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Abstract—A passive-impedance-matching (PIM) technology is
proposed to achieve automatic current sharing for multiphase res-
onant converters through matching the input impedance of each
phase. The series inductors (or series capacitors) of each phase
are connected in parallel to achieve a couple of virtual resistors
including positive and negative resistors and variably series in-
ductors (or capacitors). A virtual positive (or negative) resistor in-
creases (or decreases) the input impedance of the respective phase,
and the variably series inductors can also compensate the compo-
nent tolerance such that the impedance of each phase is matched.
The current-sharing performance of the common-inductor two-
phase LLC resonant converter (as one example) is evaluated under
the first-harmonic-approximation assumption. The virtual posi-
tive and negative resistors and variably virtual inductors are cal-
culated. The proposed method can share the primary resonant
current and the load current for all phases without any additional
circuit and control strategy. The PIM technology is extended to
other resonant converter topologies, including common-inductor
or common-capacitor series-resonant converter, LCC, CLL reso-
nant converter, etc. A 600-W 12-V common-inductor two-phase
LLC resonant converter prototype is built to verify the feasibility
and demonstrate advantages of PIM technology.

Index Terms—Current-sharing error, multiphase LLC, passive
impedance matching (PIM), resonant converter.

1. INTRODUCTION

N LLC resonant converter has been widely used due to
A its high efficiency and zero-voltage switching (ZVS) on
the primary-side MOSFETs and zero-current switching (ZCS)
on the secondary-side diodes [1], [2]. The related analysis and
design methods can be found in [3]-[15]. For high-power appli-
cations, current stress of power devices increases with the power
rating, so the multiphase parallel technique is a good choice to
solve this problem [16]-[18]. However, component tolerances
will cause different resonant frequencies among LLC phases
[19]-[21]. This will lead to the deviation of current stress in
each LLC phase. Small component tolerances will also cause a
large current imbalance. It is demonstrated in [22] that one phase
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with £10% tolerance for the resonant capacitors may supply all
the output current, while another phase does not supply output
current at all.

Three techniques have been used to achieve current sharing
in a multiphase LLC converter. The first is the active method, in
which passive component tolerance can be compensated inde-
pendently by adjusting the equivalent resonant capacitor [19],
[23] or the equivalent resonant inductor [24] with an additional
circuit. This technique achieves prefect load-sharing perfor-
mance, but it has disadvantages of high cost, complex control,
and nonexcellent dynamic performance due to sensing of the
circulating current and control of the additional switches. The
second one is of self-balanced dc voltage based on series bus ca-
pacitors [21], [25], [26]. The mid-point voltage is changed due
to the difference between two phases’ output power. The equiv-
alent input voltage of each phase is adjusted to change voltage
gain. Thus, it has advantages of low cost and achieves good load
current-sharing performance. However, it has poor reliability be-
cause the dc gain is halved when one phase is broken. Besides, it
is hard for the modularization design since the dc voltage stress
is reduced with the increasing module number. The gate drive
circuit for the top phase becomes complicated. The third one
is of a three-phase three-wire structure for a three-phase LLC
converter based on the 120" phase shift, which has good load
current-sharing performance around resonant frequency [27],
[28]. However, it is only suitable for three LLC modules in par-
allel. The load current will not share very well when the number
of parallel modules is more than three.

From the above review, it is noted that the existing techniques
cannot achieve cost-effective flexible current-sharing perfor-
mances for multiphase LLC resonant converters. All three meth-
ods are defined as the decoupled multiphase resonant converter
because the resonant tanks of each phase are decoupled.

Recently, the authors have proposed the coupled multiphase
resonant converter [29]-[33], in which the several components
of each phase resonant tank are shared; two realization methods
are used to construct the common-inductor two-phase LLC res-
onant converter [29] and the common-capacitor two-phase LLC
resonant converter [30]. This technology is simple; neither addi-
tional components nor complex control techniques are needed.
It can be expanded to any number of phases.

In this paper, the passive-impedance-matching (PIM) con-
cept is proposed to unify the common-inductor method and the
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common-capacitor method. It emphasizes on the mechanism
why they can achieve good current-sharing performance. And
the PIM concept is extended into a multiphase (such as three-
phase) resonant converter, and other resonant converters, such
as series-resonant converter (SRC), parallel-resonant converter,
LCC, etc.

This paper analyzes the current-sharing characteristics of the
common-inductor and common-capacitor LLC converters. It
reveals that by common-inductor or common-capacitor connec-
tion, a positive virtual resistor has been added into the phase
that would provide more current, and a negative virtual resistor
has been added into the phase that would provide less current.
The end result is much improved resonant current and load cur-
rent sharing between two phases. This method is different from
the other technologies, where active components are needed.
Therefore, this method is called PIM technology to show and
emphasize that the resonant tank currents between two phases
are shared by matching the impedance of the two resonant tanks
through the passive method. The concept of PIM will also be
applied to other types of resonant converters. An experimental
prototype has been built to demonstrate the effectiveness of the
PIM technology.

This paper is organized as follows. Section II introduces the
principle of PIM. Section III shows the virtual impedance anal-
ysis of a common-inductor two-phase LLC resonant converter.
Section IV introduces the extension of the PIM technology. The
simulation results are shown in Section V. Section VI shows the
experimental results. Conclusion is given in Section VII.

II. PRINCIPLE OF PIM

A good design condition for the LLC converter is to select the
series-resonant tank to be inductive so that the LLC converter
operates at ZVS at primary side and ZCS at secondary side. Two
LLC converters are operated independently with the following
general assumptions:

1) two LLC converters operate independently (resonant in-

ductors not connected together);

2) the resonant capacitor, C,», in converter 2 is 5% larger

than the resonant capacitor, C,, in converter 1, C,o =
1.05 C;;. All the other parameters are same;

3) the switching frequency, input voltage, and output volt-

age/currents are all same for these two converters;

4) fundamental harmonic assumption (FHA) is used.

The switching frequency is lower than resonant frequency
in the LLC converter. The input impedance of converter 1 (or
converter 2) is resistive—inductive to guarantee the ZVS perfor-
mance of primary-side switches. All parameters are same except
resonant capacitor Cyo = 1.05 C;;. The input impedance is in-
ductive type to guarantee the ZVS performance of the primary-
side switches. Thus, the magnitude of the input impedance of
converter 1 is smaller than that of converter 2. The phase angle
of input impedance of converter 1 lags the input impedance of
converter 2.

