
sr017E07
90549807
sa0e1E0r
77614E0T
71488407
saemsEear

W
58210807
sa7aEear
sz
ssoreor| I
323%9€07
25871807
1940407
1200807 | i

s4s70E08
00000800

rareeear| fI§
sseneenar| (il
58210807
sa7aEa7
aszear|
3s00E}07
32309407
2samier| I8

19400407 g

123088407
sae7E08
0c0%E«00

12000007 | Il
ssemiEncs
ococewco| il

Loss.Density

W3]
sTonEsr
s0ses€.07
saontewar
77814807
741488007
easmiEn0r
sa2i0e0
siraE0r
e
3e007Ew07
323308007
2s371E007
134008407
120068407
e4eTiEws
00000E 00

Loss.Density

wme3)
sToEar
S0s40€407
sa0E0r
7781EaT

714807
s4s7sE0T
58210807

e
776uET
71488407
s4smiEr|
sa210€07
s17aEa
s17aEar ©earseor]
3ea0rEsar
3236007 | [

asarsEaar
38s07E07
32309407

2sa71E07
28871E07

194038407
12906407
64878E05|
0.0000€00]

19400407
12906407
s4672E06|
00000E 00|

(d)

Fig. 18. Winding simulation results. (a) Top layer. (b) Middle layer 1.
(c) Middle layer 2. (d) Middle layer 3. (e) Middle layer 4. (f) Bottom layer.

chosen as 1:4

Psw_con_p =3 (IL_rms2 + Ip_rmSQ) Rdson_p (28)

Psw_con_s = 3Is_rms 2 Rdson_s . (29)

B. Optimization of the Three-Phase Integrated Transformer

Three-phase interleaved LLC has a large number of magnetic
components, three resonant inductors, and three transformers.
To reduce the number of magnetic components and improve
the power density, this article uses the three-phase integrated
transformer shown in Fig. 15. To reduce the parasitic capacitance
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Prototype of the three-phase integrated boost—LLC converter.

of the primary and secondary windings, two layers of shielded
windings are added. The three magnetic columns on the upper
(A.r) provide a low reluctance path for leakage flux, resulting
in leakage inductance, which is used as a resonant inductor.
The magnetic column on the lower (A.7) provides a magnetic
path for the main magnetic flux. Ignoring the reluctance of the
magnetic core, the resonant inductance L, can be derived based
on the reluctance relationship as follows:

Ly = Nppr/ip
PL = Pp — Ps
wp = Ac_1Br + Ac_rBr (30)
s = Ae TBr
B = uNi/l
Ly = noN,*Ac 1/l (31

where ¢, is the leakage inductance flux, 7,, is the primary current,
¢y is the total primary magnetic flux, ¢, is the main magnetic
flux of the transformer, and [ is the equivalent air gap length of
the leakage inductance magnetic column.

Furthermore, the size model of the integrated transformer can
be obtained according to the variables in Fig. 15 [see (32)]. The
window height (&) of the transformer is 3 mm, and the insulation
distance (d) of the winding is 0.25 mm

D' =A./r

D=A./r

w= Acr/(2D + 4d + 4c)
L=D+ D' +4d+ 3c

W = 2w + 6¢ + 3r + 10d
Footprint = L « W

Vi = Footprint * (h + 2w).

(32)

To simplify the design, the volume loss (P,,) of the core is set
to 200 mW/cm?, and the material is DMR53 from DMEGC. Ac-
cording to the loss curve, the magnetic flux density (B,,,) can be
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TABLE III
TRANSFORMER LOSS COMPARISON

Parameters Calculation Simulation
Core loss 2.6 W 27W
Winding loss 7.7W 8.1W
Total loss 103 W 10.8 W
TABLE IV

DIMENSIONAL PARAMETERS OF THE INTEGRATED TRANSFORMER

Parameters Value Parameters Value
D 12 mm c 3.5 mm
D' 5 mm w 4 mm
r 10 mm h 3 mm

obtained as approximately 70 mT (33). The transformer winding
ratio is 2:8, and the required A7 and A1, can be calculated (33)
and (34), respectively. Therefore, the core loss, winding loss,
and footprint of the transformer under rated working conditions
can be expressed by r and ¢ [4]

v
Ap=—2929
T = 6NT.B,, (33)
L1, o
A, — Lrlppk 4
el NBm (3 )

