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High-Frequency 12 V Regulated LLC Bus Converter
With Integrated Multiphase Inverse Coupled
Resonant Inductor

Lei Wang “, Donglai Zhang

Abstract—In the application of 48 V bus converter, the tradi-
tional multiphase regulated LLC converter has some shortcomings,
such as insufficient gain range, low light-load efficiency, and diffi-
cult current sharing. In order to improve the performance, this
article investigates a comprehensive design scheme of multiphase
interleaved magnetic integrated LLC converter, which can extend
the gain range and achieve active current sharing simultaneously.
First, a new structure of multiphase inverse coupled resonant
inductor and magnetic integrated transformer is proposed. Then,
a high-precision magnetic circuit model is constructed to optimize
the design of integrated inductor and transformer. On this basis,
the three-phase interleaved magnetic-integrated LLC converter
prototype is manufactured, which has a 36-75 V input voltage range
and a 12 V regulated output voltage. In addition, the prototype can
output 1080 W power in a quarter brick and has a power density
of 716 W/in®. The maximum efficiency at rated input voltage is
97.5% and remains above 96 % over the main input voltage range.
As shown by the quantitative performance comparison results, the
proposed converter is superior to other state-of-the-art solutions in
terms of the comprehensive performance.

Index Terms—Current sharing, high-efficiency and high-power
density, interleaved magnetic integration, inverse coupled inductor,
LLC converter.

I. INTRODUCTION

LC converter is widely applied to aviation power supply,

dc microgrid, electric vehicle charging, data center, and
telecommunication server and other fields due to the advantages
of high-efficiency, high-power density, simple structure, simple
control strategy, and good electromagnetic compatibility char-
acteristics [1], [2], [3], [4]. Meanwhile, a wider range of applica-
tions also has more requirements for LLC converters, including
the ability to adapt to a wide voltage range, the characteristics
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of fast dynamic response and low ripple output, high efficiency
and small size in high-current applications, etc. However, when
the structure and control method of the traditional LLC converter
meet these requirements, the performance of the converter will
always be affected [5]. Many studies have been carried out in
order to make the LLC converter suitable for wide input voltage
(61, [71, [81, [91, [101, [111, [12], [13], [14], [15], [16], [17], [18],
[19].

The traditional solution is to use two-stage structure converter
[6], [7]. The input and output voltage can be easily adjusted in
a wide range by connecting the LLC converter in series with the
voltage regulation module. At the same time, each stage of the
converter can be easily optimized. However, the two-stage and
quasi single-stage structure inevitably leads to the low efficiency
and power density.

Through improvement of the traditional LLC topology, good
results have been achieved in making the voltage gain charac-
teristics better for wide input voltage applications [8], [9], [10],
[11]. The solution reported in [8] introduces LCLC resonant
topology from the perspective of improving voltage gain. The
converter proposed in [9] adds an additional LC resonant struc-
ture, which shows the characteristics of variable inductor at dif-
ferent switching frequencies and, thus, makes the converter more
suitable for applications in wide input voltage range. Besides,
Inam et al. [10] proposed an LLC converter using resistance
compression network, which can realize soft switching in a wide
range of input voltage. In [11], a four-element resonant converter
was proposed. The voltage gain curve of it contains a unique
voltage gain zero so that the ability to regulate voltage in a wide
range is obtained. In addition, Sunetal. [12], [13], [14] combined
interleaving boost inductor, auxiliary winding, and LC filter with
traditional LLC converter to achieve high efficiency under wide
voltage input.

In the above studies [8], [9], [10], [11], [13], [14], the ef-
ficiency and voltage gain of LLC have been improved more
or less by improving the topology. However, they all have a
fixed structure and can merely improve a certain performance
of the converter in a specific situation, which results in limited
application. In order to deal with this problem, a series of
multimode LLC converters have been proposed [15], [16], [17],
[18], [19]. Hu et al. [15] proposed an improved LLC converter
serial connected with double transformer, which expanded the
voltage gain range by mode switching. Moreover, Wang et al.
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[16] discussed a kind of LLC converter that can increase the
voltage gain by auxiliary switch. The LLC converter proposed
in [17] can switch flexibly between full-bridge structure and
half-bridge structure so that a wide voltage gain can be obtained
in a narrow operating frequency range. Besides, Shahzad et
al. [18] presented a staggered LLC converter with dual voltage
rectifier in series for charging PEV batteries. Furthermore, Jin
and Ruan [19] proposed a compound full-bridge three-level LLC
converter, which can improve the gain by switching between
three-level and two-level modes. The above schemes [15], [16],
[17], [18], [19] reconstruct the topology structure and working
mode through software control so as to make the LLC converter
work efficiently in a wide voltage range. Their main drawback is
the complexity of control, and the transient process of switching
LLC topology mode directly will inevitably affect the stability
of the converter.

Multiphase interleaved LLC converter is usually used in large
current occasions, but the current sharing of all phases must be
guaranteed. Hu et al. [20] adopted frequency modulation control
and Murata and Kurokawa [21] used phase-shifting control,
both of which can achieve good current sharing. However, the
main disadvantages are additional sampling circuit, high cost,
and complex control. Additionally, Wang et al. [22] proposed a
series input structure that can directly improve current sharing.
In [23], an improved resonant network structure was put forward
to achieve current sharing, which can be extended to LLC with
more phases. What is more, Yang et al. [24] proposed the method
of grouping secondary-side windings to achieve better automatic
current sharing, but this method is mainly suitable for the appli-
cation of two-phase LLC. In [25] and [26], printed circuit board
(PCB) winding and magnetic integration design were adopted
for the multiphase interleaved LLC to further reduce core loss
and improve power density, but the connection modes are only
applicable for the three-phase converter and cannot extend the
number of working phases.

To sum up, the published article is only aimed to optimize a
certain performance of LLC converter; up to now, the multiphase
regulated LLC converter, which can achieve automatic current
sharing, improve the voltage gain, power density, and effective-
ness, has not been found. Also, its comprehensive design and
experimental solution have not been found, which severely im-
pede the development of multiphase interleaved LLC converter
applications. To solve this problem, based on the previous studies
(6], [71, [81, [91, [10], [111, [12], [13], [14], [15], [16], [17], [18],
[19], [20], [21], a new solution that can be widely utilized and
holds the generality is proposed in this article.

This article takes a 48—12 V three-phase regulated LLC con-
verter with a resonant frequency of 1 MHz as the research
object. In the input voltage range from 36 to 75 V, a new
active current sharing scheme that can improve the gain range
is discussed. Then, in order to achieve high-efficiency and
high-power density, a novel multiphase resonant inductor and
transformer structure is proposed. Finally, the magnetic elements
are optimized by constructing the improved magnetic circuit
model. The rest of this article is organized as follows. Section II
introduces an inverse coupled resonant inductor (ICRI) design
scheme, which can not only effectively expand the voltage gain
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range but also realize active current sharing of the converter.
Section IIT discusses a comprehensive design scheme of high
symmetric ICRI using PCB windings and integrated planar
magnetics. Section IV describes the converter prototype and
compares the proposed converter with the other state-of-the-art
solutions.

II. PROPOSED COMPREHENSIVE CURRENT SHARING SCHEME
FOR MULTIPHASE LLC CONVERTER

A. Three-Phase LLC Topology and Connection Scheme

The three-phase LLC converter with half-bridge structure
can be divided into six kinds of topologies according to the
connection mode. There are four connection modes at the
primary side, which are Y-Primary, A-Primary, A-Cr network,
and Y-Cr network, respectively. Meanwhile, there are two con-
nection modes at the secondary side, which are Y-Secondary
and A-Secondary, respectively. In theory, the current sharing
can always be achieved to a certain degree by adopting any kind
of the above connection mode [25]. Then, the peak current and
root-mean-square (RMS) current can be reduced by controlling
the interleaving of phases. Furthermore, the conduction loss
of the converter can be reduced. The above six connection
modes can be freely combined to achieve better performance.
Fei et al. [25], [26] systematically summarized the pros and
cons of topologies adopting different connection modes. For the
three-phase interleaved LLC converter, Y-connection mode and
A-connection mode are electrically equivalent to each other.
Thus, this article considers Y-connection mode only to simplify
the analysis.

Another advantage of the three-phase LLC is that it can easily
integrate three inductors and three transformers into a single
magnetic core, improve the power density, and maintain a small
output current ripple [25], [26], [27].

When Y-connection mode is adopted in multiphase LLC con-
verter, the resonant chamber has a common node. The converter,
in which the common node is connected with the input ground,
is called the system of neutral grounding. When the common
node is floated, the resonant current of each phase needs to flow
back through the resonant network of the other two phases [25],
[26], [29].

For multiphase LLC converter, phase shading technology is
usually used to improve efficiency at light load. However, for the
three-phase magnetic integrated LLC converter with the floating
node structure, due to the complex connection mode and inverse
coupling effects of the resonant inductors of each phase, phase
shading becomes complicated.

In order to exclude other coupling effects and independently
analyze the influence of the inverse coupling between the res-
onant inductors on the converter, this article intends to adopt
the simple parallel three-phase LLC topology proposed in [28],
as shown in Fig. 1. The primary side of the topology adopts
half-bridge structure, and the secondary side uses synchronous
rectifier. For the convenience of expression, i,; and i; are defined
as the RMS resonant current and the RMS out current of each
phase, respectively, i,y as the total output current, and Vi, and
Vout as the input and output average voltages.
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Fig. 1.

Three-phase interleaved magnetic integration LLC converter.

