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Abstract—The input-parallel output-parallel (IPOP) dc–dc con-
verters are suitable for low-voltage and high-current applications,
especially using high-frequency isolation instead of traditional line-
frequency transformer for ac–dc converters in dc distribution.
Compared to the existing closed-loop control for IPOP dc–dc con-
verters, the magnetic-coupling current-balancing (MC-CB) cells
based IPOP LLC resonant converter modules are proposed in this
paper, which can realize the IPOP system work under open-loop
operating condition naturally. The LLC modules can be used as
a high-frequency isolation dc transformer operating under the
quasi-resonant mode, which can achieve zero-voltage switching
(ZVS) for inverter side and zero-current switching (ZCS) for rec-
tifier side ensuring high power density and high efficiency. The
proposed MC-CB cells for IPOP LLC resonant converter modules
can adaptively ensure both the input-current sharing (ICS) and the
output-current sharing (OCS) among constituent modules to make
the IPOP system operate stably. Additionally, the steady-state and
dynamic-state current-sharing performance of MC-CB cells for the
IPOP converter system are analyzed based on a magnetic model. In
the end, a hardware prototype has been designed and tested. The
experimental results have verified the validity and performance of
the proposed MC-CB cells for the IPOP LLC resonant converter
modules.

Index Terms—High-frequency isolation, input-parallel output-
parallel (IPOP), LLC resonant converter, magnetic coupling cur-
rent balancing (MC-CB) cell, quasi-resonant mode.
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I. INTRODUCTION

R ECENTLY, low-voltage dc distribution is the future trend
for more efficient energy utilization, such as distributed

renewable generation and less power conversion stages [1]–[6].
Compared to the traditional 50/60 Hz low-voltage ac distribu-
tion, there are no frequency stability and reactive power issues,
as well as lower losses with less skin effect. Additionally, the
consumer electronics, variable-speed motors, LED lighting, and
electric vehicles (EVs) can be more conveniently powered by
dc [7]–[10].

To construct dc distribution with galvanic isolation, the bidi-
rectional ac–dc converter plays a key role and its basic function
is to regulate the dc bus voltage and ac current based on the
front-end line-frequency transformer or the back-end isolated dc
converters [11]–[16]. To overcome the weight, size, and volume
problems of line transformers, the isolated dc converters using
high-frequency transformers are preferred, which can supply
clean and stable power for dc distribution having high reliabil-
ity, efficiency, effectiveness and maneuverability [15]–[29].

In order to increase the power rating of the isolated dc con-
verters, the input-parallel output-parallel (IPOP) dc converter
system can be used [30]–[33]. Fig. 1 shows a system infras-
tructure of a power control interface between low-voltage ac
and dc distribution; the three-phase four-wire ac–dc converter
can supply dc distribution with other functions such as three-
phase power-imbalance regulation, reactive-power compensa-
tion, active-filtering, etc.; and the IPOP dc–dc converters can
be widely used to provide dc voltage turn ratio, high-frequency
isolation and high power rating.

The major advantage of the IPOP converter system is that the
current stresses on the power devices of the constituent mod-
ules can be reduced. The IPOP dc–dc converter modules have
been the subject of vigorous research recently, which is used
in many applications requiring low voltage and high current,
and it is conducive to the systems’ expansion and redundancy.
For the traditional IPOP dc–dc converter modules, the basic ob-
jectives that guarantee the stable operation are to ensure input-
current sharing (ICS) and output-current sharing (OCS) among
the constituent modular converters. The control strategies aim-
ing to achieve ICS and OCS for the IPOP converter system have
been studied extensively, however, the existing control strate-
gies for IPOP converter systems are complicated having poor
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Fig. 1. AC–DC converters based on IPOP dc–dc converters for low-voltage
ac and dc distribution.

reliability, and the cost of the sensing circuit components for the
closed-loop operation is high.