Then, the following can be observed:

1) the series-resonant impedance of converter 1 is less in-

ductive than that of converter 2;
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Fig. 1.  Circuit diagram of the two-phase common-inductor LLC converter.

It

Fig. 2. Transformation from a single inductor to two branches. (a) Common
inductor. (b) Equivalent circuit of common inductor.

2) the resonant current in converter 1, 7,1, will lead the
resonant current in converter 2, Iy ,9;

3) the value of the series impedance in converter 1 will be
less than that in converter 2;

4) the value of the resonant current in converter 1 will be
larger than that in converter 2.

Two LLC converters are connected in parallel and connect
the resonant inductors in parallel, as shown in Fig. 1. By con-
necting two resonant inductors in parallel, the operation of two
resonant tanks is coupled. This section will decouple the opera-
tion of these two phases and illustrate how the common-inductor
connection can improve the current-sharing performance.

Fig. 2 shows the transformation from a single inductor to
two branches. The equivalent circuit of the two-phase common-
inductor LLC converter is shown in Fig. 2(a), where I, and
I1,o are the resonant currents through phases 1 and 2, respec-
tively, Ly is a combination of two resonant inductors (L,
and L,9), V; is the voltage across Lg, and [, is the current

through L;.
The total resonant inductance L is shown as
Lr'l LTQ
Ly=—"-—". 1
) Lrl + LT2 ( )

Based on the circuit theory [33], the circuit shown in Fig. 2(a)
can be expressed equivalently, as shown in Fig. 2(b). The single
inductor L is split into two impedances (Zs; and Zso). The
current I, flows through Z,; and Iy,» flows through Z;.
The voltages at points A; and A, are the same.

The impedances of Z; and Z,9 can be expressed as

Zg1 = Rg1 +sLg

2
Zsy = Ryo + sLyo.
Thus, the single inductor is expressed as
Lgi + Rg1)(sLsa + Ry
(sLos &+ Rur)(sLon + Re2) _ p 3)

S(le + Ls?) + (Rsl + RSZ)
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Fig. 3. Phase diagram of I, Iy 1, and I 5.
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Therefore, one inductor (L) has been separated into two
branches: Rgi, Ls1 and Rgo, Lso. The current through each
branch is the same as the original current, I, and 7.

Due to the component tolerance between these two phases
of the LLC converter, the phase and the magnitude of the reso-
nant current, I7,,.; and Iy, will be different. The current I is
expressed as

Is = ILrl + ILrQ- (4)

Therefore, the phasor diagram for I, I1,1, and 1,5 can be
shown in Fig. 3, where the phase of I is used as the reference.
It notes that 1,1 and I},9, I1,1 leads I, and Iy, ,o lags I.

The voltage V is also calculated by equivalent impedances
as

Vi =1Ip,1 % Rey + jlp1 x wLy (5
‘/s = ILrQ * RsZ +jILr2 * WLSQ (6)

where w is the switching frequency. The phase diagrams for (5)
and (6) are shown in Fig. 4(a) and (b), respectively.

The phasor diagram shown in Fig. 4(a) shows that R,; is a
positive value. It should be emphasized that the phasor diagram
shown in Fig. 4(b) indicates that R;» must be a negative value
in order to satisfy (4). This is due to the fact that the phase angle
between V; and I, is larger than 90°.

It is known that the phase-angle difference between current
I1,1 and current I, results in a pair of virtual resistor Ry; and
Rgo. The virtual resistor is positive for leading current phase
and negative for lagging current phase. The positive resistor
increases the equivalent input impedance to prevent current fur-
ther increasing. The negative resistor decreases the equivalent
input impedance to prevent current further decreasing.

The inductor Ly can always be split into two impedances in
parallel per each phase current /1,1 and I1,2. The voltage Vj
leads less (or more) than 7/2 current I, (or Iy,.5). Thus, the
equivalent series impedance is the resistor Rg; (or Rg2) and the
inductor L (or Lgo) in series.
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Fig. 6. Conventional LLC converter in parallel. (a) Topology. (b) Equivalent

circuit with FHA.

The above analysis shows that by connecting the resonant
inductors in two phases in parallel, the operation of the two
LLC phases is coupled. The impact of this coupling is equiva-
lent to two components in each phase: a virtual resistor and an
equivalent inductor connected in series, as shown in Fig. 5.

More importantly and more helpfully, a positive virtual resis-
tor is added to the phase, which would generate higher current
(phase 1 in this case) to reduce the actual resonant current. A
negative virtual resistor is added to the phase, which would gen-
erate less resonant current (phase 2 in this case). The end result
is that the current in two phases is more balanced. They change
the equivalent impedance of the resonant tank so that current
sharing can be achieved.

In order to illustrate the impact of the virtual resistors and
equivalent inductors introduced by the common-inductor con-
nection, the resonant current of each phase is calculated under
two cases. One case is that two LLC converters are connected
in parallel without a common inductor, the conventional case,
as shown in Fig. 6(a). Its FHA equivalent circuit is shown in
Fig. 6(b). The other case is the common-inductor case in which
the resonant inductors of the two LLC converters are connected
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Fig. 7. Common-inductor LLC converter. (a) FHA circuit. (b) Equivalent
circuit with FHA.

in parallel, as shown in Fig. 1. Its FHA equivalent circuit is
shown in Fig. 7(a).

Fig. 7 shows the common-inductor two-phase LLC converter,
in which two resonant inductors are connected. Fig. 7(a) shows
the FHA circuit of the common-inductor two-phase LLC reso-
nant converter. The common inductor can be separated into an
inductor and a resistor in series. The equivalent circuit with the
FHA is shown in Fig. 7(b). In Figs. 6(b) and 7(a), points B1 and
B2 do not connect in [31] because the equivalent ac voltages
Va1 and V,.o of each phase have the same magnitude, but dif-
ferent phase angle. These FHA circuits are called accurate FHA
circuit in this paper.

As the analysis is intended to show the impact of the common
inductor on the resonant current, we assume the following:

1) the load resistor is equally split between two phases, R, .1

= Rac2 = 2R,

2) R.. is the reflected load resistor, as shown in (7);

3) Crp = 1.05Cy1, Lyg = Ly1, Lina = Liny

8n?
Rac - 72R0 (7)
s
where 7 is the turns ratio of the transformer and R, is the load
resistor.