B. Effect of ICRIs on Gain

In this article, the resonant inductors of three-phase LLC
converter adopt the inverse coupled inductor design, as shown in
Fig. 1. In Fig. 1, M;; (M ;;<0) represents the mutual inductance,
and —1/2< K;; < O represents the coupling coefficient between
phases. In order to simplify the analysis, it is assumed that the
resonant inductance parameters of each phase are equal and the
inverse coupling resonant inductor of each phase converter is

coupled symmetrically. Therefore, we can get

diy diy. diys
Vin-1 = Ly1 - St + Mao - S5 + Mas - “32

di,. di,. di,.
Vin—2 = Ly - S + Mo - T3+ + Moz - <3

diy: diy diy.
Vin-g = L3 - “3% + Mag - 732 + My3 - <2t

Vin-1 =Vin2 =Vin3 =V,

Ly =Ly =Lz =L,

My = Myz = Mz = M = M
K=K

M = K\/LyiL,; = KL,.

Since the converter still follows the basic working principle
of the traditional LLC, the fundamental harmonic approximation
(FHA) method can be used to analyze the circuit. The ac equiv-
alent circuit of three-phase LLC converter with ICRIs is shown
in Fig. 2(a). Assuming that the three-phase resonant inductors
are symmetrically coupled, M12 = M3 = Ms3, then, one-phase
converter can be taken as an example for analysis; Fig. 2(b)
shows the ac equivalent circuit of one-phase LLC converter.
Vin.rra; represents the fundamental wave effective value of

ey
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Fig. 2. AC equivalent circuit of resonant tank. (a) Three-phase converter.
(b) One-phase converter.

the input voltage of the phase resonant network, and V, pya;
represents the fundamental wave effective value of the output
voltage. We have

2v2
‘/in—FHA: ?f ‘/in

Vo pra = 22V - )

s

j’r‘l +jr2 +jr3 =0

Ignoring the leakage inductance of the transformer, the equiv-
alent resonant inductance of each phase in Fig. 1 is L’,; =
L,—2M = (1-2K)L,. Then, we can get where R, represents the
ac equivalent impedance of one-phase converter, R,; represents
the load resistor of one-phase converter, and N represents the
turn ratio of the transformer. By combining (2) and (3) shown
at the bottom of the this page, it can be obtained

Vin-raar = 21 — Zy(Irg + Ir3) = I (21 + Zor)

Vin-rnaz = IroZa — Zy (I + Ips) = L2(Z2 + Znr)
Vin-ruas = 1323 — Zy Iy + Ira) = 1r3(Z3 + Zor) "
(
By analyzing (2)—(4), it can be seen that in the above vector
operation, voltage vector and current vector influence the equiv-
alent impedance of the converter. So, we cannot directly take
the impedance Z;+Z;; in (4) as the equivalent impedance that
actually participates in operation of the proposed converter, for

two reasons.

Zn = jwM
Req = 8NRy; /7

‘./in—FHAl - jrl (jWLrl+1/jwcrl+jWLm,1//Req) - jv'QjWM - jr3.jWM
‘./in—FHAQ = jr2 (jWLTZ+]-/jwcr2+jWLm2//Req) - jrleM - jTSjWM

"/}anHAiﬂ = j’r3 (jWLTB+1/jwcr3+jWLm3//Req) - jrleM - jr2jWM
Zl :ijrl'f']./ijrl"-jUJLml//Req

Zo=jwLyo+1/jwCro+jwlya//Req
Zs=jwLy3+1/jwCrs+jwlms//Req

3)
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First, we can see from the articles presented in [32], [33], [36],
and [40] that when inverse coupled inductors are adopted in mul-
tiphase interleaved dc—dc converters, the equivalent inductance
that actually participate in operation of the proposed converter
needs to be calculated due to the mutual influence of each phase
inductor. However, the value of such equivalent inductance is
closely related to the voltage of the inductors and the duty cycle
D. Moreover, the value of the equivalent inductance is different
in each different operating mode. Due to the periodic variation
of the equivalent inductance, Wang et al. [32], [33], [36], and
[40] finally derive the equivalent steady-state inductance and
equivalent transient inductance that actually affect the circuit
operation by solving the equivalent inductance of each operating
mode, respectively, and then adopting the equivalent decoupling
method.

Second, in order to study the influence of the equivalent
impedance of the highly symmetric multiphase inverse coupled
inductors on the ac voltage gain of the proposed converter, we
must figure out the effective ac impedance that actually partic-
ipate in operation of the converter. However, this article adopts
FHA to establish the ac equivalence model; the equivalent model
only considers the fundamental voltage, which cannot accurately
establish a high-precision equivalent impedance model for each
operating mode in one switching period. In addition, the vector
operation, as shown in (2)—(4), the value, and direction of the
ac voltage and current are periodically changing over time. So,
in the analysis of FHA, to accurately describe the effect and
impact of ac voltage and current, a concept similar to average or
valid values should be used to derive the ac impedance model
equivalently. Only, in this way, we can obtain the effective ac
impedance that actually participates in operation of the proposed
converter.

In this article, it is assumed that symmetry and consistency
are achieved between three-phase coupled inductors. Then, ac-
cording to (1), the amplitude and effective value of each phase
current are equal, which has i,.; = i, = i,3. Based on this, the
vector in (3)—(4) is operated on the modulus value, that is, the
modulus of voltage vector and current vector is equivalent to the
equivalent effective value of one switching period. Then, each
phase converter has

"/ianHAl‘ = “./ianHAQI = ’ .ianHAB‘ = ‘V}anHA‘
jrl - j7'2 = jr2 = jr
Zl = ZQ = Zg = ZT :jUJLT + 1/ijr +jUJLm//Req

&)

By adopting the modulus values of each voltage vector

|Vin,pH A| and current vector |I | in (5) toreplace the expressions

of voltage vector and current vector in (3), the equivalent input

impedance Z'y,; of each phase converter under the action of
inverse coupled inductor can be obtained as follows:

o Vin—FHA1| - ‘I-rl‘Zl*ZM(|jr2|+|fr3|) o
4 inl — |jr1| - |j7~1‘ — Zl - 2Z]W
7 = V"ijF:|M| _ \IT2\21*Z1\;(Z|IH|+|IT3|> — 7y — 27
. -
;o Vin—FHASl - ‘I-rs‘Zl*ZM(|jr2|+|jr1|) -
Z in3 — |j'r'3| - j'r'S — Z3 - 2ZJW
(6)
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Fig. 3. Voltage gain curve of LLC converter under inverse ICRI and noncou-

pled resonant inductor.

Since the resonant inductors of each phase are symmetrically
coupled, the input and output voltage parameters of three-phase
converter are consistent. Thus, there is almost no difference in
the operation of the resonant network of the three-phase con-
verter. This study takes the single-phase converter for example
and obtains the ac voltage gain G,. with ICRI as follows:

Gac: Vo—FHAl _ jWLml//Req
Vin-ruar  Jjwlpi +1/jwCri + jwLipi /[ Req—2jwM
1
- 2 2
\/{1+,§(1 _9K) - H + [Q(fn(l _9K) - ﬁ)}

(7
Furthermore, the ac voltage gain of the n-phase converter can
be obtained as follows:

Gacfn =

Vo-rua _ JwLm//Req
Vin-FHA ijr+1/ijr11+jWLm//Req*(nfl)jwM

2

\/[14—%(17(7171)1()7%%} +HQRUn(1-(n-1)K)— 7))
(8)

where h = L,,,/L, represents the inductance ratio, n represents the
number of working phases of the converter, f,,= f,/f,- represents
the normalized frequency, f;- represents the resonant frequency,
and QQ = /L, /C, /R4 represents the quality factor. It is known
that quality factor Q and inductance ratio & have an important
effect on the performance of the converter, especially the ac gain.
Therefore, under the premise of realizing zero voltage switching
(ZVS), the maximum voltage gain of large current should be
maximized. In this way, the requirements of voltage regulation
can be met within a small frequency range [30]. In this article,
the input voltage range is 3675 V, the output voltage is 12 'V,
the resonant frequency f,, = 1 MHz, the rated load current of
per phase is 30 A, and the turns ratio is n = 2. Under these
parameters, the ac voltage gain G,. should be within a range
of at least 0.64—1.33. The design criterion of inductance ratio
h aiming to reduce loss is studied in [31]. Based on that, the
appropriate value of & = 4 is determined in this article.

In order to show the advantages of the proposed solution and
to select the proper design point, according to the above deter-
mined parameters and (6), the ac voltage gain characteristics of
LLC converter with ICRI and noncoupled resonant inductor at
each point with load variation have been simulated [30], and
the results are shown in Fig. 3. From comparison, it can be
observed that the inverse coupling of resonant inductor steepens
the voltage gain curve and significantly increases the maximum
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TABLE I
AC VOLTAGE GAIN AND COMPARISONS OF TWO LLC CONVERTER SOLUTIONS UNDER DIFFERENT LOADS AND OPERATING FREQUENCIES

AC voltage gain at 40% rated load

AC voltage gain at 70% rated load

AC voltage gain at rated load

Operatin,
Friquenci Proposed  Traditional ~ Improvement of Proposed Traditional Improvement Proposed Traditional Improvement of
/(MHz) solution LLC gain solution LLC of gain solution LLC gain
Gac Gact |Gac-Gactl/ Gact Gac Gact |Gac=Gac-tll Gac-t Gac Gact |Gac-Gac-tl/ Gact
0.5 1.04 0.98 6% 0.85 0.77 10% 0.71 0.65 9%
1 1.02 1 2% 0.98 1 2% 0.97 1 3%
1.2 0.79 0.83 5% 0.76 0.82 7% 0.72 0.79 9%
1.5 0.62 0.69 10% 0.59 0.65 9% 0.54 0.61 11%

voltage gain. Obviously, with different current design points, the
desired maximum gain G, = 1.33 and minimum gain Guin
= 0.64 can be achieved when using ICRI. When noncoupled
resonant inductors are adopted, the maximum voltage gain at
full load and half load cannot reach 1.33. Besides, the maximum
voltage gain can only be achieved by reducing the inductance
ratio h, which will lead to an increase in transmission loss [30]. In
addition, noncoupled resonant inductor will result in a very wide
operating frequency range. Especially under light load (output
current less than 20% rated load current), in order to achieve the
voltage gain Gp,;, = 0.69, the operating frequency is as high as
2 MHz, which will lead to extremely low light-load efficiency.
When ICRI is used, the frequency modulation range is from
0.75 to 1.45 MHz during the main operating conditions, and the
maximum operating frequency is only 1.6 MHz under light load.