Among the dc–dc converters [15]–[29], the LLC resonant con-
verter has superior performance compared to the others, such
as zero-voltage and zero-current switching (ZVZCS) [22]–[29].
In order to fully utilize the potential of the LLC resonant con-
verter, the IPOP LLC resonant converter modules are adopted.
Because the LLC resonant converter modules can be used as
high-frequency isolation dc transformers operating under the
quasi-resonant mode, the magnetic-coupling current-balancing
(MC-CB) cells for the IPOP LLC resonant converter modules
are proposed to solve the current balancing problem. The IPOP
LLC resonant converter modules employ the proposed MC-CB
cells to achieve ICS and OCS among the constituent modules,
so the each module can work under open-loop operation condi-
tion. Thus, the proposed whole IPOP converter system has the
advantages of high reliability, easy expansion, low cost, etc.

This paper is organized as follows. The features and char-
acteristics of LLC resonant converter and the IPOP converter
system based on LLC resonant converter modules are intro-
duced in Section II. Section III addresses the electric model of
the MC-CB-cell-based IPOP converter system and the current-
sharing performance of MC-CB cells for the IPOP LLC resonant
converter modules are analyzed based on the magnetic model. In
Section IV, in order to verify the validity and performance of the
proposed MC-CB cells for IPOP system, a hardware prototype
has been designed, fabricated and tested and the experimen-
tal results has showed the good performance of the MC-CB
cells for the IPOP system. Finally, the conclusion is drawn in
Section V.

II. IPOP SYSTEM BASED ON LLC RESONANT

CONVERTER MODULES

A. Features and Characteristics of LLC Resonant Converter

The basic function of the LLC resonant converter operating
under the quasi-resonant mode is just like a high-frequency iso-
lation dc transformer, which can achieve zero-voltage switching
(ZVS) for the inverter side and zero-current switching (ZCS) for
the rectifier side ensuring high efficiency and high power den-
sity. In this paper, LLC resonant converter is adopted for the
proposed IPOP system and the simplified schematic of the full-
bridge LLC resonant converter is shown in Fig. 2, where Lm

is the magnetizing inductance that acts as a shunt inductor, Lr

Fig. 2. Schematic of the full-bridge LLC resonant converter.

Fig. 3. AC equivalent circuit for full-bridge LLC resonant converter.

is the series leakage inductance that acts as the series resonant
inductor, and Cr is the resonant capacitor. In general, the LLC
resonant converter topology consists of three stages: the square
wave generator, resonant network and rectifier network.

Comparing with the other dc–dc converter, LLC resonant con-
verter has the following advantages:

1) ZVS capability from zero- to full-load range, low MOS-
FET turn-off current, so the switching loss is very low;

2) low voltage stress on secondary rectifier; because for this
converter, there is no secondary filtering inductor;

3) the magnetic components can be easily integrated into one
magnetic core and the leakage inductance of the trans-
former can be utilized;

4) when LLC resonant converter operates at the quasi-
resonant frequency, the voltage gain is almost constant
and independent of the load;

5) the series resonant capacitor Cr provides dc blocking fa-
vorable for isolation transformer.

For the purposed model of the full-bridge LLC resonant con-
verter, the ac equivalent electrical circuit as shown in Fig. 3 has
been considered.

So the output dc load Ro is replaced by the ac equivalent load
Rac and expressed as follows, where n is the transformer turns
ratio:

Rac =
8n2Ro

π2 . (1)

The LLC resonant converter switching frequency fs can be
operated above, at or below the resonant frequency fr shown as
follows:

fr =
1

2π
√

LrCr

. (2)

Using the ac equivalent circuit of Fig. 3, the LLC resonant
converter ac equivalent input voltage and output voltage are
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shown as follows:

Vinac =
4Vdc

π
sin ωt (3)

Voac =
4nVo

π
sin ωt. (4)

And the ac equivalent current can be obtained as

Ipri =
(4nVo/π) sin ωt

XLm
//Rac

. (5)

So the LLC resonant converter voltage gain M is obtained as

M =
1√[

Lr

Lm

(
ω2

s

ω2
s

− 1
)

ω2
r

ω2
r

]2

+
[
π2

8
Q

(
ωs

ωr
− ωr

ωs

)]2

(6)
Here

ωr =
1√

LrCr

, ωm =
1√

(Lr + Lm )Cr

,

Q =
1

n2Ro

√
Lr

Cr
.

Assuming α = Lm /Lr and γ = fs/fr , (7) can be derived

M =
1√

((1/α) + 1 − (1/αγ2))2 + (π4/64)Q2((1/γ) − γ)2
.