According to (32), the loss curve and the area curve shown
in Fig. 16 can be obtained. The optimized design points can be
selected based on the optimal curve in Fig. 16. Fig. 17(a)—(c)
shows the magnetic flux density distribution of the core at
different phase angles. Fig. 17(d) shows the average loss density
distribution of the core. It can be seen that the loss distribution
of the three-phase integrated transformer is even. Fig. 18 shows
the ohm loss distribution of the winding, where the top layer
and bottom layer are the primary windings, Middle layer 1 and
Middle layer 4 are the shielding layers, and Middle layer 2 and
Middle layer 3 are the secondary windings. It can be seen that
since the main magnetic column is designed with no air gap, the
ohm loss of the surrounding group is distributed evenly. Since
the leakage inductance column has an air gap, the losses around
itare concentrated. In addition, it can be seen that the loss density
of the shielding layer is low, and the loss is almost negligible.
Table III shows that the calculated losses of the transformer
are consistent with the simulated losses. Table IV shows the
dimension parameters of the integrated transformer.

Table V shows the comparison between integrated and non-
integrated transformers. According to the results, high power
density and high efficiency can be achieved using the proposed
magnetic integrated transformer.

V. EXPERIMENTAL VERIFICATIONS

To verify the proposed topology and the modulation strategy,
this article designed a 1.5-kW prototype (see Fig. 19). The key
parameters of the prototype are shown in Table I. The size of
the prototype is 100 mm x 70 mm X 22 mm, the switching
frequency is 1 MHz at 50-V input, and the power density of
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TABLE V
COMPARISON BETWEEN THE INTEGRATED TRANSFORMER AND THE
NONINTEGRATED TRANSFORMER

Ref. Power density* Loss ratio*
. [12] 32.7 W/em? 1.03%
Nonintegrated
[14] 11 W/em? -
[9] - 0.92%
[13] 3.23 W/em® -
Integrated
[17] - 0.69%
This work 75.7 W/em? 0.72%

* The power density of the magnetic component is the ratio of the total power to the
total volume of the magnetic component. The higher the power density, the smaller
the magnetic component.

* The loss ratio of the magnetic components is the ratio of the loss of magnetic
components to the total power. The smaller the value, the smaller the loss of
magnetic components.

159 W/in® is achieved. The prototype includes a power board and
a control board. Low-voltage devices, such as driver chips and
control chips, are on the control board, and high-voltage devices,
such as power devices, are on the power board. The power board
and the control board are connected through connectors. The
advantage of this is that the space in the height direction can
be fully utilized to improve space utilization while reducing the
interference of high-voltage circuits on low-voltage signals.
Fig. 20 shows the half-bridge midpoint voltage, chopper
inductor current and resonant current waveforms of phase A
at different loads and input voltages. The switching frequency is
1-MHz at 50 V input. It can be seen that boost works in FCCM,
and the current of the chopper inductor is bipolar. The negative
current at the light load is large and the half-bridge midpoint
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voltage (v45) drops quickly; the negative current at the full load
is small and the v 4, drop slowly.

Fig. 21(a) shows the primary-side soft-switching waveform,
and Fig. 21(b) shows the secondary-side soft-switching wave-
form. The proposed modulation can achieve ZVS of the primary-
and secondary-side switches. Fig. 22(a) shows the three-phase
resonant current at full load, and Fig. 22(b) shows the three-
phase chopper inductor current at full load. The three-phase cir-
cuit has good symmetry, and the three-phase current is balanced.

Fig. 23(a) shows the half-bridge midpoint voltage, chopper
inductor current, and resonant current waveforms at full load
with 40-V input. The switching frequency is about 800 kHz,
and the current waveform is consistent with the theoretical
analysis. Fig. 23(b) shows the midpoint voltage and driving
waveform of the secondary half-bridge. Consistent with the
previous theoretical analysis, the secondary side can achieve
ZVS.

Fig. 24(a) shows the half-bridge midpoint voltage, chopper
inductor current, and resonant current waveforms at full load
with 60-V input. The switching frequency is about 800 kHz,
and the current waveform is consistent with the theoretical

| s o
Py ZVS
BT/ —T T f——
€ iyl | U | ‘
- — ,,'\.“/ e _,‘,‘ \\%‘_ IR S —
(e 07 5V/div ) (v 100V/div) SO R
e il

(b)

Full-load waveforms at 60-V input. (a) Voltage and current waveforms of the primary side. (b) Voltage waveforms of the secondary side.

analysis. Fig. 24(b) shows the midpoint voltage and driving
waveform of the secondary half-bridge. Consistent with the
previous theoretical analysis, the secondary side can achieve
ZVS.