In order to further highlight the improvement of the proposed
method on the gain of the converter, the gain curve in Fig. 3
is analyzed quantitatively. Beyond that, the percentage of the
improvement in gain range by using ICRI is quantified in Table I.
According to the quantitative comparison results in Table I,
we can clearly know the ac voltage gain of the converter with
and without coupled inductors in different frequencies and load
currents. Then, the appropriate frequency regulation range can
be selected according to the design requirements and other pa-
rameters. The above method is a general criterion for multiphase
magnetically integrated LLC converter when designing with the
requirement of the wide range.

In summary, when ICRI is adopted, frequency change ex-
erts a more significant effect on the output voltage regulation.
Therefore, with the change of load, the output voltage can be
stabilized by slightly adjusting the switching frequency. While
achieving high efficient operation with a wide input voltage
range, it is beneficial to the design and optimal operation of
magnetic elements.

C. Influence of Three-Phase ICRI on Current Sharing

The performance of LLC converter is very sensitive to reso-
nance parameters. When the resonance parameter error is merely
5%, the imbalance of load currents between phases can reach to
more than 50% [24].

The equivalent circuit of one phase for three-phase LLC con-
verter can be drawn, as shown in Fig. 4. According to the FHA
analysis method, Vi, ppa; represents the fundamental wave
effective value of the input voltage modulated by the switch, Vg,
represents the sum of the voltage of the resonant inductor and

s
}Lm-l_ %g _lco__ k.

Equivalent circuit of one-phase LLC converter.

!
g

Fig. 4.

the resonant capacitor, V,,,; represents the terminal voltage of the
transformer, and i,; represents the resonant current of one phase.
Taking the switching frequency as the fundamental frequency,
the circuit variations in Fig. 4 are equivalent into corresponding
parameters by using the FHA method. According to KVL law,
the relationships can be given as follows:

‘_/ianH/.%i = VRi + sz

VRi - rij X i

Vini = Ins/ (5 + 7
where X,; and X,,,; refer to the reactance of the resonant chamber
and excitation inductor branch, respectively, which are related
to the working frequency and values of resonant inductors and

capacitors. Then, the calculation formula can be expressed as
follows:

(€))

1
wCM-

{Xm' - WLM' - (10)

Xmi = wLmi.

According to the article presented in [29], the impedance of
the resonant chamber will change with the working frequency.
Under the same resonant parameters, when the working fre-
quency is closer to the resonant frequency, the proportion of
X,; changing with the change of the resonant frequency will
increase. From (9) and (10), it can be observed that when the
FHA method is used for analysis, the influence of the deviation of
resonant inductors and resonant capacitors on X,; is equivalent.
Next, the current distribution characteristics of the three-phase
currents under different switching frequencies are analyzed.

As for the three-phase interleaved LLC converter, the current
of each phase flows into the common node, and the sum of their
instantaneous values is 0, then

I +Io+13=0 (11)

where the input voltage of the resonant chamber of each phase is
120° different from each other, which will affect the current of
each phase. The following equation can be obtained from (11)
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ig_nl-'vk;\ AL Ll
Fig. 5. Equivalent circuit model of the three-phase ICRI.
and (9)

(le +Ij Xy — VianHAl)
+ (Vm2 + I9jXo — Vin—FHAQ)

(Vi + 13 X = Viapmaz) = 0. (12)

Obviously, three-phase currents can form a triangle connected

end-to-end in the vector diagram. One-phase current can be
calculated according to the law of cosines

2 2 ..
= + cos [71' 4 (I,.l,lrg)] .
13)
The relationship between three-phase currents can be obtained

as follows:
. N .2 . N
(o] = Vs )" < V] < (| + | ). 1)

It can be observed that in the traditional three-phase LLC
converter, the current distribution of each phase is strongly
related to the actual resonant chamber reactance and excitation
inductance of each phase. Besides, the essential problem that
causes the unbalance current in the multiphase converter is
mainly the inconsistency of the impedance of each phase or
the mismatch of the impedance of each phase and the equivalent
input voltage of the resonant network. From this perspective,
influence mechanisms of errors of resonant inductors, resonant
capacitors, and the excitation inductor on the current unbalance
are the same, and their influence effects are equivalent.

Fig. 5 shows an equivalent circuit model of the proposed
three-phase ICRI. When the phase parameters have errors, for
example, when the equivalent input impedance satisfies Z’;;,1
=Z'\n2 # Z’in3, We have i1 = i,o # i,3. If the difference of
resonant current |i,;-i 3| and |iy21-i-3| changes, the magnetic
flux ¢,, will be induced in the magnetic circuit. According to
Lenz’s law, the change trend and direction of ¢,,, are opposite to
the magnetic flux ¢3 corresponding to i,-3 and always hinder the
change of (3. According to the law of electromagnetic induction,
m Will generate induced electromotive forces E1 and E5 in the
first- and second-phase resonant inductors. Assuming that i,
= i,0<i,3 at a certain moment, i,; and i.o will continue to
increase under the influence of reverse electromotive forces E;
and E5, while i3 will continue to decrease, and finally achieve
steady-state uniform flow i,; = i,.2 = iys.

Next, taking two phases for example, how the inverse coupling
between resonant inductors affects the current distribution is
analyzed quantitatively. Setting Ai as the difference of resonant
current and ¢, as the total magnetic flux in the parallel coupled

17'3

. . 2 .
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Fig.6. Two-phase coupled inductor and its equivalent magnetic circuit model.

inductor, then the equation can be given as follows:

Rypy

According to (15) and the magnetic flux in Fig. 6 [6], it can be
observed that the deviation of the input current Ai is inversely
proportional to the number of turns N, of the coupled inductor
and is proportional to the total reluctance R;. Besides, Ai can
be suppressed by increasing the inductance so as to achieve the
current sharing.

According to the ac equivalent circuit model of the coupled
inductor, the resonant can be given as follows:

Ai = Ip1 + lpg = (15)

Vin-raA1 — Vo-rHA = ir1jwlp1 + irojwM +iry jwle
gL
rl wCr
Vin—rHaz - VorHA = iTQjWLTZ + irleM + iTQjWLTQ
_7;'r2 UJCerz
(16)
Since the two phases are phase shifted by 180°, the equation
can be given as follows:

Vin-rua1 — Vo—ruaA + Vin—ruaz — Vo—rua = 0. (17)

According to equations above, we can get the following:

i1 LT2+M+LT‘2_W+CT2 (18)
S L+ MLy — e

w2Cry

— U2

Due to the fact that the coupled inductors have different
equivalent inductance and inductor expressions in each mode
of a switching period [32], [33], it is difficult to express the
relationship between the inductance of ICRI and the unbalance
current in algebraic form directly. Therefore, the numerical
calculation is used to discuss the law of the unbalance current
under specific error parameters. Next, assuming that Z’;;,; = 0.9
Z’in2, we have i1 > iyo. If the error of the two-phase currents
is within 1%, the equation can be given as follows:
Z.rl
_ir2

According to (18) and (19), the parameters of ICRI required
to meet the design goal can be obtained. In order to simplify the
analysis quantitatively, the maximum error rate of the resonance
parameters Ze,o, is defined as follows:

0.99 < < 1.01. (19)

max [Zim' — Zinj]
Z?:l Zim‘/3

where max|[Zi,;-Zin ;] represents the maximum difference of
input impedances between phases. The maximum unsharing
degree of the currents CSg,;or between three phases is defined

(20)

Z error —
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Fig. 7. Relationship between the coupling coefficient K and current sharing.

as follows:
max [Zz —1 j}
fout/3

Namely, if three-phase ICRI can meet the relationship in
(1), through the above method, the quantitative influence of
the change of the coupling coefficient of ICRI on the current
distribution can be calculated. The relationship between the
coupling coefficient K and current sharing is shown in Fig. 7.
Through three different parameter errors, the current sharing de-
sign basis based on multiphase ICRI is given. Finally, according
to the design parameters and the desired current sharing degree,
combining with the curve in Fig. 7, the design parameters of
multiphase ICRI can be quickly solved.

According to (12), the controllable component can be changed
by adjusting the equivalent amplitude of Vi, _ppa; or the phase
difference between Vi, rra 4, Which is equivalent to changing
the equivalent impedance of the converter. Hence, the equivalent
impedance of each phase can match the equivalent input voltage
of each phase and then the current sharing of each phase can be
realized. Based on this, the main active current sharing strategies
are frequency modulation or phase shifting to realize current
sharing.

Through the analysis above, it can be observed that in the
proposed current sharing scheme based on ICRI, the mutual
influence between the magnetic fluxes of each phase changes
the actual equivalent impedance participating in the work of the
converter, which is equivalent to changing the phase difference
between each phase through phase shifting. Meanwhile, this
provides a new idea for the study of the current sharing. If the
relationship between the ICRI and the phase-shift angle can be
established, and the change of the impedance of the resonant
inductor can be equivalent to the phase change, then the influence
of the ICRI on the current sharing will be transformed into the
influence of the phase change on the current sharing.