(7)

Magnetizing inductance Lm selection is a trade-off between
the minimum dead time limitation for ZVS under no load condi-
tion and the current stress of MOSFETs. Since the magnetizing
inductor Lm is relatively small, there exists considerable amount
of magnetizing current im , which freewheels in the primary
side without being involved in the power transfer. The primary-
side current ipri is the sum of the magnetizing current im and
the secondary-side current isec referred to the primary. Due to
the LLC resonant converter operating at the high quasi-resonant
frequency, the converter can achieve ZVS for the inverter side
and ZCS for the rectifier side ensuring high power density with
isolation and high efficiency.

According to the related papers [22]–[29], an LLC reso-
nant converter with 60 kHz resonant frequency has been de-
signed where the key parameters are Lr = 8.24 μH, Lm =
83.8 μH, and Cr = 1 μH. Using the frequency response an-
alyzer (VENABLE Model 3120) where Viac = ±1 V and
Ro = (1.6 Ω, 3.2 Ω, 6.4 Ω, 16 Ω, 40 Ω, 160 Ω), the experimen-
tal voltage gain characteristics of the LLC resonant converter
is shown in Fig. 4. As observed in Fig. 4, the LLC resonant
converter shows the voltage gain characteristics, which are al-
most independent of the load when the switching frequency fs is
around the resonant frequency fr , so the LLC resonant converter
is just like a high-frequency isolation dc transformer operating
under the quasi-resonant mode. This is a distinct advantage of
LLC resonant converter compared to the other dc–dc converters,
which is a good application for IPOP converter system.

Fig. 4. Voltage gain characteristics of LLC resonant converter: (a) Frequency
response analyzer (VENABLE Model 3120) and (b) voltage gain characteristics.

Fig. 5. Experimental waveforms of the LLC resonant converter.

Fig. 5 shows the experimental waveforms at the 3-kW power
level, with fs = 60 kHz switching frequency, including the
waveforms of the primary-side current ipri , the secondary-side
current isec , the primary-side voltage Vab , and the output volt-
age Vo . The transformer turns ratio is about n = 1:1, and the
input voltage Vdc = 400 V and the output voltage Vo = 400 V.
The experimental results verify the good performance of LLC
resonant converter, so it can be used as a standardized module
in the IPOP converter system.

B. IPOP Converter System Based on LLC Resonant
Converter Modules

LLC resonant topology has been widely adopted; however,
when the current level increases, the LLC topology has the
following limitations:

1) the secondary-side conduction loss is high, which de-
creases the heavy-load efficiency;

2) the output current ripple is high, which requires large
output capacitance;
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Fig. 6. Master–slave control scheme for IPOP LLC resonant converter
modules.

3) the primary-side component stress is high, which limits
the maximum power capacity;

4) the circulation current is high, which decreases the light-
load efficiency.

The aforementioned problems can be solved by using the
IPOP LLC resonant converter modules as proposed in this pa-
per. With the multimodule IPOP topology [30]–[33], the high
conduction loss can be reduced by splitting current into mul-
tiple modules; the high current ripple can be cancelled by
multiple modules; the power capacity can be easily expanded
without the increasing component stress; and the light-load
efficiency can be improved by module shedding. The IPOP
LLC resonant converter modules can separately experience the
lower input current so that the lower current rating device
MOSFETs and diodes can be used to ensure the high relia-
bility and high power density with higher switching frequency
operation.

In steady-state operation of the IPOP converter system, the
difference in the transformer turn ratios and module parameter
mismatches will result in power imbalance and unequal cur-
rent sharing among the constituent modules, which will make
the IPOP converter system unreliable. For the IPOP converter
system, the objective to transmit power evenly can be realized
by ensuring ICS and OCS among the constituent modules. One
existing method of the master–slave control scheme [34] is pre-
sented for IPOP LLC resonant converter modules, as shown in
Fig. 6.