The impedances Z; and Z, are expressed as

SLm Racl 1
Z =
SLy + Ract 5Cro (8)
7 sCLy, Ryco 1
T SCL'm + RacQ SCTQ '

In the conventional two-phase LLC converter, as shown in
Fig. 6(b), the phase angle and the magnitude of impedance Z;
are smaller than that of Z5 if there is only resonant capacitor
tolerance, such as C,5 = 1.05C,1. Thus, the resonant current
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I, leads Iy, and Iy, is larger than Iy ,o. There are input
impedance differences caused by resonant capacitor tolerance.

The resonant current 17,1 leads Iy, and 7, is larger than
I1,o. Thus, a positive virtual resistor R, is added to phase 1,
which would generate low input impedance to increase the actual
input impedance. A negative virtual resistor R,o is added to
phase 2, which would generate high input impedance to reduce
the input impedance. The end result is that the input impedance
in two phases is more balanced, and then, good current sharing
is achieved.

From the above assumption, it is noted that the output loads
of each phase are the same. In fact, they are different at different
total loads, switching frequencies, and component tolerances.

The resonant tank values of phases 1 and 2 are shown as

L.y =Ly, Lo =al,
Crl = CT) C7‘2 = bC7 (9)
Lml = Lm7 Lm2 = CLm

where symbols a, b, and ¢ indicate that the resonant parameters
for these two phases are different.

The load factor k is defined as the ratio of the load power P,;
for phase 1 to the total output power P,. The output powers of
each phase are expressed as

(10)

P,y = kP,
Py =(1-kKP,

where P,1, P,2,and P, are phase 1 output power, phase 2 output
power, and the total output power.

The detailed calculation about the load factor k is provided in
[31]. The load factor k is expressed as

-<, A=0,B#0
k= . and k € [0, 1]
—B+vB*—4AC \/514*4140,1475074/32_414020
an

where parameters A, B, and C under the conventional two-phase
LLC can be calculated as

A=w?(1-)PL,? —w'(2ab — 2b°)P L, L, 2 C,
+ W (a® — )0’ L, 2L, 20,0
B= —2w2?L,,% + 4w*abc® L, L,,2C,
—2%a*? L, L, C,2
C=w?L,,%—2w*ab? L, L,,>C, +°a’*v**L,%L,,%C,>
+ (1 = V*A)R? — W*[(2ab — 20*c*) L,
+ (2bc — 20*c*) L, ]C, R?

+ w*(ab — be)[(ab + be) L2 + 2beL, L, |C,2 R* (12)
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where parameters A, B, and C under the common-inductor two-
phase LLC can be calculated as

A=w?(1- b2)c2Lm2
B = —2w?L,,*?

C=w??L,,> +(1-b*c?)R? —2w? (be—b**)L,, C, R,.>.
(13)
It is noted that the load factor £ is effective when k is between
0 and 1. Otherwise, one phase will provide the load power. And
the other absorbs the power from load. It is not hopeful in the
application.
The input impedance of the conventional two-phase LLC
converter can be calculated as

1 Ly Bac
Zinl - SL’r'l + + e R/k
sChq L1 + ac/k
R,
1 Sma27 e/
Zinz _ SLTQ + m2 ‘R/l k (14)
SCTQ SLmQ + ac/l —k
§ = jw
w=27f;.

The equivalent FHA circuit of the common-inductor two-
phase LLC converter is shown in Fig. 7(b); the equivalent
impedances of two phases based on virtual open are Z5; and
Zo and can be calculated as

Zsl = I‘/9
Zo =
’ ILrQ

The equivalent impedances Z; and Zs5 can also be calcu-
lated as

Zs

Zs1 = 7(21 + Zy)
7 (16)
Zgo = ?8(21 + Zy).
1

The impedances Z5; and Z,o are separated as a resistor and
a inductor in series, which gives

Zsl = Rsl + SLSI
(17)

Zsy = Ryo + sLs.
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Fig. 8. (a) Simplified FHA circuit of the conventional LLC. (b) Simplified

FHA circuit of the common-inductor LL.C.

Combining (16) and (17), the relative values of virtual
impedances are shown as

Z
RSI/WLS = —Im (Z2 + 1)
Z
stl/st = Re (Zl —+ 1)
’ 2
VA
1

Z.
wLS?/wLS = Re <Z2 + 1) .
1

The equivalent input impedance of each phase can be
calculated as

(18)

(19)

Zin1 = Za + 74
Zing = Zsy + Zs.

To evaluate the current-sharing performance, the load current-
sharing error oy,,4 is defined in (20), where [y; and [y, are the
dc values of output currents for the two phases

Ior — oo

—abs(1—2k), kel0,1. (20
Io1+102> abs( ) 0, 1] 20

Oload = abs (
Similarly, the resonant current-sharing error oResonant 15 de-
fined in (21), where rms(iz 1), rms(iy,2) are the root-mean-
square (RMS) values of resonant currents ¢7,; and iz,9, see
(21) set at the bottom of this page.

If the phase-angle difference between point B, and point By
is neglected as it is small, point B and point Bs are connected.
Two simplified FHA circuits of conventional LLC and common-
inductor LLC are shown in Fig. 8.

rms (i) — rms(ig,2)

ORes = abs
Resonant (rms(i“l) T rms(iL,.g)

X 20\/(1 — k)’ R2wt et LA, 4 2[k2 4+ (1 — k)*w? L2, R2. + R..

2

= abs

1 -2k’ @L2 + (1- )RS,

m
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In conventional LL.C shown in Fig. 8(a), Z¢ 1 and Z¢,o are
the total impedance of the resonant inductor and the resonant
capacitor of each phase

1
Zl’l - 3Lr1 + C
S 1r1 (22)
Zyo = sL, —_
9 = Slyo + sCoy

The current-sharing error between 7,1 and 77,9 can be cal-
culated as

o = abs Zn=Zn
Resonant Zr2 + Zrl

where |Z,1| and |Z, 2| are the magnitudes of impedance Z,;
and Z,2. When the switching frequency is close to the resonant
frequency, Z,1 will be close to 0 and, thus, negligible as com-
pared to Z,5. Then, the current-sharing error is almost equal to
1, and there is almost only one phase that provides the total load
power.