According to (3)—(5), the matrix expression of the relationship
between Vi, rra; and i,; can be given as follows:

Csen‘or = (2 1)

‘%n—FHAl Zy —~Zm —Zu I
Vin-ruaz | = |4 22 —Zu I (22)
Vin-FHA3 —Zy —Zm 43 I3

Due to the coupling between three phases, coefficients of the
matrix in (22) are not full rank. In fact, the ICRI has different
equivalent inductance in each working mode. In order to sim-
plify the calculation, the average value is used directly in this
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Fig. 8.  Phase relationship of input voltage of three-phase LLC converter.
article. First, we take first and second phases for example and
convert (22) into a matrix with full rank of coefficients. Then,
the relationship between currents and the input voltage can be
obtained by inverting the coefficient matrix. Finally, the ratio of
first- and second-phase current can be obtained as follows:

I o Z2(2Vin—FHA1+Vin—FHA2)+Z1(‘./in—FHAlJF‘./in—FHA2)*2ZZM
E A (Viu—FHAl +2Vin—FHA2)+Z2 (Vin—FHAZ"FVin—FHAl)_QZM '
(23)
Since the phase difference between Vi, _pra ; is 120°, the angle
relationship after mutual calculation can be obtained according
to Fig. 8

I B V3Vin_rrA1 (Z2Z — 30° + Z3/30°)

Lo V3Via_rra2 (Z1430° + Z3/ — 30°)

(24)

In addition, according to (3) and (9), another expression of
the ratio of first- and second-phase current can be obtained as
follows:

Ly Vi /(21— jXi1) —22u 25)
Ir2 Vm2/ (Z2 - jXTQ) - 2Z]\/[

According to (23)—(25), the relationship between input ampli-
tude, phase, and coupling inductance of ICRI can be obtained.
In addition, the relationship between the equivalent resistors of
three phases can be given as follows:

RS S S 06

Rrp1 Rpa  Rpz  Regt
where R..; represents the ac equivalent impedance of three-
phase converter. From the analysis above, it can be observed
that the equivalent load resistor Ry;(i = 1,2,3) of the three-phase
converter will change due to the deviation of three-phase pa-
rameters, the coupling effect of ICRI, and the current working
frequency. An optimized phase-shifting modulation strategy is
proposed to achieve the current sharing in [29]. According to the
relationship between phase-shifting angle and parameter error
described in [29], taking one-phase converter as the reference
phase, the additional phase-shifting angles of the second phase
and third phase are set as «; and aw. In order to analyze the
variation of the amplitude and phase of the neutral point voltage,
the expression of the three-phase input voltage can be given as

follows [29]:
’ 2
VixkFHA‘ sin {wt — (37r + alﬂ

. 4
‘/ianHA‘ sin |:Wt - (37T + a2>:| =0.
27

VianHA’ sin [wt] +

_%
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The amplitude and phase can be given as follows:

’Avin—FHAi

VA2 4+ B2 / (AVin_FHAz‘)

= A

= arccos ( ﬁ2+32)
A=1-2coszcos(y— %), B=2sinzcos(y— %)
atao Y= al;a2~

Tr = b) B

(28)
According to the active current sharing control [29] and (27)
and (28), x and y are related to the phase-shift angle oy and
ao. When there are errors in the parameters of each phase, by
establishing the relationship between input amplitude, x and y,
the corresponding phase-shift angle can be solved. Then, the
phase can be converted into coupling coefficient of ICRI based
on the corresponding relationship between coupling effect and
equivalent impedance in (2)—(5). Finally, by designing ICRI
reasonably, the current sharing effect can be same as that under
the phase-shift control. The proposed current sharing method is
more suitable for the digital control system of the multiphase
LLC converter, and it neither needs to implement phase-shifting
control nor requires an additional current sharing loop.
To sum up, the coupling effect of ICRI is equivalent to the
impedance change, and then the impedance change is equiva-
lent to the adjustment of the phase and amplitude. Therefore,
through coupled inductors, the impedance can be changed to
achieve the current sharing, which provides a new passive
control strategy for studying the current sharing problem of
the multiphase LLC converter. Due to the limited space, this
article only theoretically analyzes the equivalent relationship
between the coupling coefficient and the phase-shift control in
order to prove the mathematical mechanism and basis of the
proposed method, without, for example, analysis and parameter
calculation. However, in order to verify that the proposed method
has good current sharing effect in various resonant parameter
errors, the following part investigates the relationship between
the value of coupling coefficient K and the effect of current
sharing by using the comprehensive simulation method.
Simplis is used for simulation and the simulation parameters
are Vi, =48V, Vour = 12V, and iyt = 90 A. Other simulation
parameters are set by four groups as follows.
1) The first group of parameters: L,; and L,,; of each phase
are the same but C,; is different. In this way, the error of
input impedance of each phase is mainly caused by C,.
And we set Zinl = 0~9Zin, Zing = Zin, and Zing = 1IZm

2) The second group of parameters: C,; and L,,; of each
phase are the same but L,; is different. In this way, the
error of input impedance between each phase is mainly
caused by L,;. And we set Zi,1 = 0.9Z;,,, Zino = Zin, and
Zin3 = 11Zln

3) The third group of parameters: L,; and C,; of each phase
are the same but L,,,; is different. In this way, the error of
input impedance between each phase is mainly caused by
L,.;. And we set Z;,1 = 0.9 Zi,, Zino = Zin, and Z;,,3 =
1.1Z;,.

4) The fourth group of parameters: L,;, C,;, and L,,; of each

phase are different. And we set Zi,1 = 0.9Ziy,, Zino = Zin,
and Zing = l.lZin.
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Fig.9. Relationship between coupling coefficient and current sharing. (a) First
group simulation result. (b) Second group simulation result. (c) Third group
simulation result. (d) Fourth group simulation result.

From the simulation result in Fig. 9, it can be observed that
under the four groups of parameters, inverse coupling can signif-
icantly improve the effect of current sharing. When the coupling
coefficient K = 0, the maximum unsharing degree CSe;,o; 1S as
high as 33%—-40%. Meanwhile, with the increase of coupling
strength, the CSe,ror presents a trend of rapidly decreasing first
and then slowly increasing. In the range of —0.45 < K < —0.2,
the CSe,ror Of the four curves is all less than 5%, and the best
current sharing effect is achieved when —0.28 < K < —0.25, at
where CSe,por 1S approximately equal to O.

By comparing and analyzing Figs. 7 and 9, it can be observed
that there is a common conclusion according to the compre-
hensive simulation results and theoretical analysis. Namely, no
matter what type of parameter error the three-phase converter
is, when the proposed current sharing solution is adopted, the
best current sharing effect can be achieved when —0.28 < K
< —0.25, at where CSe; o 1S approximately equal to 0. The
difference between the two is the range of —0.45 < K < —0.3.

From the theoretical analysis and the conclusion in Fig. 7, it
can be observed that when the current sharing effect reaches the
best in the range of —0.28 < K < —0.25, continuing to increase
the coupling strength has no impact on the current sharing effect.
According to the comprehensive simulation results, as shown
in Fig. 9, when the best current sharing effect is achieved, the
CSerror presents a trend of slowly increasing, but the CSeppor
of the four curves is all less than 5%. The main reason for
the difference above is that the FHA method is adopted in
the theoretical analysis, and the high-frequency harmonics are
ignored. However, coupled inductors are adopted in this article,
and the waveform of the resonant current will change slightly.
In addition, the ICRI can be equivalent to different inductance
parameters in each mode of a switching period of the converter,
resulting in the equation being too complex, and it is difficult to
express directly in algebraic form. However, the comprehensive
simulation method, as shown in Fig. 9, makes up for this short-
coming, and the relationship between coupling coefficient and
the current sharing can be displayed more accurately. Therefore,
itis recommended to take —0.28 < K < —0.25 as the best design
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Fig. 10.  Proposed ICRI.

area in the actual design. According to the analysis above, the
coupling coefficient is also related to the gain of the converter.
Therefore, in the design of the converter, the influence of the
coupling coefficient on many aspects of the converter should
be comprehensively considered to select the most appropriate
design parameters.

Apart from improving the gain curve and suppressing the
current unsharing, the inverse coupling of resonant inductors can
also increase the input impedance and improve the transmission
efficiency. However, this is not the focus of this article, which
will not be discussed in detail.

III. COMPREHENSIVE DESIGN SCHEME OF HIGHLY
SYMMETRICAL THREE-PHASE ICRI

A. Proposed Three-Phase ICRI

Fig. 10 shows the three-phase ICRI proposed in this article. Its
structure is similar to parallel EQ cores and has good coupling
position. The central circular column A is chosen because it has
the minimum winding loss for a given cross-sectional area [34].
The edges of the two core legs B in Fig. 10 are arc shaped to
facilitate the design of PCB windings with larger cross-sectional
area. In addition, the fringing flux or diffusion flux of air gap g;
distribution around the main air gap has a radius of a. Besides,
the regulating magnetic column B is designed as a circular arc
so that the windings at the outermost edge can be kept away
from the center of the air gap. Thus, the loss caused by diffusion
magnetic flux around the air gap can be minimized [35].

The structure of parallel couple inductor (CI) has L,; =
L,3#L,o. The coupling coefficient can be adjusted by con-
trolling the magnetic circuit length /; and the air gap length
gi between the upper and lower magnetic cores. Then, the
magnetizing inductance values of L,y and L,3 can be greatly
adjusted by the magnetic circuit w at both ends of the magnetic
core and the leakage flux of the air outside the winding. Finally,
the consistency and high symmetry of the three-phase ICRI can
be realized [36].

In order to obtain a high-precision magnetic circuit model,
the edge effect of air gaps magnetic field and the leakage flux
outside the windings are taken into consideration. As shown
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Fig. 11.
(b) Equivalent simplified model.

Magnetic circuit model of the three-phase ICRI. (a) Basic model.

in Fig. 11(a), the magnetomotive force N,1i,1, Ny2iy2, and
N,si,3 are paralleled with the air reluctance outside the winding
Rair1, Rair2, and R,;3. Meanwhile, Rj; and R,; correspond to
the reluctance of magnetic circuit length /; and the air gap g,
respectively. Then, we can get

_ 1 . Iy . 1 . lo
fn = Hopr | c2rp’ Rz = popy | wr?
-1 13 -1 . 9
Rz = o of Ry = po "
R 1 ly (29)
4= :
l HoHr — ch—2. [2175?12 'ﬂ"l‘%*%&(’l‘g*d)]

1 Iy
pophr  c(btretd)—laira

where 1o represents the air permeability, u, represents the
relative permeability, and [y = f/2, Iy = a, I3 = ro+(b /2)—d,
and Iy = e+(f/2).