The control loops include a master voltage loop and a master–
slave load sharing loop that aims to maintain the output voltage
at the desired reference voltage and achieve the load current
sharing. The output voltage signal Vo is sampled by the master
manipulator and then subtract the reference voltage Vref to create
a voltage error value. The voltage error value is processed by
a PI controller to generate the desired reference current Iref .
The load current signals Iok (k = 1, 2, . . . ) are sampled by
the master–slave manipulator and then subtract the reference
current Iref to create a current error processed by a load-sharing
controller to generate the variable control switching frequencies
fk (k = 1, 2, . . . ) for the constituent modules. However the
different variable frequencies’ control to make the output current
balancing between the constituent LLC modules is difficult to
realize in practical applications.

Fig. 7. Proposed MC-CB cells for multimodule IPOP LLC resonant dc–dc
converter system.

III. PROPOSED MC-CB CELLS FOR IPOP LLC MODULES

In this paper the MC-CB cells are proposed for the adopted
IPOP LLC resonant converter modules to achieve the ICS and
OCS of the constituent modules under the open-loop operation
condition as shown in Fig. 7. The MC-CB cell is connected be-
tween the leading-leg midpoint of one module and the lagging-
leg midpoint of the other one. In this way, the primary-side
current of two modules, such as ipri1 and ipri2 , can be regulated
nearly the same by the magnetic coupling of the MC-CB cells.
One MC-CB cell can balance two LLC modules current evenly;
thus, an n-module IPOP converter system needs (n – 1) MC-CB
cells.

Compared with the existing IPOP converter system, which
employs the control strategies [30]–[35], to achieve ICS and
OCS, the proposed MC-CB-cell-based IPOP LLC resonant con-
verter modules have the following characteristics:

1) through the magnetic coupling of the proposed MC-CB
cells, the IPOP LLC converters’ system can work under
the quasi-resonant mode without the variable frequency
control and other control strategies having the dc trans-
former function;

2) the auxiliary sampling and control circuits can be avoided;
thus, the number of components can be decreased signif-
icantly to reduce the cost;

3) without the complicated multiloop control scheme to
achieve ICS and OCS, the whole IPOP converter system
has higher reliability.

However, comparing the traditional control strategies, the
main disadvantage of the proposed MC-CB cells is that the
magnetic element may be increased to decrease the power den-
sity a little.

A. Steady-State Electrical Model and
Current-Sharing Performance

1) IPOP LLC System Electrical Model: As shown in Fig. 7,
the LLC resonant converter modules are coupled together by
the MC-CB cells with galvanic isolation, for the MC-CB cell 1,
the primary-side current ipri1 of the LLC resonant converter
module 1 flowing through the MC-CB cell 1 generates the large
magnetic flux B11 pointing to one direction in the common
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Fig. 8. Magnetic model of MC-CB cell 1 for IPOP system.

Fig. 9. Electrical model of the proposed MC-CB cell.

magnetic core and the LLC resonant converter module 2
primary-side current ipri2 generates the opposite magnetic flux
B12 versus the B11 in the same way. Since the primary-side
current ipri1 and ipri2 of each module are nearly the same, the
effective magnetic flux in the MC-CB cell 1 core can be can-
celled; in this way, the imbalance current can be limited. The
detailed magnetic model of the proposed MC-CB cell 1 for IPOP
system is shown in Fig. 8.

Based on the MC-CB cell 1 magnetic model, the correspond-
ing electrical model can be built as shown in Fig. 9.

The induced voltages of the MC-CB cell 1 are shown as
follows: ⎧⎪⎪⎨

⎪⎪⎩
Vα1β1 =

dψ11

dt
+ ipri1r1

Vα1 ′β1 ′ =
dψ12

dt
+ ipri2r2

. (8)

The MC-CB cell 1 equivalent resistance r1 and r2 is relatively
small that can be ignored, so the MC-CB-cell-1 induced voltage
can be written as follows:⎧⎪⎪⎨

⎪⎪⎩
Vα1β1 = VL1 1 = L11

dipri1

dt
− M1

dipri2

dt

Vα1 ′β1 ′ = VL1 2 = L12
dipri2

dt
− M1

dipri1

dt

(9)

where L11 and L12 are the self-inductances of the MC-CB cell 1,
respectively, M1 is the mutual inductance of the MC-CB cell 1.
For the strong coupling of the MC-CB cell, the self-inductances
L11 and L12 and the mutual inductance M1 are nearly the same.
Thus, we can assume that L11 = L12 = M1 .