From Fig. 8(b), the current-sharing error of common-inductor
LLC is shown as

(23)

Or? - Crl > (24)

OResonant = abs (
Crl + 07‘2

The current-sharing error is 5% when the resonant capacitor
has 5% tolerance, such as C,o = 1.05C,. It is noted that the
load current-sharing error is O if there is only the tolerance of
magnetizing inductance, such as L,,» = 1.05 L,,;. The load
current-sharing error is not accurate in this case. However, the
accurate FHA circuits shown in Figs. 6(b) and 7(a) can achieve
the accurate load current-sharing error because the phase angle
between V,.; and V,.o is different. The detailed analysis will
be given in Section III.

III. ANALYSIS OF A COMMON-INDUCTOR TWO-PHASE LLC
RESONANT CONVERTER

In this section, a more accurate analysis on the input
impedance and virtual resistor and inductor are introduced. It
is noted that the ac loads R,.; and R,., are no longer the
same due to component tolerance. A component tolerance of
+5% is considered to analyze the input impedance between
the conventional two-phase LLC resonant converter and the
common-inductor two-phase LLC resonant converter. The anal-
ysis in Section II shows that the input impedance is more bal-
anced for the common-inductor two-phase LLC converter under
Cr2 = 1.05 C}1. The load current-sharing error, the equivalent
input impedance, the virtual resistor, and the virtual inductance
are calculated from (18)—(20) in Section II. A set of LLC pa-
rameters based on the load power of 300 W of each phase is
designed and shown in Table I.

The more accurate analysis results are shown in Section III-A.
Section III-B shows the more accurate input impedance and
virtual resistor and virtual inductor under four corner cases. To
evaluate current sharing performance, the parameters can be
given with the existing design method [34].
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TABLE I
VALUES OF LLC-RELATED PARAMETERS

Resonant inductor L, 29 nH
Resonant capacitor C, 12 nF
Magnetizing inductor Ly, 95 uH
Switching frequency fs 160-250 kHz

Transformer ratio n 20
Resonant frequency f; 270 kHz
Output voltage V, 12V (rated voltage)
Total output load R, Rated load 0.24 2

A. Analysis Results Under C,o = 1.05 C}q

Fig. 9 shows the comparison of the input impedance of the
conventional two-phase LLC and the common-inductor two-
phase LLC under L,» = L1, C,o =1.05C,1, Lo = Ly 1,
and R, = 0.24 Q. To easy understand the impedance difference,
the series inductor and capacitor tolerances are estimated. In the
rated load, the output voltage is 12 V when the input voltage
equals 380 V at f; = 240 kHz. +5% L, tolerance means 2.2-)
impedance difference, and +5% Cr tolerance means 0.27-2
impedance difference at f; =240 kHz.

Fig. 9(a) and (b) shows Z;,; and Zj,» of the conventional
two-phase LLC resonant converter and the common-inductor
two-phase LLC resonant converter, respectively. The input
impedance difference between two phases is reduced signifi-
cantly from the conventional two-phase LLC converter to the
common-inductor two-phase LLC converter. For example, when
fs = 240kHz, Zi,,1, = 62, and Z;,» = 1322 for the conven-
tional two-phase LLC converter, the difference of each phase
is 70 €. However, the input impedance difference is 1 2 for
the common-inductor two-phase LL.C converter, as Zi,; = 99 (2
and Zio = 10092 at f; = 240 kHz.

Fig. 9(c) shows the virtual inductor of the common-
inductor two-phase LLC resonant converter: Ly = 43.7 ) and
Ly =44.4Q at f; = 240kHz. The virtual inductor tolerance
is Lgo/Ls; =1.01 at fy = 240 kHz. Thus, the common-
inductor two-phase LLC converter can almost be equivalent
to the two-phase LL.C converter under Ly = 1.01 Ly, Cpg =
1.05 C,1, and L,,» = L,,1. There is same directional tolerance
between the series inductor and the series capacitor. If the vir-
tual resistor is zero between two phases, the input impedance of
phase 1 is smaller than the input impedance of phase 2.

A couple of virtual resistors of the common-inductor two-
phase LLC converter are shown in Fig. 9(d): Rs; = 1.8 and
Ry = —1.8Qat f; = 240kHz. A positive resistor Ry is auto-
matically constructed to increase the input impedance of phase
1, and a negative resistor 2,9 is automatically yield to decrease
the input impedance of phase 2. Thus, the input impedances
between two phases are more balanced. The current difference
can be suppressed.

The above analysis shows that there is input impedance
matching owning to virtual resistor’s function in this situation.

B. Analysis Results Under Four Corner Cases

The current-sharing performance is good if the series inductor
and the capacitor have two different direction tolerances because
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the input impedance difference is eliminated between series
inductor tolerance and series capacitor tolerance. In other words,
the resonant frequencies of each phase are almost the same.

Fig. 10 shows the comparison of the input impedance of the
conventional two-phase LLC and the common-inductor two-
phase LLC under L, = 1.05 L,1, C.o =1.05 C}q, Ly, =
1.05 L1, and R, = 0.24 Q).

Fig. 10(a) and (b) shows Zj,; and Zj,» of the conven-
tional two-phase LLC resonant converter and the common-
inductor two-phase LLC resonant converter, respectively. The
input impedance magnitude difference of two phases is reduced
significantly from the conventional two-phase LLC converter
to the common-inductor two-phase LLC converter. For exam-
ple, when f, = 240 kHz, Z;,; = 60, and Z;;,, = 144 Q for
the conventional two-phase LLC converter, the difference of
each phase is 84 (). However, the input impedance difference
is 6 2 for the common-inductor two-phase LLC converter, as
Zjnl =99 and Zin2 =1059.

Fig. 10(c) shows the virtual inductor of the common-
inductor two-phase LLC resonant converter: Ly = 43.5 €)
and Ly =46.5 Q at f, =240 kHz. The virtual inductor
tolerance is Lgo/Ls = 1.07 at f; = 240 kHz. Thus, the
common-inductor two-phase LLC can almost be equivalent

to the two-phase LLC converter under Ly = 1.07 Lgy, Cro =
1.05 C,1, Lo = 1.05 L,;,1. There is same directional toler-
ance between the series inductor and the series capacitor. If
the virtual resistors Ry and Ro are zero, the equivalent input
impedance of phase 1 is smaller than the one of phase 2.

A couple of virtual resistors of the common-inductor two-
phase LLC converter are shown in Fig. 10(d): Rs; = 3€) and
Rgo = —3.5Qat f; = 240 kHz. A positive resistor Ry is auto-
matically constructed to increase the input impedance of phase
1, and a negative resistor IZ,o is automatically yield to decrease
input impedance of phase 2. The input impedances between
two phases are more balanced. The current difference can be
suppressed.