Considering the magnetic field edge effect of the main air gap
g2 [37], we can get

1
Ho {g%—k% (1+In%)} -c

For the convenience of calculation, the magnetic circuit can be
simplified to the equivalent model, as shown in Fig. 11(b). In the
figure, Ry = 2R11+2R12+Rg1, Ry = R;3,and R3 = 2Rl4+Rg2.

According to the modeling method of the air reluctance
outside the winding proposed in [38], the air reluctance model
outside the first-phase (third-phase) winding is obtained, as
shown in Fig. 12. Obviously, the magnetic lines of force around
the second-phase windings can be divided into two parts: the
proximal part Ry; and the distal part R ;.

In this article, the magnetic resistance R,; of the distal part
is divided into four identical quarter-spherical regions R 1, two
identical semicylindrical regions R ,2, and another semicylindri-
cal region R ;3. And the magnetic resistance Rj; of the proximal
part is divided into two identical semicylindrical regions R},
two identical semicylindrical regions Ry2, and four identical
quarter-spherical regions Rys.

Ryo = (30)
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Fig. 12.  Air magnetic field line model outside the windings of the first-phase
(third-phase) inductor. (a) Magnetic resistance model. (b) Equivalent cutting
model. (c) Section diagram and magnetic field line length.

Fig. 12(c) shows a profile of the air reluctance outside the
winding. The red region corresponds to the reluctance R ,; of the
distal part, while the yellow region corresponds to the reluctance
Ry; of the proximal part. In the figure, /; and /, represent the
average magnetic circuit length of reluctance Rj; and reluctance
Rgi, and we have [;, = (lmaxb+lminb)/29 lg = (lmaxa+lmina)/2v
Iminy = 20, Imaxp = Imine = 7a, and lpax, = W(f—’—a)- Thus,
each reluctance can be gained as follows:

— 1. — 1 S S
By = Ho  Se1’ R Ho sz’Rb3 o Ses
7L.la :L,la :L.la
Ra = o  Sa1 s Raz 1o Saz’Ra3 Ho  Sa3
_ Vo1 _ ma?r _ Vs _ ma®
Sbl = T, Ty = Sb27 Sb3 — 1, — 3L
3 3
S = Va1 _ mfri-(f+2a) S 5 = Vo Tr[(h-‘ra) 7(13]
lg lg lg 3l
_ Vas _ we(f?+2fa
Suz = Ye2 = ( - )
a a
(31

where Sp; and S,; refer to the average cross-sectional area of
each corresponding area. V;; and V,,,; refer to the volumes of the
corresponding region.

Similarly, the air reluctance model outside winding 2 can be
obtained. The expression of air reluctance outside each winding
R.;,; is obtained [36] as follows:

Ry = Ry = &QLL//R—'“ﬁl//Iﬁzz//]“zf//&f‘//%"‘2
Rairz = &2&//%&//&2&//%1//%&
(32)

In the following part, the first phase is taken as an example
to calculate the equivalent inductance, and the equivalent re-
luctance of the first phase is shown in Fig. 13. We can get the
following:

Ry = Uht2R2) s

" Ri+2R2+R3
— (Brd2Ra)Ry

Ru= jpomrr (33)
_ (Ru+2R2)R3

R = Rp+2R>+R3

Eventually, the expressions of self-inductance L,; and leakage
inductance Lj; of ICRI of different phases are obtained as
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Fig. 14.  Traditional simplified resonant network current model.
follows:
_ _ N2 N?
Lin=Lz= R1+2R2+Rm + Rair1
Loy — N2(Ri+Ri+4R3) + N?
T2 (R1+2R2)(Rm+2R2)+R1(Ri+Rm+2R2) Rair2
_ _ N2Ru A Ri Ry
Ly = Lis = R3(R1+2R2+Ru) L+ (R1+2R2)(Ru+2R2)
N2
Rair1
Lo — NZ [(RIII+2R2)RI+(RI+2R2)RIII+%] N2
k2 R3(R14+2R32)(Rm+2R2)+R1 R3(R1+Rm+4R2) Rair2 4
34)

B. Calculation and Optimal Design of Three-Phase ICRI

Since all MOSFETs of the high-frequency LLC converter imple-
ment soft switching, the switching loss and drive loss of the pro-
posed three-phase LLC converter are small. The main loss is the
conduction loss and magnetics loss under high-frequency and
high-current condition. Besides, the winding loss of magnetic
components is much greater than the core loss so that the focus
of loss analysis and efficiency optimization is the conduction loss
of the winding. In this article, a higher precision conduction loss
model of the proposed high-frequency LLC converter with ICRI
is carried out. On this basis, the loss analysis and optimization
design of the integrated three-phase ICRI are conducted.

In the construction of the transmission model of the resonant
network, the resonant current and excitation current of the
traditional LLC converter are defaulted to sinusoidal wave and
triangular wave, respectively, as shown in Fig. 14. The expres-
sion of the effective value of the resonant current is obtained as
follows:

7V 1

N 2v2 - nRy;

R )

T

Under the condition of high frequency and high current, the
resonant current will inevitably produce large ac conduction
loss.
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Fig. 15. High-precision resonant current model considering deadtime and
inverse coupling.

In addition, the proposed three-phase LLC converter adopts
the ICRI, as shown in Figs. 1 and 10. The inverse coupling will
affect and change the current model of the resonant network,
while the analysis and calculation of winding loss of magnetic
components are closely related to the accurate resonant current
model, which is directly associated with the optimal design of
the integrated planar three-phase ICRI.

At present, the magnetic cores are suitable for the frequency
of 1 MHz, and their permeability mostly decreases with the in-
crease of temperature, which leads to the decline of the resonant
inductor. Apart from that, the deadtime of high-frequency LLC
converter accounts for a pretty big part of its duty period, which,
thus, cannot be directly ignored. Based on this, the conduction
loss model of LLC converter with ICRI is studied as follows.

1) High-Precision Resonant Current Model of the Proposed
LLC Converter With ICRI: As showninFig. 27, a high-precision
resonant current model that considers the effects of inverse
coupling of resonant inductor, inductance parameter mismatch,
and deadtime is constructed to better guide the loss analysis and
optimal design.

If the initial time of i,. (f) = i,,, (¢) is tp, then we have i, (p) =
im (to) =i (tp). If the deadtime 7, starts at 7 and stops at 75,
wehavety =1ty — ty and i, (t1) = i, (t1) = ip (11).

When the working frequency f is not equal to the resonant
frequency f,., the operating cycle 7' # T, and the rising slope of
the magnetizing current under LC and LLC resonant modes are
Krc =npex Vpexol/Lm and Kppc = Vpexin/(Lm+Ly), and
we have

iL(to%j-/l'QL(tl) — % — Ko 6
it tintte) _ Vi _ g (36)
(T—T,—2t4)/2 — Ly+L,  LLC
Based on (35), we can obtain

; _ VT, Va(T-T,—2t4)

ir(to) = = — 4(LT+Lm)d 37)
. nV,T, Vin(T-T,—2tq4

in(t) = 47 4((L,,,+L,,,L)d)

Since L,,; is much larger than L,;, we can consider the current
i1(tq) through them during deadtime to be constant, indicating
that i (tq) = ir(t1) = iL(f2). According to the high-precision
resonant current model in Fig. 15, when T # T, the secondary-
side current ig(¢) of the LLC converter is obtained as follows:

0<t<Lle
T T+T,
g Sts =

(38)

{is(t) =n-Ip_psin(w,t)

is(t) =mn- Ip_prsin(wyt)
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where I p_j represents the maximum current of the primary side
and can be presented as Ip_py = 7" I,; * 0.5T*n*T,.. In addition,
I,; is the effective value of the primary-side current of LLC
converter of each phase. To sum up, during a duty period, the
resonant current at each stage can be expressed as follows:

KLC‘tf’L‘L(tl)‘Fw, 0§t<%

n
Kppo-(t—%) +in(ty), F <t<% —ta
in(ta) =ip(t1), T —ta<t<T/2
~Kpo(t—%)+ip(t) — #,
—Krro(t — T+Tr) —ir(to) , % <t<T—tq

2
ip(ta) =ip(t1), T—ta<t<T

i T T+T,
T St< 5~

(39)

According to Fig. 15 and formula (35)—(39), we can obtain the
effective value expression of the improved high-precision reso-
nant current where /p_ps can be calculated from the equivalent
impedance of the ICRI of the proposed LLC converter, as shown
in Fig. 2 and (34). It can be observed that the improved resonant
current model is related to resonant period 7., switching cycle
T, equivalent resonant inductor L,’, excitation inductance L,,,
and deadtime ¢.

2) Design Examples and Optimization Analysis: Wu and Shi
[31] studied the influence of deadtime 74 and ratio 7 between
magnetizing inductor and resonant inductor on the conduction
loss of LLC converter and summarized the relationship between
parasitic parameters, such as input capacitance C;ss and output
capacitance C,4s and deadtime selection when different types of
MOSFET were used.

First, based on the design parameters, such as voltage and
current, the selection of MOSFET and driver is determined, and
parameters, such as Vi, V,, T, T, and I, are known. Then,
according to the optimal design criteria in [31], the deadtime
tqy = 50 ns and inductor ratio &7 = 4 that should meet the
efficiency optimization target can be calculated. Finally, based
on the resonant current model in (40) shown at the bottom of
the next page and design parameters of the proposed converter,
the three-phase ICRI is designed, and loss analysis and volume
optimization are carried out as follows.