When the proposed IPOP converter system working around
the resonant frequency fr and the secondary-side resistance R0
referred to the primary side, we can get the ac equivalent circuit
of the proposed two-module IPOP LLC resonant converter sys-
tem, with one MC-CB cell as shown in Fig. 10(a). The effect of
the leakage inductance Lr and the resonant capacitor Cr can be
offset because of jωrLr + 1/jωrCr = 0. Thus, the simplified

Fig. 10. AC equivalent model of proposed MC-CB cell based two-module
IPOP LLC resonant converter system. (a) Detailed ac equivalent model.
(b) Simplified ac equivalent model.

electrical model of the proposed IPOP system can be built as
shown in Fig. 10(b).

From the electrical model in Fig. 10, it can be seen that⎧⎨
⎩

Viac1 = (XLm1//Rac1)ipri1 + VL1 1

Viac2 = (XLm2//Rac2)ipri2 + VL1 2 .
(10)

Also we can get the ac equivalent circuit of the proposed
k-module IPOP LLC resonant converter system with (k – 1)
MC-CB cells, as shown in Fig. 11.

From the electrical model of Fig. 11, there are⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Viac1 = (XLm1//Rac1)ipri1 + VL1 1

Viac2 = (XLm2//Rac2)ipri2 + VL1 2 +VL2 1

Viac3 = (XLm2//Rac2)ipri2 + VL2 2 + VL3 1

...

Viac(k−1) = (XLm (k−1)//Rac(k−1))ipri(k−1) + VL (k −2 ) 2

+ VL (k −1 ) 1

Viack = (XLmk//Rack )iprik + VL (k −1 ) 2 .

(11)

2) Steady-State Current-Sharing Performance: First, the
steady-state current-sharing performance of MC-CB cell can
be analyzed. Under the condition of ipri1 = ipri2 , the ICS
and OCS among the constituent modules can be achieved
from (9). We can get the MC-CB-cell-1 induced volt-
ages VL11 = VL12 = 0. In a similar way, all the MC-CB-
cell-induced voltages VL11 = VL12 = VL21 = VL22 = . . . =
VL(k−1)1 = VL(k−2)2 = 0. So the electrical model of Fig. 11
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Fig. 11. AC equivalent model of the proposed MC-CB cells based k-module
IPOP LLC resonant converter system. (a) The detailed ac equivalent model.
(b) The simplified ac equivalent model.

can be written as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

Viac1 = (XLm1//Rac1)ipri1=
4n1Vo

π
sinωt

Viac2 = (XLm2//Rac2)ipri2=
4n2Vo

π
sinωt

Viac3 = (XLm2//Rac2)ipri2=
4n3Vo

π
sinωt

...

Viac(k−1) = (XLm (k−1)//Rac(k−1))ipri(k−1)

=
4n(k−1)Vo

π
sin ωt

Viack = (XLmk//Rack )iprik=
4nkVo

π
sin ωt.

(12)

All the ac equivalent input voltages are only affected by the
transformer turns ratio, which have a small mismatch, and they
are nearly the same. The simulation results of MC-CB cell 1
magnetic model on the occasion that ipri1 = ipri2 is shown in
Fig. 12 where the MC-CB cell’s magnetic flux ψ = 0.

B. Dynamic-State Current-Sharing Performance
of MC-CB Cell

Next, we focus on the dynamic-state current-sharing perfor-
mance of MC-CB cell 1. On the occasion that ipri1 �= ipri2 ,

Fig. 12. Simulation of MC-CB cells’ magnetic model on the occasion ipri1 =
ipri2 .

Fig. 13. Simulation of CB’s magnetic model on the occasion ipri1 ≥ ipri2 .

assuming that ipri1 ≥ ipri2 , according to the Ampere circuital
theorem, the total MC-CB cell 1 magnetic flux ψ is given as
follows:

ψ =
μiNCB (ipri1 − ipri2) S

LR
(13)

where μi is the permeability, NCB is the turns of winding, S is
the cross-sectional area of magnetic core, and LR is the mean
length of magnetic circuit.