The above analysis shows that there is input impedance
matching owning to virtual resistor’s function in this situation.

Fig. 11 shows the comparison of the input impedance of the
conventional two-phase LLC and the common-inductor two-
phase LLC under L,y =0.95 L,1, C;9 = 1.05 Cp1, Lo =
1.05 L,,1,and R, = 0.24 ).

Fig. 11(a) and (b) shows Z;,,; and Z;,5 of the conventional
two-phase LLC resonant converter and the common-inductor
two-phase LLC resonant converter, respectively. Compared
with the conventional two-phase LLC, the input impedance
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magnitude difference of two phases is reduced significantly
based on the common-inductor two-phase LLC converter. For
example, when f; = 240 kHz, Z;,,; = 76 2, and Z;;,» = 126 2
for the conventional two-phase LLC converter, and Z;,,; = 98 (),
and Zi,0 = 104 Q2 for the common-inductor two-phase LLC.
The difference of each phase is reduced from 50 to 6 €.

Fig. 11(c) shows the virtual inductor of the common-inductor
two-phase LLC resonant converter: L, = 41 Qand Lyo = 44 )
at f; = 240 kHz. The virtual inductor tolerance is Lo /Ls1 =
1.07. Thus, the common-inductor two-phase LLC can almost
be equivalent to the two-phase LLC converter under Ly =
1.07 le, G,-Q =1.05 O,-l, and ng =1.05 Lml-

There is same directional tolerance between the series induc-
tor and the series capacitor. The equivalent input impedance of
phase 1 is smaller than the one of phase 2 if the virtual resistors
R, and Ry are zero.

A couple of virtual resistors of the common-inductor two-
phase LLC converter are shown in Fig. 11(d): Ry; = 32 and
Ry = —3.5Qat f, = 240 kHz. A positive resistor R, is auto-
matically constructed to increase the input impedance of phase
1, and a negative resistor R is automatically yield to decrease
the input impedance of phase 2. Thus, the input impedances

between two phases are more balanced. The current difference
can be suppressed. The above analysis shows that there is input
impedance matching owning to virtual resistor’s function in this
situation.

Fig. 12 shows the comparison of the input impedance of the
conventional two-phase LLC and the common-inductor two-
phase LLC under L, =1.05 L,q, C,o =0.95C}q, Lo =
1.05 L,,1, and R, = 0.24 Q).

Fig. 12(a) and (b) shows Zi,; and Zj,» of the conventional
two-phase LLC resonant converter and the common-inductor
two-phase LLC resonant converter, respectively. The input
impedance difference of each phase in Fig. 12(a) is very small, as
there are conversely directional tolerances the between series in-
ductor and the series capacitor. In this case, good current-sharing
performance is achieved based on the conventional two-phase
LLC resonant converter and the common-inductor two-phase
LLC resonant converter.

Fig. 12(c) shows the virtual inductor of the common-inductor
two-phase LLC resonant converter: Ly = 44 Qand Lyo = 46 €2
at f; = 240 kHz. The virtual inductor tolerance is Lo /Ls1 =
1.05. Thus, the common-inductor two-phase LLC can almost
be equivalent to the two-phase LLC converter under Lz =
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1.05 Ly1, Cr9 =0.95 C}q, and L,,o = 1.05 L,;,1. Thus, there
is almost the same current-sharing performance between the
conventional two-phase LLC converter and the common-
inductor two-phase LLC resonant converter if the virtual re-
sistors are zero. A couple of virtual resistors of the common-
inductor two-phase LLC converter are shown in Fig. 12(d):
Ry =0.1Qand Ry» = —0.1Qat f, = 240 kHz, which is very
small and is a little influence of the input impedance.

As mentioned above, there is good current-sharing perfor-
mance in this tolerance regardless of whether it is the conven-
tional two-phase LLC converter or the common-inductor two-
phase LLC converter. The virtual resistors and virtual inductors
almost do not make a function.

Fig. 13 shows the comparison of the input impedance of the
conventional two-phase LLC and the common-inductor two-
phase LLC under L,y =1.05 L;1, Cy9 =1.05 Cp1, Lo =
0.95 L,,1,and R, = 0.24 Q.

Fig. 13(a) and (b) shows 7,1 and Z;,» of the conventional
two-phase LLC resonant converter and the common-inductor
two-phase LLC resonant converter, respectively. Compared
with the conventional two-phase LLC, the input impedance
magnitude difference of two phases is reduced significantly

based on the common-inductor two-phase LLC converter. For
example, when f, = 240 kHz, Z;;,; = 66 2, and Z;;,o = 130 Q)
for the conventional two-phase LLC converter, and Z;;,; = 96 €2
and Z;,0 = 102 ) for the common-inductor two-phase LLC, the
difference of each phase is reduced from 64 to 6 €).

Fig. 13(c) shows the virtual inductor of the common-
inductor two-phase LLC resonant converter: Ly; = 46 2 and
Lgo =44 Q at f; =240 kHz. The virtual inductor toler-
ance is Lgso/Ls; = 0.96. Thus, the common-inductor two-
phase LLC can almost be equivalent to the two-phase LLC
converter under Lo = 0.96 Ly, C,o = 1.05 C,.1, and L,,,» =
0.95 L,,1. There is conversely directional tolerance between the
series inductor and the series capacitor. The input impedances
between two phases are very close, as there are almost the same
resonant frequencies.

A couple of virtual resistors of the common-inductor two-
phase LLC converter are shown in Fig. 13(d): Rs; = 0.1 and
Rgo = —0.1Q at f; = 240 kHz, which is very small and is a
little influence of input impedance.

The above analysis shows that a couple of virtual resistors
made a function to compensate the input impedance difference,
as shown in Figs. 10 and 11. The virtual resistors and virtual
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inductors almost do not function in Fig. 12, as the input
impedance of each phase is almost the same in the conventional
two-phase LLC converter. The virtual inductors play a role to
compensate the input impedance difference of each phase in
Fig. 13. Thus, there is input impedance matching owning to
virtual resistor’s function and virtual inductor’s function in dif-
ferent component tolerances.

Next, the load current-sharing error of the common-inductor
two-phase LLC resonant converter is calculated under different
output loads.