In this article, the self-inductance of each phase ICRI L,; =
250 nH, the inductor ratio & = 4, and the coupling coefficient K
= —0.4. Furthermore, the Ly; of each phase in (34) is obtained.
In addition, DMRS51 magnetic core is adopted in this article.
According to the data manual of magnetic core [39], the winding
turns N, = 1, specific loss P, = 120 mW/cm?, and B,,, = 165 mT
are taken to obtain the cylindrical cross-sectional area A, and
the cross-sectional area of the main air gap in Fig. 16. After that,
the size parameters of magnetic cores, such as ry, ro, b, and c,
can be obtained by combining (34) and the optimal efficiency
design criterion [30], [31]. In order to avoid core saturation, the
w value should meet w <c-ry.

Given the output current i, and current density J, the cross-
sectional area of PCB winding A.,, = i,,t/3J can be obtained.
Beyond that, the area of the magnetic core window A, should
be slightly larger than 5%—10% of the cross-sectional area of
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Fig. 16. Optimal design of ICRI. (a) Schematic of one-phase PCB winding
and magnetic core. (b) Total loss and footprint versus core radius r1 and winding
width [, for the proposed ICRI. (c) Optimal ICRI footprint versus loss.

the winding A.,. Based on this, the values of & and d in Fig. 16
can be obtained. Then, through (29)—(34), the air gap lengths g;
and g2 and magnetic circuit lengths fand a can be obtained, and
e = (2at+g1—g2)/2.

In summary, the basic design parameters of the magnetic core
and winding can be obtained. Due to the fact that the number of
turns N, = 1 and the primary-side current is small, the winding
designis relatively simple. In the loss analysis, it is found that the
core losses are dominating. During the design, the main difficulty
is to achieve the optimal balance between the efficiency and the
power density of ICRI.

The proposed ICRI takes the thickness of PCB winding as 4
oz. Fig. 16(a) shows the schematic of one-phase PCB winding
and magnetic core. In Fig. 16(a), [, and ry are the main factors
affecting the volume and loss of the CI. Based on the loss model
of parallel multiphase coupled inductors with planar integrated
cores [40], [41] and the resonant current model in (40), we take
the core radius r; and the winding width /,, as the x-axis and
y-axis, as shown in Fig. 16(b), which is the designed ICRIs total
loss Pjoss contour and footprint contour with the different /,,7q
values. In Fig. 16(b), the tangential points between the total
loss and given footprint are the optimal design points. In this
article, we set the footprint = 515 mm? in Fig. 16(b) as the
optimal design points between the total loss and given footprint.
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TABLE II
FOOTPRINT OF THE INTEGRATED THREE-PHASE ICRI

Dimension Value Dimension Value
parameters (mm) parameters (mm)
/ 26 h 0.8
c 4 d 1.4
I 22 a 2.4
b 32 e 1.8
w 2.8 g1 1
I 6.5 ool 22
Il 1.2 rn 2.6
TABLE III
PARAMETERS OF THREE-PHASE ICRI
Parameters of the proposed ICRI Value
Self-Inductances (nH)
Lrl; LrZ, Lr}, Lr4 250’ 250’ 250
Leakage inductances (nH)
L, Lio, Lig, Lia 10, 150, 150
Magnetizing Inductances (nH)
Lmi, L, Lm3, Lma 100, 100, 100
Volume (mm?) 1000
Resistance of PCB winding (mQ) 1.2

Besides, ICRIs core loss and winding loss and total loss with
the corresponding optimal footprint are calculated and shown in
Fig. 16(c). It can be observed from the change trend of the total
loss curve in Fig. 16(c) that before the slope slows down, the total
loss of the resonant CI can be greatly reduced by increasing the
volume. Thus, the red dashed in Fig. 16(c) is the optimal design
that shows a good tradeoff between loss and volume for the
proposed ICRI.

Finally, according to the inductance formula (34), current
formula (40), and the design value in Fig. 16, the optimal design
parameters of footprint of the proposed three-phase ICRI can
be obtained, as shown in Table II. According to the proposed
magnetic circuit model, inductance parameters and resistance
value of the ICRI meeting the design requirements in this article
can be obtained, as shown in Table III.

3) Optimized Design Flow and Optimized Design Criteria:
To sum up, the optimization design flow and design criteria of the
three-phase interleaved magnetically integrated LLC converter
and ICRI proposed in this article can be summarized.

First, the parameter design goal of LLC converter is to ensure
the soft switching, realize the requirements of the converter gain,
and minimize the conduction loss of the converter. The design
flow of LLC converter is shown in Fig. 17 [40].

Second, this article presents the parameter optimization de-
sign criteria of the designed three-phase ICRI considering vol-
ume and efficiency, including the parameter optimization design
of the integrated planar magnetic core and PCB windings. The
design flow is as follows.

LcT? _ Kicir(t)T,

v K
1 )T [IpzM + =43 2

I, =

+ i%(tl) + Ip m(KpcTr—4ip(t1))

§ (40)

T 2
T\ (T = T, = 2t0) [55ee (T35 — 10)” + Kppcoin(to) (555 — ta) + i3 (to) ] + 2taid (ta)
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Fig. 17. Design flowchart of LLC converter parameters [40].

1) First, based on the parameters of the proposed three-phase
LLC converter and the design flowchart of the LLC con-
verter, as shown in Fig. 17, the selection of MOSFET,
the inductance ratio &, coupling coefficient K, switching
frequency f, optimal deadtime 7,4, and the parameters of
resonant elements L,. and C,. can be determined in turn.

2) Second, according to the core structure in Fig. 10 and
the winding arrangement in Fig. 16, the number of turns
of ICRI can be determined first. Then, the volume and
size parameters of the magnetic core that can meet the in-
ductance value and coupling coefficient can be calculated
based on (34).

3) Finally, according to the efficiency optimization method
and loss model of the parallel multiphase coupled inductor
proposed in [40], combining with the resonant current
model in [40], the coupled inductor loss can be related
to size parameters. Furthermore, the footprint of the inte-
grated planar core and PCB windings can be optimized,
including length, width, and height of the magnetic core,
and the cross-sectional area A . of the core, inner diameter,
outer diameter, and thickness of PCB windings. The loss
of proposed ICRI is briefly summarized in Fig. 18.

C. Maxwell Finite-Element Simulation of Three-Phase ICRI

First, the ANSYS Maxwell software and LCR are used to
simulate and measure the self-inductance and mutual inductance
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Fig. 18. Design flowchart for the proposed three-phase ICRIL
TABLE IV
PARAMETERS OF DESIGNED ICRI
Inductance Self-Inductance ~ Leakage-Inductance ~ Volume
(nH) L, Lo, Ly Li, Lo, Lis (mm?)
Design value 250, 250, 250 150, 150, 150 1000
Simulation value 244,250, 245 149, 151, 150 1190
Measurement value 245,251,247 148, 150, 149 1195

values of the designed ICRI. Moreover, the results are shown in
Table IV. Obviously, the measured data, the simulation results
of finite-element software, and the theoretical design inductance
value are highly consistent, and the error of the three is less than
4%. It proves that the magnetic circuit model established in this
article has the high accuracy. Besides, the new magnetic circuit
model is characterized by universality and expansibility. Thus, it
can be applied to the analysis and design of parallel multiphase
CIs with similar structures.

Then, Maxwell three-dimensional (3-D) finite-element soft-
ware is used for simulation. Beyond that, we put 120% rated
resonant current into each phase’s winding and simulate mag-
netic core legs’ peak flux densities of each phase at maximum
operating frequency fi,ax = 1.6 MHz. The results are shown in
Fig. 19. It can be observed that the magnetic cores of each phase
are not saturated, which proves the rationality of the design in
this article.

Finally, in the Maxwell 2-D simulation environment, the
magnetic flux distribution of each phase is simulated and shown
in Fig. 20. The result indicates that the magnetic flux mainly
includes the main flux through cylinder A and the mean gap g1
in Fig. 16, the leakage flux in the main air gap g-» and core leg
B, and the bypass flux formed by the air magnetic field lines
outside the winding. Among them, the main flux stores most of
the magnetic field energy. Beyond that, the majority of the main
flux only passes through the cylinder A and the small gap g, and
only a small part passes through the atmospheric gap go. The
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Fig. 20.  Simulation of flux distribution for the proposed ICRI.

Fig. 21.

Designed converter prototype.

leakage flux and bypass flux both pass through the atmospheric
gap go. Since the magnetic flux passing through it is very small,
the induced eddy current is also small.

IV. CONVERTER PROTOTYPE DESIGN AND EXPERIMENTAL
ANALYSIS

A. Converter Prototype Design

The magnetic core structure and magnetic circuit model pre-
sented in this article can not only extend the number of phases
but also be applied to the design of the three-phase magnetic
integrated transformers. In this article, the core objective of
magnetic element optimization is to balance power density and
efficiency. Besides, the specific design methods and steps are
the same as the above three-phase resonant inductor, which will
not be described.

1| The front of the inductor

Max flux denéity in the second-phase at 1 =360ns

(b)
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Maxwell finite-element simulation of flux density for the proposed ICRI.

TABLE V
PARAMETERS OF DESIGNED LLC CONVERTER PROTOTYPE

Parameter Value
Input voltage range Vi, 36-75V
Regulated output voltage Vour 12V
Max output power 1080 W
L, 250 nH
C 100 nF
Lun 1000 nH
Operating frequency 0.75-1.6 M
Primary devices FDMD85100
Secondary devices BSZ010NE2LSS5
Magnetic materials DMRS51

Footprint (L * W * H ) 57 mm*39 mm*9.6 mm

Vie=36V — 1;,=48V Via=75V -

Fig. 22.
30 A).

Total converter devices’ loss breakdown at different conditions (i =

The designed converter prototype is shown in Fig. 21. Con-
verter’s output power is 1080 W (12 'V, 90 A) at about a quarter
of the brick volume, and the power density is 716 W/in®. The
converter can meet the voltage regulation requirements during
all operating conditions in the frequency range of 0.75—1.6 MHz,
and the main design parameters are given in Table V. Due to the
current sharing, one phase can be used as an example, its total
devices’ loss breakdown under different input voltage is shown
in Fig. 22, and the winding loss and core loss in Fig. 22 include
ICRI and integrated transformer.