Fig. 25 shows the thermal test results at full load. The ambient
temperature is 25 °C, and a 2850-r/min fan is used to assist the
heat dissipation. The temperature rise is the largest at 40-V input,
because the input voltage is low and the input current is large,
so the loss is the highest. It should be noted that the cooling
fan is not included when calculating the power density of the
prototype. In addition, the prototype designed in this article is
only used to verify the proposed topology and modulation in the
laboratory, and there are some shortcomings in the consideration
of thermal management. In industrial applications, a heat sink
with better heat dissipation performance or liquid cooling can
be used to reduce the device temperature.

Fig. 26 shows the experimental waveforms when the in-
put voltage changes between 40 and 60 V. In the zoomed-in
waveform, the change in the inductor current shows that the
closed-loop control changes the duty cycle, verifying that the
closed-loop control works. It can be seen that after adding
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Fig.25.  Thermal test under full load. (a) 50 V. (b) 40 V. (c) 60 V.
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Fig. 26.  Waveform when the input voltage changes. (a) From 60 to 40 V.
(b) From 40 to 60 V.

closed-loop control, when the input voltage changes, the out-
put voltage has an overshoot or drop of about 40 V, and the
output voltage can be stabilized after proportional—integral (PI)
control. Fig. 27 shows the experimental waveforms when the
load changes between half-load and no load. It can be seen that
the load change will cause the output voltage to overshoot or
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drop by about 20 V, and the output voltage can be stabilized
after PI control.

Fig. 28 shows the efficiency comparison of this article, [27],
and [29] under different input voltages. At the lowest input
voltage, the full-load efficiency of this article is 96.5%, which
is higher than 95.2% in [27] and 95.3% in [29]. Under rated
voltage, the full-load efficiency of this article is 97.7%, which
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TABLE VI
COMPARISON OF DIFFERENT STRUCTURES

This work [18] [21] [24] [33]
Topology Boost—LLC Two-stage Boost— LLC Boost- LLC Boost— LLC
Regulation method PWM+PFM PWM PWM PWM Phase shift
Frequency 800 kHz to 1 MHz 400 kHz 100 kHz 100 kHz 1 MHz
Gain 0.8-1.2 0.83-1.16 0.67-1.33 0.67-1.33 0.91-1.12
Efficiency 97.7% 96.5% 93.9% 96% 95.7%
Power density High Medium - Low High
Reliability Medium Medium High High Low
Cost Low High Medium Medium High
Manufacturability High Low Medium Medium Low
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Fig. 29.  Loss distribution at full load.

is higher than 96.2% in [27] and 94.6% in [29]. At the highest
input voltage, the full-load efficiency of this article is 97.2%,
which is higher than 95.9% in [27] and 96.5% in [29]. Within
the full input voltage range, the prototype of this article has the
highest efficiency, verifying the proposed modulation and the
transformer optimization strategy.

Fig. 29 shows the full-load loss distribution of the prototype at
different input voltages. The switching device loss includes con-
duction loss and turn-OFF loss, and the influence of temperature
on ON-state resistance is taken into account in the calculation.
Inductor loss and transformer loss include core loss and winding
loss. The impact of temperature on winding loss is taken into
account in the calculation. The remainder after subtracting the
losses mentioned earlier from the total tested losses is other
losses, including capacitor losses, printed circuit board copper
losses, and auxiliary circuit losses. Since soft switching can be
achieved, the loss is mainly related to the RMS value of the
current, so the loss is highest at 40-V input. When the input
voltage is 50 V, three-phase LLC operates in the resonant mode,
and the reactive current is the smallest, so the loss is the lowest,
and the efficiency is the highest.

Furthermore, Table VI gives a comparison of different struc-
tures. Overall, the topology and modulation proposed in this
article can achieve the highest efficiency at high switching fre-
quency and has high power density and a wide voltage regulation
range.

VI. CONCLUSION

This article proposes a three-phase interleaved boost and
three-phase interleaved LLC integrated topology that can
achieve wide-range voltage regulation. Using the collaborative

control strategy of the duty and frequency, smooth voltage gain
and secondary-side synchronous rectification can be achieved.
Boost works in the FCCM, and the bipolar inductor current can
realize soft switching of all switching devices. No magnetiz-
ing current is required to achieve soft switching, so a gapless
transformer design can be achieved, which is beneficial for
reducing winding losses. To reduce device losses, this article
compares the effects of different transformer ratios on voltage
and current stress. A three-phase integrated transformer was
designed to optimize efficiency and power density based on the
size model and the loss model. Finally, the designed prototype
with a switching frequency of 1 MHz can achieve synchronous
rectification over a wide input voltage range (40-60 V) and has
a peak efficiency of 97.7%.
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