Fig. 14 shows the load currents of two phases and the
load current-sharing error under four corner cases: case 1
L,y =1.05 Ly, Crg =1.056C,y, and Lo =1.05 Ly,1;
case 2 L,,=095L,,C,o=105C,;, and L, =
1.05 L,,;; case 3 L, =1.05L,, C,o =1.05C,;, and
Lo =1.05 L,,1; case 4 L, =1.05 L1, Cyo = 1.05 C}q,
and L,,o = 0.95 L,,,1.

The worst case for the common-inductor two-phase LLC res-
onant converter works under L, = 1.05 L,1, Cy.o = 0.95 C,1,
and L,,» = 1.05 L,,1, as shown in Fig. 14(a). The load current-
sharing error is 6% at the 50-A load current. The maximum
current of phase 1 is 26.5 A, and the maximum current of
phase 2 is 23.5 A, while the total load current is 50 A.

However, it still achieves better current-sharing performance
than the conventional two-phase LLC resonant converter in the
same case.

IV. EXTENSION OF PIM

PIM technology is also applicable to many resonant convert-
ers. The above-mentioned common-inductor two-phase LLC
resonant converter is just one example. Section IV-A intro-
duces the common-capacitor two-phase LLC resonant converter
as another embodiment, in which the resonant capacitors of
two phases are connected in parallel to construct the virtual
impedance. In Section IV-B, the method of constructing the
virtual impedance based on common inductor or common ca-
pacitor is extended to multiphase (i.e., more than two phases)
applications. In Section IV-C, PIM technology is extended to
other types of resonant converters, such as CLL resonant con-
verters, SRCs, LCC converters, and so on.

A. Common-Capacitor Two-Phase LLC Resonant Converter

Two LLC converters are connected in parallel and connect the
resonant capacitor in parallel, as shown in Fig. 15. By connecting
two resonant capacitors in parallel, the operation of two resonant
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tanks is coupled. This section will decouple the operation of
these two phases and illustrate how the common-capacitor con-
nection can improve the current-sharing performance.

Fig. 16 shows the transformation from a single capacitor to
two branches. The equivalent circuit of the two-phase common-
inductor LLC converter is shown in Fig. 16(a), where I7,,.; and
17,2 1s the resonant current through phases 1 and 2, respectively,
C, is the combination of two resonant capacitors C,.; and C).),
Vs is the voltage across Cj, and I is the current through Cj.
The total resonant capacitance C is shown as

Cs = Crl + C7'2~ (25)

Based on the circuit theory [33], the circuit shown in Fig. 16(a)
can be expressed equivalently, as shown in Fig. 16(b). The single
capacitor Cy is split into two impedances (741 and Zs5). The
current I7,,.; flows through Z;; and I,,» flows through Z,5. The
voltages at points A; and A, are the same.

The impedances of Z;; and Z45 can be expressed as

Zsl - Rsl + 1/8051

(26)
ZSQ = RSQ + 1/5082.

Thus, the single capacitor is expressed as

(R‘” * 1/5051) (RSQ + 1/56‘32)
(Rs1 + Ry2) + (1/5051 + 1/5082)

Therefore, one capacitor (Cs) has been separated into two
branches: Rsq, Cs1 and Ryo, Cso. The current through each
branch is the same as the original current, /7,1 and Iy ,o.

Therefore, the phasor diagram for I, I;,1, and I, can be
shown in Fig. 17, where the phase of I is used as the reference.
It notes that I, and I,9, I, leads I, and Iy, lags I;.

The voltage Vj is also calculated by equivalent impedances
as

=l @D

Vi = I # R+ 10/5,00 (28)

‘/; = ILTQ * R32 + ILTQ/jWCSQ. (29)

The phase diagrams for (22) and (23) are shown in Fig. 18(a)
and (b), respectively.

The phasor diagram shown in Fig. 18(a) shows that R, is a
negative value. It should be emphasized that the phasor diagram
shown in Fig. 18(b) indicates that Ry must be a positive value
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Fig. 17. Phase diagram of I, I, 1, and I} 5.

in order to satisfy (4). This is due to the fact that the phase angle
between Vi and I}, is smaller than 90°.

The impact of this coupling is equivalent to two components
in each phase: a virtual resistor and an equivalent inductor con-
nected in series, as shown in Fig. 19.

More importantly and more helpfully, a positive virtual resis-
tor is added to the phase, which would generate higher current
(phase 2 in this case) to reduce the actual resonant current. A
negative virtual resistor is added to the phase, which would gen-
erate less resonant current (phase 1 in this case). The end result
is that the current in two phases is more balanced. They change
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the equivalent impedance of the resonant tank so that current
sharing can be achieved.

B. Common-Inductor or Common-Capacitor Multiphase LLC
Resonant Converter

To extend the PIM to multiphase (i.e., more than two phases)
applications, Fig. 20 shows a common-inductor three-phase
LLC resonant converter. The resonant inductor of each phase is
connected in parallel. The operation of three resonant tanks is
coupled. This section will decouple the operation of these three
phases.

Fig. 21 shows the transformation from a single inductor
to three branches. The equivalent circuit of the three-phase
common-inductor LLC converter is shown in Fig. 21(a), where
Ir1, Ir,o, and Ig,5 are the resonant currents through phases
1-3, respectively, L, is the combination of three resonant induc-
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diagram of V; and I7,,1. (e) Phase diagram of Vs and I, . (f) Phase diagram
of Vi and Iy, 3.
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Fig. 22.  Equivalent common-inductor three-phase LLC resonant converter.

tors L,1, L,o, and L,3), V; is the voltage across Ly, and I, is
the current through L;.
The current I is expressed as

Iy =Ipp +Ippo + Ipys. (30)

Based on the circuit theory [33], the circuit shown in Fig. 21(a)
can be expressed equivalently, as shown in Fig. 21(b). The single
inductor L, is split into three impedances (Z;;, Zso, and Zg3).
The current I7,; flows through Z, Iy, flows through Z;o,
and I7,,3 flows through Z,3. The voltages at points A1, A, and
Ajg are same.

It is noted that although there are several possibilities about
three resonant phases, there is always several resonant current
lead reference current and the other resonant current lag refer-
ence current from (23). One operation about the phasor diagram
for Iy, 11,1, I1r9, and Iy .3 is shown in Fig. 21(c), where the
phase of I is used as the reference. I, and I;,3 lead I and
I1,.» lags I;. The phasor diagram, as shown in Fig. 21(d) and
(f), shows that R; and Rj is a positive value. It should be em-
phasized that the phasor diagram shown in Fig. 21(e) indicates
that R4 must be a negative value in order to satisfy (23).