B. Experimental Results of the Converter Prototype

Due to the use of PCB winding and integrated magnetic
components, the resonant current test system is realized by a
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Steady-state experimental waveforms. (a) Primary-side device Vg5 and V4, voltages, secondary-side V45 voltage and resonant current of the first phase

when Vi, = 48 V. (b) Viy = 36 V. (¢) Vin = 75 V. (d) Resonant current when Vi, = 36 V and Zeyp0r % = 15%. (e) Resonant current when Vi, = 48 V and

Zerror% = 15%. (e) Resonant current when Vi, =75V and Zeyror % = 15%.

closed-loop Hall sensor CHB-25NP with a turn ratio of N =
1/1000 and a resistance of R,,, = 1000 €2, and the current is
displayed through an oscilloscope.

Taking the first phase as an example, the steady-state test
waveforms at Vi, = 48 V, 36 V, and 75 V under rated current
iout = 90 A are shown in Fig. 23. It can be observed that
under all three input voltages, the devices on the original and
secondary sides can realize soft switching operation. Then, the
resonant current of each phase is tested by changing the resonant
element of the prototype to make the maximum error rate of each
phase resonant parameter Ze,.or = 15%. Meanwhile, the result
is shown in Fig. 23(d)—(f). It can be observed that the current
sharing scheme proposed in this article can achieve good current
sharing performance when Vi, =48 V,36 V, and 75 V.

The thermal image of the main elements at different input
voltages is shown in Fig. 24. It can be observed that when V;;,, =
75V, the maximum temperature of the converter is 102 °C for the
ICRI and 105 °C for the magnetic integrated transformer. This is
mainly because the magnetic circuits and windings of the inte-
grated magnetic parts are relatively concentrated, which is also
the main shortcoming of parallel integrated magnetic elements.
Therefore, it is necessary to pay attention during design and
try not to form local hotspots. In addition, the temperatures of
MOSFETs of all phases are almost equal, which indirectly verifies
good current sharing.

Fig. 25 shows the efficiency curves of the converter at different
input voltages. It can be seen that the efficiency of the converter
is the highest when it works near the resonant frequency f;;
otherwise, the efficiency will decrease. But within the input

Transformer
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Fig. 24.  Converter full-load thermal image at different input voltages.
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Fig. 25. Efficiencies of converter at different input voltages.
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Fig. 26. Commercial power modules. (a) BMR4913208/857 of Flex Power.
(b) DCM3623T75H13C2T of Vicor. (c) E48SK12038NRDH of Delta.

TABLE VI
PARAMETERS OF CONVERTER PROTOTYPES

BMR- DCM- E48SK-
Parameter 4913208/857 3623T75H13C2T  12038NRDH
of Flex [42] of Vicor [43] of Delta [44]
Input voltage 48-60 V 36-75V 36-75V
Output voltage 12V 12V 12V
Output power 1540 W 320 W 450 W
Frequency 0.17-0.19 MHz 0.3-1 MHz 0.25 MHz
Footprint 1/4 brick 3623 Chip 1/8 brick

voltage range designed in this article, the maximum efficiency
is kept above 96%, and the overall efficiency of the converter is
kept above 94% under all conditions.

C. Comparison Between the Proposed Converter and Other
State-of-the-Art Solutions

In order to further explain the performance of the proposed
converter, the comprehensive performance of the converter de-
signed in this article is compared with other state-of-the-art
solutions [30] and 12 V regulated isolated module power prod-
ucts [42], [43], [44]. To be specific, the comparison is made
from five aspects, which are output ripple and noise, transient
response, load transient voltage deviation, full-load thermal im-
age, and comprehensive efficiency (max efficiency and full-load
efficiency).

Fig. 26 and Table VI present the three groups of experimental
comparison prototypes and their main parameters. Among them,
intermediate bus converter BMR4913208/857 of Flex Power
Company [42] uses Flex Power’s leading patented technol-
ogy and hybrid regulated ratio (HRR) topology. It can deliver
12 V/1540 W continuous power, making it the highest power
density one-fourth brick digital dc/dc isolated power module for
48-V bus converter available on the market. Commercial power
module DCM3623T75H13C2T from Vicor Power Company
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[43] adopts Vicor’s leading patented technology, which is the
sinusoidal amplitude converter (SAC) topology and the patented
converter housed in package (CHIP) technology, making it the
highest power density digital dc/dc isolated power module with
wide input voltage available on the market.

In order to improve power density and efficiency, the com-
mercial power module does not integrate electromagnetic inter-
ference (EMI) filter internally. However, commercial products
need to comply with safety EMI and other standards. Therefore,
output filters with the same parameters are configured for each
group of experimental prototypes in this article.

In addition, in Fig. 26, the output power of each commercial
power module is different. In order to perform the compara-
tive experiment under the same load condition, backboard is
designed in this article to parallel multiple commercial power
modules to increase the output power. And the volume of back-
board and filter is not included in the calculation of the power
density of each converter.

Finally, in order to compare the performance of each converter
fairly, integrated heatsink of commercial power module is also
removed in this article. And the thermal test platform of com-
mercial power modules adopts exactly the same heat dissipation
conditions as the proposed converter in this article.

1) First, under the same experimental conditions and rated
voltage (48 V/12 V), the steady-state and dynamic charac-
teristics of the proposed converter and commercial power
modules are tested, respectively. In this article, the power
resistor is used as the output load, and load step 45 A-
90 A-45 A is conducted on the four groups of convert-
ers, respectively. The experimental waveform is shown in
Fig. 27.

Itis obvious that the load current step-up time At (load step
45 A-90 A) of the proposed converter is 4 ps. Namely, when
the load current step is changed from half load to full load,
the current transient response speed of the proposed converter
is 11 A/us, and the load transient voltage deviation is 85 mV.
When the load current changes from full load to half load
(load step 90 A—45 A), the converter transient response speed
of the proposed converter and load transient voltage overshoot
are 9 A/us and 130 mV, respectively. At the rated voltage and
full-load current, the output ripple and noise of the proposed
converter is 40 mV.

In order to facilitate comparative analysis, Table VII compares
the experimental results of four groups of prototypes. It can be
observed that the proposed converter adopts multiphase inter-
leaved magnetic integration technology, which not only reduces
the total output ripple and noise but also has higher switching
frequency and bandwidth. Therefore, the proposed converter has
the best steady-state and transient performance compared with
the three groups of commercial power modules.

2) Next, under the same experimental conditions, the thermal
image comparison of four converter prototypes at nominal
condition (48/12 V) with same load current of 90 A is
shown in Fig. 28. Analysis shows that, first of all, when
the four experimental prototypes are working at the same
voltage and current, the thermal image of commercial
power module DCM3623T75H13C2T from Vicor has the
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Fig. 27.

Transient response, output ripple, and noise when load step 45 A-90 A-45 A. (a) Proposed converter. (b) Commercial power module BMR4913208/857.

(c) Commercial power module DCM3623T75H13C2T. (d) Commercial power module E48SK12038NRDH.

TABLE VII
STEADY-STATE AND TRANSIENT EXPERIMENT OF CONVERTERS

Parameter Proposed BMR4913208/857 DCM3623T75H13C2T  E48SK12038NRDH
converter of Flex [42] of Vicor [43] of Delta [44]
Transient response ( load step 45 A-90 A) 11 Alus 5 Alus 4.5 Alus 6.5 Alus
Transient response (load step 90 A—45 A) 9 Alus 4.5 Alus 4 Alus 5.5 Alus
Load transient voltage deviation (load step 45 A-90 A) 85 mV 145 mV 390 mV 690 mV
Load transient voltage deviation (load step 90 A—45A) 130 mV 155 mV 510 mV 720 mV
Output ripple and noise 40 mV 60 mV 100 mV 450 mV

lowest temperature. This is mainly due to the adoption
of the Vicor’s patented CHIP technology. Therefore, the
highest temperature of the converter is only 65 °C.
Second, the proposed converter and other three commercial
power modules all adopt the design scheme of the integra-
tion of magnetic components with embedded windings in the
PCB. Thus, it can be seen that the highest temperature of the
integrated magnetic components is greater than 95 °C under
an ambient temperature of 25 °C and a fan speed of 100
Linear ft/min (LFM). And because the switching frequency of
BMR4913208/857 and E48SK12038NRDH is only 0.18 MHz
and 0.25 MHz, so under the same condition, the maximum tem-
perature of MOSFETs is slightly lower than that of the proposed
converter.
Finally, because the proposed converter adopts the multi-
phase integrated coupled inductor and transformer structure,
the windings and magnetic cores are more compact and the

magnetic flux is more concentrated compared with commercial
power modules. Hence, the highest temperature (87.9 °C) occurs
at the integrated coupled inductor of the proposed converter.
Nonetheless, there is still a large margin for the temperature
rise.

3) The measured efficiency of four converter prototypes un-
der different load currents is shown in Fig. 29. As the
input voltage range and maximum output power of each
converter are different, the commercial power modules
and the proposed converter are separately tested and com-
pared according to the parameter characteristics of each
converter.

Through analysis of Fig. 29(a), it can be observed that when
the input voltage are 48 V and 54 V, respectively, the efficiency
curves of the proposed converter and commercial power module
BMR4913208/857 are basically the same. However, with the
increase of input voltage, the proposed converter can achieve



WANG et al.: HIGH-FREQUENCY 12V REGULATED LLC BUS CONVERTER WITH INTEGRATED MULTIPHASE ICRI

Integrated
inductor

. W
Transformer Mosfets
(@)

Primary
side MOSs

Secondary
side MOSs

»B
Transformer

afzw EI‘ransforme'

Primary
side MOSs

Secondary
side MOSs

d

Fig. 28. Thermal test when 48—12 V and load current 90 A under an ambient
temperature of 25 °C and a fan speed of 100 LFM. (a) Proposed converter.