According to the Lenz’s law, the MC-CB cell 1 magnetic
flux ψ generates the induced electromotive force that the MC-
CB-cell-1 induced voltages VL11 will decrease and VL12 will
increase until VL11 = VL12 = 0. In a similar way, the MC-CB
cell 1 current ipri1 will decrease and ipri2 will increase until
ipri1 = ipri2 . The other MC-CB cells have the same function of
current balance between each other. The simulation of MC-CB
cell’s magnetic model on the occasion that ipri1 ≥ ipri2 is shown
in Fig. 13, where the MC-CB cell’s magnetic flux ψ > 0.

C. MC-CB Selector for Adding and Returning Modules Under
the Load Condition

In order to prove the MC-CB cells can work well when the
modules currents have a big difference initially, the MC-CB
selectors are designed and fabricated. The MC-CB selector is
adopted for adding and returning modules on load, and the
electrical model can be built, as shown in Fig. 14.
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Fig. 14. Electrical model of MC-CB selector.

Fig. 15. Four-module IPOP system experimental setup.

TABLE I
CIRCUIT PARAMETERS OF IPOP LLC RESONANT CONVERTER SYSTEM

Designation Parameters

Input voltage Vd c 100 V
Output voltage Vo 100 V
Transformer turns ratio n 1:1
MC-CB cell turns of winding NC B 6
Switching frequency fs 60 kHz

The MC-CB selector can realize adding and return-
ing modules under the load condition easily. When the
module 1 is working and module 2 is shut off, the switches
(SCB1 , SCB2 , SCB3 , SCB4) should be kept on to short the pri-
mary and secondary sides of the MC-CB cell. Thus, there is no
additional inductance to module 1. When the both module 1 and
module 2 are working, the switches (SCB1 , SCB2 , SCB3 , SCB4)
are kept off and the MC-CB cell can enter the circuit that achieve
ICS and OCS naturally.

IV. EXPERIMENTAL RESULTS

In order to verify viability and merits of the proposed MC-
CB-cell-based IPOP LLC resonant converter modules, a four-
module IPOP LLC system prototype has been designed, fabri-
cated, and tested. The photograph of the hardware prototype is
shown in Fig. 15, the specifications of the prototype are shown
in Table I, and the devices and components of the prototype are
shown in Table II.

TABLE II
DEVICES AND COMPONENTS OF IPOP LLC RESONANT CONVERTER SYSTEM

Device Type

LLC switching devices S1 –S1 6 IPW65R041CFD
LLC rectifier diodes D1 –D1 6 IDW40G65C5
LLC resonant capacitor C r 1 , C r 2 , C r 3 , C r 4 C4BSNBX4100ZAFJ
Regulated capacitor C1 –C8 UP3-21484K
Transformer core E80/38/20-3C95
MC-CB cells core E100/60/28-3c94

Fig. 16. Experimental results of two-module IPOP system without the MC-CB
cell: (a) Total input current iin and the two-module input current (idc1 , idc2 ).
(b) Primary-side voltages (Va1b1 , Va2b2 ) and currents (ipri1 , ipri2 ).

A. Two-Module IPOP LLC Resonant Converter
System Performance

When the two-module IPOP LLC resonant converter system
works under the open-loop operation, it is necessary to analyze
the steady-state current-sharing performance without the MC-
CB cell. When the input dc voltage is 100 V and the resistive load
R0 = 20 Ω, Fig. 16(a) shows the total input current iin and the
two-module input currents (idc1 , idc2) without the MC-CB cell
and Fig. 16(b) shows the primary-side voltages (Va1b1 , Va2b2)
and currents (ipri1 , ipri2). The transformer turn ratios and mod-
ule parameter only have small mismatches, namely, n1 = 1.03,
n2 = 0.99, Lr1 = 7.99 μH, Lr2 = 8.24 μH, Lm1 = 90.3 μH,
and Lm2 = 83.8 μH. From Fig. 16, we can see that the one-
module input current of the IPOP system idc1 is almost zero and
idc2 is almost equal to iin . Additionally, there is a big difference
between the primary-side currents (ipri1 , ipri2) of the two LLC
resonant converters. Thus, it is confirmed that the total input
current iin has been shared unevenly between the two modules
even though the mismatch is relatively small.