This is due to the fact that the phase angle between V; and 7,9
is larger than 90°. The equivalent decoupled common-capacitor
three-phase LLC resonant converter is shown in Fig. 22.



9204 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 12, DECEMBER 2017

L

@ ey
Q21
‘@@ il

Common-inductor two-phase SRC.

SRuJ

SR11

Quil

phase 1

L

cuu%
ugﬂ Cﬁ‘ ly

phase 1
e

i

SR12
SR

':Jw'H .’,.,r Ly

Ro\fo

Trecs  loy

la

vin(C

Vin(

Co Ry [vo 2 —Co

aK Ql

it

NY}Y‘]_ n;l
Lm|§ 3' q J

il

SR1

SRQJ

Q21

phase 2

phase 2

lrectz

la 2_|

Q22

\I

Fig. 26.

3

’l 3

phase 1

SR3

:”

!rw-rf fnl

Vin n:

Fig. 23.  Common-capacitor three-phase LLC resonant converter. g ’]‘C"

SR21

il

SR11

L. Z

Vin(

"
=
%I

SR
7
SR1
SR

Iis

Ro | Vo

Fig. 27. Common-capacitor two-phase SRC.

phase 2

firs &

Common-inductor two-phase CLL resonant converter.

SR11

Vin(

i}
Jl

Fig. 24.

~Co

';nw.r Loy 1, =

Vin(

I
Ry | Vo

\I

Fig. 28.  Common-inductor two-phase LCC resonant converter.

SR11

[ S

Vin(

\I
I

Loz
1.2

Q22

T

::_.,

SR

Fig. 25. Common-capacitor two-phase CLL resonant converter.

The common-capacitor three-phase LLC resonant converter
is shown in Fig. 23.

Fig. 29. Common-capacitor two-phase LCC resonant converter.

C. Other Resonant Converter Under PIM Technology From the viewpoint of PIM technology, it is also to construct

virtual impedance based on the SRC. A common-inductor two-
phase SRC is shown in Fig. 26. A common-capacitor two-phase
SRC is shown in Fig. 27.
From the viewpoint of PIM technology, it is also to con-
struct virtual impedance based on the LCC resonant converter. A
common-inductor two-phase LCC resonant converter is shown
in Fig. 28. Similarly, a common-inductor two-phase LCC reso-
nant converter is shown in Fig. 29.

A CLL resonant converter has been proposed [35]-[40], and

it has a similar performance as the traditional LLC converter.

From the viewpoint of PIM technology, a common-inductor

two-phase CLL resonant converter is built and shown in Fig. 24.

Two inductors are connected in parallel. The virtual

impedance can be achieved by “virtual open.” Similarly, a
common-capacitor two-phase CLL resonant converter is shown

in Fig. 25.
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Simulation results of the conventional two-phase LLC converter with +5% tolerance at the 400-V input condition. (a) L,2 = 1.05 L1, C)o =

1.05 Cyrq, and Ly, 2 = 1.05 Ly, 1. (b) Ly2 =0.95 L1, Cro = 1.05 Cyq, and Ly,2 = 1.05 Ly, 1. (¢) Lyo =1.05 Ly, Cro =0.95Chq, and Ly,0 =

1.05 Lyy1.(d) Lyg = 1.05 Ly, Crg = 1.05 Cpq,and Ly, = 0.95 Ly q.

V. SIMULATION RESULTS

Furthermore, to verify and compare the current-sharing
performance, in this section, PSIM simulation results of
the common-inductor LLC resonant converter will be pro-
vided. Four types of tolerance combination will be included:
(a) er =1.05 Lrla Crg =1.05 CTla and ng =1.05 Lml;
(b) Lo =0.95 L1, Crg =1.05C,q, and L0 = 1.05 Ly, 1;
(C) L7-2 =1.05 Lrl; CTQ =0.95 Crl, and ng =1.05 Lml;
and (d) LTQ =1.05 Lr17 OrQ =1.05 Crl’ and ng =
0.95 Ly 1.

The simulation is conducted under 400-V input and total 50-A
load condition. The rated output voltage is 12 V. The parameters
of two phases are shown in Table II.

Fig. 30 shows the PSIM simulation waveforms of the resonant
current and the rectifier current of the common-inductor two-
phase LLC resonant converter.

In Fig. 30(a) and (b), when the tolerance on C). (b) and the
tolerance on L, (c) deviate in the same direction, the two-phase
current is almost identical, which verifies the FHA calculation
results in Fig. 30(a) and (b). Also, good current-sharing per-

TABLE II
PARAMETERS OF THE TWO-PHASE LL.C CONVERTER IN PSIM

Resonant Resonant Magnetizing
Inductor L, capacitor C, inductor Ly,
Phase 1 (reference) 29 uH 12 nF 95 uH
Phase 2 (a) 30.5 pH (+5%) 12.6 nF (+5%) 100 pH (+5%)
Phase 2 (b) 28.5 pH (—5%) 12.6 nF (+5%) 100 pH (+5%)
Phase 2 (c) 30.5 pH (+5%) 11.4 nF (—5%) 100 uH (+5%)
Phase 2 (d) 30.5 pH (+5%) 12.6 nF (+5%) 90 pH (—5%)

formance is achieved when the tolerance on C, (b) and the
tolerance on L,, (c) deviate in the opposite direction shown in
Fig. 30(c) and (d).

Table III shows the load current data comparison of the
common-inductor two-phase LL.C resonant converter. The load
current error (0j,,4) between the two phases is only 2%. It is
verified that good current-sharing performance can be achieved
under the PIM method.