(b) Commercial power module BMR4913208/857. (c) Commercial
power module DCM3623T75H13C2T. (d) Commercial power module
E48SK12038NRDH.

much higher efficiency (peak of 96.3% at an input voltage of
60 V) and has a wider input voltage range.

The efficiency comparison curves of the proposed converter
and other state-of-the art 12 V regulated LLC converter solu-
tions [30] are shown in Fig. 29(b). With the same one-fourth
brick footprint, the proposed converter can achieve much higher
efficiency at input voltage of 40 V and 60 V. This is because
the proposed converter adopts interleaved magnetic integration
technology to obtain higher output voltage gain. Therefore,
with variable input voltage away from the resonant frequency,
the required working frequency and the loss are lower, and
interleaved magnetic integration technology also reduces output
ripple and noise, which can further improve efficiency.

The efficiency of the proposed converter is compared with
that of the commercial power module DCM3623T75H13C2T
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Fig. 29. Efficiency curves of converters at different input voltages.
(a) Proposed converter and BMR4913208/857 of Flex Power. (b) Pro-
posed converter and other state-of-the art solution [30]. (c) Proposed con-
verter and DCM3623T75H13C2T of Vicor. (d) Proposed converter and
E48SK12038NRDH of Delta.

and E48SK12038NRDH, and the results are shown in Fig. 29(c)
and (d). DCM3623T75H13C2T, E48SK12038NRDH, and the
proposed converter have the same input voltage range of 36—
75 V. As shown in Fig. 29(c) and (d), under the same voltage
and load current, the maximum efficiency of the proposed con-
verter is 97.5%. It far exceeds DCM3623T75H13C2T (92.4%)
and E48SK12038NRDH (96%). Apart from that, the proposed
converter can maintain the efficiency above 96.5% from 20%
to 100% loading conditions when input voltage is 36 V and
48 V. With the increase of the input voltage, when the input
voltage is 75 V, the working frequency of the converter is away
from the designed resonant frequency and the efficiencies of the
three converters are greatly dropped. However, when the input
voltage is 75 V, the overall efficiency of the proposed converter
is maintained above 94% from 25% to 100% loading conditions,
which is still far ahead of the efficiency of commercial power
modules.

4) Table VIII summarizes the comprehensive performance
comparison between the proposed converter and other
state-of-the-art solutions and commercial products [30],
[42], [43], [44]. In comparison to other solutions with
a similar power density and efficiency [30], [42], the
proposed converter has a wider input voltage range. Com-
pared with commercial power modules with the same
input voltage range of 36-75 V [43], [44], the proposed
converter can achieve a higher maximum and full-load ef-
ficiency and a higher power density. Finally, the proposed
converter can achieve the fastest transient response and
the lowest output ripple and noise compared with all other
state-of-the-art solutions .

In order to compare the comprehensive performance of each

scheme more intuitively, based on Table VIII, a quantitative and
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TABLE VIII

PERFORMANCE COMPARISON OF THIS STUDY WITH SOLUTIONS IN OTHER PIECES OF LITERATURE

. Flex Power [42] Vicor [43] Delta [44]
Parameter This study [30]
BMR4913208/857 DCM3623T75H13C2T E48SK12038NRDH
Input voltage 36-75V 40-60V 48-60V 36-75V 36-75V
Output voltage 12V 12V 12V 12V 12V
Frequency 0.75-1.6 MHz 0.7-1.6 MHz 0.18 MHz 0.3-1MHz 0.25 MHz
Max efficiency 97.5% 97.8% 97.5% 92.4% 96%
Full-load efficiency 97.2% 97.6% 96.6% 91% 95.1%
Max output power 1080 W 1000 W 1540 W 320W 450 W
Power density 716 W/in? 700 W/in? 805 W/in? 818 W/in® 470 W/in?

Load transient
current response
Load transient
voltage deviation
Output ripple and
noise

Max temperature

Control method

11 Alus (45 A=90 A)
9 Alus (90 A=45 A)
85mV (45 A-90 A)
130 mV (90 A—45 A)

40 mV

MOSFETs: 85 °C
Magnetic core: 88 °C

Digital control

Digital control

5 Alus (45 A=90 A)
4.5 Alus (90 A—45 A)
145 mV (45 A-90 A)
155 mV (90 A-45 A)

60 mV

MOSFETs: 79 °C
Magnetic core: 109 °C

Digital control

4.5 Alus (45 A=90 A)
4 Alus (90 A-45 A)
390 mV (45 A-90 A)
510 mV (90 A—45 A)

100 mV
66 °C

Digital control
Sinusoidal amplitude

6.5 Alus (45 A=90 A)
5.5 Alus (90 A—45 A)
690 mV (45 A-90 A)
720 mV (90 A—45 A)

450 mV

MOSFETs: 68 °C
Magnetic core: 98 °C

Analog control

PFM PFM Hybrid regulation . Pulsewidth modulation
regulation
Interleaving Integrated . Matrix transformer .
. . Matrix transformer L Matrix transformer
Integrated magnetics Magnetics . PCB winding .
Approach L L PCB winding . PCB winding
PCB winding PCB winding . Resonant drive .
. Si MOSFETs . Si MOSFETs
Si MOSFETs GaN Si MOSFETs
Cost Medium High High High Low
TABLE IX

QUANTITATIVE PERFORMANCE COMPARISON OF THIS WORK WITH
OTHER-STATE-OF-THE-ART SOLUTIONS

Converters This study I[JZ)]( \E;c}(}r ]?:it]a
Input voltage range 36-75V 48-60 V 36-75V 36-75V
(PS=6) (PS=3.5) (PS=6) (PS=6)
Efficiency 97.5% 97.5% 92.4% 96%
(PS=6) (PS=6) (PS=15.6) (PS=5.9)
Power density 716 W/in3 805 W/in? 818 W/in? 470 W/in®
(PS=53) (PS=59) (PS=6) (PS=3.4)
Transient response
(load transient 10 Ajus 4.75 Alus 4.25 Alus 6 Alus
current response) 108 mV 150 mV 450 mV 705 mV
(load transient (PS=6) (PS=2.8) (PS=2.5) (PS=3.6)
voltage deviation)
Output ripple and 40 mV 60 mV 100 mV 450 mV
noise (PS=6) (PS=4) (PS=2.4) (PS=0.5)
Temperature 87.9 82 60 80
(PS=4) (PS=42) (PS=6) (PS=42)
Cost Medium High High Low
(PS=4) (PS=3) (PS=2) (PS=6)
Total PS 37.3 29.4 30.5 29.6

comprehensive comparison of different converter solutions is
conducted and summarized in Table IX.

Table IX contains seven indicators, which are input voltage
range, efficiency, power density, transient response, outputripple
and noise, temperature, and cost, respectively. In this article, it is
assumed that the above eight indicators are equally important in
the comprehensive performance of the converter. On this basis,
performance score (PS) is assigned to each indicator. In order to
facilitate quantitative analysis, it is assumed that the maximum
PS of each indicator is 6. Then, based on the above analysis and
the experimental results in Table IX, the indices of each phase
of each converter are normalized.

The ratio of the maximum input voltage to the minimum input
voltage Vin max/Vin-min 18 Used to represent the input voltage
range of the converter. Thus, the maximum PS of input voltage
range is 6. For the three indices, including output ripple and
noise, temperature, and cost, this article adopts the reciprocal of
the measured value to express the performance of the item. The
higher the reciprocal value, the better the performance. Temper-
ature in Table IX refers to the combined maximum temperature
of the inductor, transformer, and MOSFETs. Moreover, transient
response in Table IX refers to the comprehensive performance of
the load transient current response speed and the load transient
voltage deviation when the load step is between 45 and 90 A.

The cost in Table IX is determined by considering the design
difficulty of topology, cost of designing, and manufacturing in-
tegrated magnetic components and PCB windings, as well as the
cost of power devices and control. The E48SK12038NRDH of
Delta uses only matrix transformer and PCB winding design and
adopts SiMOSFETs and simple analog control. Thus, itis assumed
to have the lowest cost and the corresponding PS of cost is 6.
Based on the above technical approach, commercial power prod-
ucts BMR4913208/857 and DCM3623T75H13C2T adopt the
patented HRR topology and SAC topology, respectively. In ad-
dition, DCM3623T75H13C2T also uses complex and expensive
CHIP technology, as well as resonant drive technology. There-
fore, the cost of BMR4913208/857 and DCM3623T75H13C2T
is high, and the corresponding PS of cost is 3 and 2, respectively.

In summary, the total PS of the proposed converter is the
highest. In order to intuitively compare the comprehensive per-
formance of the proposed converter and other state-of-the-art
solutions, a comprehensive performance comparison diagram,
as shown in Fig. 30, is drawn based on the PS comparison results
in Table IX. The quantitative analysis and comparison verify that
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Fig. 30. Comparison of different 12 V regulated isolated DC-DC converter
solutions.

the proposed converter has significant advantages in terms of the
comprehensive performance.

V. CONCLUSION

This article presents a new high efficiency, low ripple, and
high dynamic response multiphase interleaved magnetic inte-
grated LLC converter for wide input voltage bus converter.
Moreover, the proposed ICRI improves the sensitivity of the gain
response to frequency variation. On the basis of maintaining
the advantages of the size, efficiency, and soft switching of
the multiphase LLC converter, it can not only expand the gain
range but also realize the active current sharing. Furthermore,
this article puts forward a magnetic circuit modeling method
based on the parallel ICRI, which considers the edge effect
of air gaps magnetic field and the leakage flux outside the
windings. It turns out that the method is accurate and universal.
Finally, the proposed converter has an output power of 1080 W
(12 V, 90 A), a maximum efficiency of 97.5%, and a power
density of 716 W/in?. According to the quantitative performance
comparison results, the proposed converter is superior to other
solutions in terms of the comprehensive performance.
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