1) Steady-State Operation: The proposed MC-CB cell is
adopted to solve the current unbalance between the two LLC
resonant converter modules working under the quasi-resonant
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Fig. 17. Experimental results of two-module IPOP system with the MC-CB
cell: (a) Total input current iin and the two-module input currents (idc1 , idc2 ).
(b) Primary-side voltages (Va1b1 , Va2b2 ) and currents (ipri1 , ipri2 ) of two LLC
resonant converters.

mode. When the input voltage is 100 Vdc and the resistive load
R0 = 20 Ω, Fig. 17(a) shows the total input current iin and
the two-module input currents (idc1 , idc2) with the MC-CB cell.
Fig. 17(b) shows primary-side voltages (Va1b1 , Va2b2) and cur-
rents (ipri1 , ipri2). In Fig. 17(a), the input currents (idc1 , idc2) of
the two modules are maintained nearly constant sharing equally,
which has verified the good performance of the MC-CB cell in
the steady-state operation. From Fig. 17(b), the primary-side
currents (ipri1 , ipri2) of the two LLC resonant converters are
also nearly the same. Therefore, it is experimentally verified
that the MC-CB cell can realize the ICS and OCS of the two-
module IPOP converter system in the steady-state operation in
the presence of mismatched module parameters.

2) Dynamic-State Operation: In order to verify the MC-CB
effectiveness in the dynamic-state operation, a load step is made
to see the two-module IPOP LLC resonant converter system may
undertake higher current exceeding the current ratings of switch-
ing devices. Hence, it is necessary to analyze the dynamic-state
current-sharing performance of the two-module IPOP converter
system. Fig. 18(a) and (b) gives the transient waveforms of two
LLC resonant converters secondary-side voltages (Vsec1 , Vsec2)
and currents (isec1 , isec2) during a step up and a step down of
resistive load between R0 = 16 and 27 Ω. As seen from Fig. 18,
both the two currents (isec1 , isec2) shows the same change trend
when the resistive load transients and quickly achieve a new
balance, the output voltages (Vsec1 , Vsec2) are unaffected during
the load transients.

B. Three-Module and Four-Module IPOP LLC Resonant
Converter System Performance

In order to verify that the MC-CB cells can be employed
to the multimodule IPOP LLC resonant converter system, a

Fig. 18. Transient waveforms of two LLC resonant converters. (a) Secondary-
side voltages (Vsec1 , Vsec2 ) and currents (isec1 , isec2 ) during a step up of
resistive load from R0 = 16 Ω to R0 = 27 Ω. (b) Secondary-side voltages
(Vsec1 , Vsec2 ) and currents (isec1 , isec2 ) during a step down of resistive load
from R0 = 27 Ω to R0 = 16 Ω.

three-module IPOP converter system prototype consisting of
three LLC resonant converter modules and two MC-CB cells
is constructed and tested. When the input voltage is 100 Vdc
and the resistive load R0 = 16 Ω, Fig. 19(a) shows the input
voltage Vin and the three-module input currents (idc1 , idc2 , idc3)
with MC-CB cells. Fig. 19(b) shows primary-side voltage Va1b1
and currents (ipri1 , ipri2 , ipri3) of three LLC resonant converter
modules with MC-CB cells. In Fig. 19(a), the waveforms of
input currents (idc1 , idc2 , idc3) are nearly overlap, so the input
currents of three modules are shared equally. From Fig. 19(b),
the primary-side currents (ipri1 , ipri2 , ipri3) of the three LLC
resonant converters are controlled having the same values. Thus,
it is verified that the MC-CBs can be employed for the three-
module IPOP LLC resonant converter system to achieve ICS
and OCS in the steady-state operation.
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Fig. 19. Experimental results of three-module IPOP system with two
MC-CB cells: (a) Input voltage Vin and the three-module input cur-
rents (idc1 , idc2 , idc3 ). (b) Primary-side voltage Va1b1 and currents
(ipri1 , ipri2 , ipri3 ) of three LLC resonant converter modules.

Fig. 20(a) and (b) gives the transient waveforms of three LLC
resonant converter modules secondary-side voltage Vsec1 and
currents (isec1 , isec2 , isec3) during a step up and a step down of
resistive load between R0 = 16 and 27 Ω. From Fig. 20, we
can see all the currents (isec1 , isec2 , isec3) have the same change
trend and achieve a new balance at the same time and the output
voltages Vsec1 are unaffected during the load transients.