Considering the leakage inductance of the transformer, the
parameters and tolerances based on the experimental prototype
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Fig. 31.  Simulation for the common-inductor two-phase LLC converter at (a) 25-A load and (b) 50-A load.
TABLE III TABLE V
DATA COMPARISON OF SIMULATION OF THE COMMON-INDUCTOR LLC CURRENT-SHARING ERROR AT EXPERIMENTAL PARAMETER TOLERANCE
RESONANT CONVERTER
Total current Phase Common-inductor two-phase LLC
Tolerances Common-inductor two-phase LLC
ILy xms Oresonant Lectave Oload
Lect1ave  lect2ave  Oload PSIM
25A Phase 1 22A 2.2% 12.1 A 32%
Type #1 (a, b, ¢) = (1.05, 1.05, 1.05) 24.5 25.5 2% Phase 2 23A 129 A
Type #2 (a, b, c) = (0.95, 1.05, 1.05) 24.5 25.5 2% 50 A Phase 1 24A 2% 243 A 2.8%
Type #3 (a, b, c) = (1.05, 0.95, 1.05) 25.5 24.5 2% Phase 2 26A 257 A
Type #4 (a, b, ¢) = (1.05, 1.05, 0.95) 242 25.8 1.6%
TABLE VI
TABLE IV PROTOTYPE SPECIFICATIONS
EXPERIMENTAL PROTOTYPE PARAMETERS
. Switching frequency 180-270 kHz
Resonant Resonant Magnetizing Leakage
Inductor L, capacitor C; inductor Ly, Inductance L. Input Voltage 340-400 V
Output Voltage 12V
Phase 1 22.5 uH 12.3 nF 95 nH g{ﬁggf Output Power 300W x 2
Phase 2 24.5 uH 12.7 nF 92 jH (-3.2%) 6.5 uH Transformer Ratio 20:1
(+8.9%) (+3.3%) (+8.3%) Output Capacitance 1790 puF

are shown in Table IV. It is the worst case as the tolerance
directions on L, and L,, are opposite. The leakage inductor of
the transformer is now taken into consideration. The design total
power is 600 W (300 W x 2).

Fig. 31 shows the simulation waveforms of the common-
inductor two-phase LLC resonant converter when the total load
current is 25 and 50 A repetitively. A common-inductor two-
phase LL.C converter could achieve significantly improved load
current sharing.

Table V shows the resonant current-sharing error oyesonant
and the load current-sharing error o1,,q based on the prototype
parameters and tolerances of the conventional two-phase LLC
converter and the common-inductor two-phase LLC converter
under the total load current of 25 and 50 A.

It is observed that the resonant current-sharing error is low
(such as smaller than 5%); the load current-sharing error be-
comes very reasonable. Thus, it is believed that good resonant

12.3 nF (Phasel) 12.7 nF (Phase2)
22.5 ;1H (Phasel) 24.5 ;H (Phase2)
6 1H (Phasel) 6.5 1H (Phase2)
95 1H (Phasel) 92 pH (Phase2)
1790 1+ F (100 F x 8 + 330 pF x 3)
IPB60R190C6
BSCO1INO3LS

Series Capacitance (C, )
Resonant Inductance (L, )
Leakage Inductance (L, )
Magnetizing Inductance (L, )
Output Capacitance
Half-bridge MOSFET

SR MOSFET

current sharing guarantees good load current sharing at heavy
load.

VI. EXPERIMENTAL RESUITS

A 600-W common-inductor two-phase LL.C resonant con-
verter prototype is built to verify the feasibility and to demon-
strate the advantages of the PIM method. The resonant tank
parameters for the single-phase converter are designed based on
the traditional design method [34]. The design method of the
proposed multiphase LLC resonant converter is the same as that
of the single-phase LLC converter.
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Fig. 32.  Experimental waveforms of the conventional two-phase LLC con-
verter. (a) Steady state at 15-A load. (b) Steady state at 25-A load. Chl: output
voltage; Ch3: resonant current of phase 2; Ch4: resonant current of phase 1.

In the experimental prototype, the current on the secondary
side is 50 A (very high), and the printed-circuit-board track has
been made as short as possible to reduce the parasitic inductance.
Thus, it is not possible to measure the load current of each phase
directly. From PSIM simulation results, good resonant current
sharing means good load current sharing. Resonant currents
are measured as current-sharing performance evaluation. The
prototype parameters are shown in Table VI.

Fig. 32 shows the experimental waveforms of the conven-
tional two-phase LLC converter at the total load current of 15
and 25 A. The switching frequency is 245 kHz in Fig. 32(a) and
240 kHz in Fig. 32(b).

Fig. 33 shows the experimental waveforms of the proposed
common-inductor two-phase LLC resonant converter. The reso-
nant current ¢7,,» is of almost triangular waveform, which means
that phase 2 does not provide the power for the output load in
Fig. 33(a) and (b).

The resonant current iy, is almost the same as iy, at 25- and
50-Aload. A very small angle difference between them is shown
at different loads. To show the current-sharing performance, the
resonant current and resonant current-sharing error are shown in
Fig. 34 for both the conventional and the proposed converters.

As shown in Fig. 34(a), the resonant current-sharing error
increases from 10% to 28% for load current of 5-25 A for the
conventional two-phase LLC converter. The resonant current-
sharing error is reduced from 6.3% to 0.44% for the proposed
converter when load current changes from 5 to 50 A in Fig. 34(b).
Thus, the resonant current-sharing error can be significantly
reduced by using the proposed method.
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Fig. 33. Experimental waveforms of the common-inductor LLC converter.
(a) Steady state at 15-A load. (b) Steady state at 25-A load. (c) Steady state at
50-A load. Chl: output voltage; Ch3: resonant current of phase 2; Ch4: resonant
current of phase 1.
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VII. CONCLUSION

A PIM technology is proposed in this paper to achieve load
sharing automatically for multiphase resonant converters. The
PIM technology views the impedance network as passive com-
ponents in addition to virtual positive resistors and negative re-
sistors. A common-inductor two-phase LLC resonant converter
is analyzed as one example, in which the resonant inductors in
two phases are connected in parallel. No additional components
are needed to achieve current sharing. The analysis results show
that the input impedances of each phase are more balanced un-
der virtual positive and negative resistor’s function. Thus, the
current-sharing error is significantly reduced in the common-
inductor two-phase LL.C resonant converter. Many new topolo-
gies based on PIM technology are derived, such as the common-
capacitor two-phase LLC resonant converter, the three-phase
LLC resonant converter, the common-inductor/capacitor two-
phase SRC, the common-inductor/capacitor two-phase CLL res-
onant converter, the common-inductor/capacitor LCC resonant
converter, and the common-inductor/capacitor multiphase res-
onant converter. A 600-W common-inductor two-phase LLC
resonant converter prototype is built to verify the feasibility and
demonstrate the advantages of the proposed method. The ex-
perimental results show that the resonant current-sharing error
reduces 63 times and is only 0.44% at the 600-W total load
power. The analysis, simulation, and experimental results have
verified the feasibility and demonstrated advantages of PIM
technology.
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