Also, a four-module IPOP converter system prototype con-
sisting of four LLC resonant converter modules and three MC-
CB cells is constructed and tested when the input voltage is
100 Vdc and the resistive load R0 = 8 Ω. Fig. 21 shows the
steady-state and dynamic-state current-sharing performance of
the IPOP converter system, which verify the good ability of
MC-CB cells.

C. MC-CB Selector for Adding and Returning Modules Under
the Load Condition

The proposed MC-CB selector is adopted to solve the prob-
lem of adding and returning modules on load when the two
LLC resonant converter modules working under the quasi-
resonant mode. The system parameters are as follows: the in-
put voltage Vdc = 100 Vdc and the resistive load R0 = 16 Ω.
Fig. 22(a) shows primary-side voltages (Va1b1 , Va2b2) and cur-
rents (ipri1 , ipri2) when the module 1 is working and module
2 is shut off. By controlling the MC-CB selector, the module
2 is adding on load. Fig. 22(b) shows primary-side voltages
(Va1b1 , Va2b2) and currents (ipri1 , ipri2) when the both module
1 and module 2 are working. And the transient waveforms of
primary-side voltages (Va1b1 , Va2b2) and currents (ipri1 , ipri2)
are shown in Fig. 23 when the module 2 is adding and returning

Fig. 20. Transient waveforms of three LLC resonant converters: (a)
Secondary-side voltage Vsec1 and currents (isec1 , isec2 , isec3 ) during a step
up of resistive load from R0 = 16 Ω to 27 Ω. (b) Secondary-side voltage Vsec1
and currents (isec1 , isec2 , isec3 ) during a step down of resistive load from R0 =
27 to 16 Ω.

on load. From Fig. 23, we can see the primary-side currents
(ipri1 , ipri2) of the two LLC resonant converters get nearly the
same within the extremely short time.

So the experiment results prove the MC-CB cells can work
well when the modules currents have a big difference initially.
And the MC-CB selector can be used for adding and returning
modules on load.

In the end, the experimental results indicate that ICS and OCS
performance have been achieved well in the proposed MC-CB-
cell-based IPOP LLC resonant converter modules.

And the steady-state and dynamic-state current-sharing per-
formance of the IPOP converter system are analyzed to verify
the good ability of MC-CB cells.
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Fig. 21. Steady-state and dynamic-state current-sharing performance
of the four-module IPOP converter system: (a) Primary-side currents
(ipri1 , ipri2 , ipri3 , ipri4 ) of four LLC resonant converter modules. (b)
Secondary-side currents (isec1 , isec2 , isec3 , isec4 ) during a step up of resistive
load from R0 = 8 to 16 Ω. (c) Secondary-side currents (isec1 , isec2 , isec3 , isec4 )
during a step down of resistive load from R0 = 16 to 8 Ω.

Fig. 22. Experimental results of two-module IPOP system with the MC-CB
selector: (a) Primary-side voltages (Va1b1 , Va2b2 ) and currents (ipri1 , ipri2 )
when the module 1 is working and module 2 is shut off. (b) Primary-side voltages
(Va1b1 , Va2b2 ) and currents (ipri1 , ipri2 ) when the both module 1 and module
2 are working.

Fig. 23. Transient waveforms of primary-side voltages (Va1b1 , Va2b2 ) and
currents (ipri1 , ipri2 ) when the module 2 is adding and returning on-load:
(a) adding module 2 on load and (b) returning module 2 on load.

V. CONCLUSION

In this paper, an IPOP LLC resonant converter modules based
dc–dc system is proposed under the quasi-resonant mode. Un-
like the existing closed loop for IPOP system, the MC-CB
method is adopted to realize ICS and OCS among all mod-
ules with open-loop operating condition naturally. Based on the
proposed magnetic model of MC-CB cell, the steady-state and
dynamic-state current-sharing performance of the IPOP con-
verter system has been analyzed and the experimental results
of the hardware prototype have verified the validity and good
performance of the proposed MC-CB cells. Additionally, the
method seems to be simple, reliable and easy expansion.
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