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ABSTRACT The LLC series resonant converter has emerged as a solution to applications requiring power
conversion with isolation, reduced volume and high efficiency, such as PV systems and EV chargers.
However, the LLC resonant converter is limited in power, so it requires amulti-phase configuration in order to
provide higher currents. This configuration connects the outputs of two or more LLC converters in parallel,
increasing the output current but introducing imbalance and circulating currents due to the mismatch and
tolerance values of components in each resonant tank. This paper proposes a simple PI control scheme to
compensate the current imbalance and eliminate circulating currents generated when several LLC resonant
converters are connected in parallel. Unlike reported current sharing methods, the proposed control scheme
is based on multiple current control loops operating independently, using the switching frequency of each
parallel-connected unit as a degree of freedom of the overall converter. The proposed control scheme has
been successfully validated under simulations and experimental assessment, implementing two resonant
tanks with ±5% tolerance of parameters, providing excellent steady-state and transient performance.

INDEX TERMS Current sharing, imbalance current, multi-phase LLC resonant converter, pulse-frequency
modulation.

I. INTRODUCTION
High frequency isolated DC-DC converters offer high power
density due to small transformers, inductors and capacitors,
and have been successfully implemented in trending appli-
cations where isolation and high power density is relevant,
such as photovoltaics [1]–[4], DC distribution grid [5]–[7]
and EV chargers [8]–[10]. Due to the high switching
frequency operation of these converters, soft switching tech-
niques are implemented through special modulations algo-
rithms or resonant tank circuits to reduce switching power
losses [11]–[14].

The associate editor coordinating the review of this manuscript and
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The multi-phase LLC resonant converter arises as an
attractive and simple solution for achieving high efficiency,
high power density and small footprint for DC/DC conver-
sion [15]–[17]. Each phase of the multi-phase LLC resonant
converter is composed of a front to front connection of an
inverter and a non-controlled rectifier, linked by a medium
or high frequency transformer and an LLC series resonant
tank, as shown in Figure 1. The LLC resonant converter
operates as a current source, so a class-D current-driven
bridge rectifier with a capacitor filter is used. The con-
verter achieves zero-voltage switching (ZVS) on the primary
side inverter and zero-current switching (ZCS) on the sec-
ondary side rectifier when it operates around the resonant
frequency of the LLC resonant tank. The LLC converter can
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FIGURE 1. Multi-phase LLC resonant converter topology.

regulate the output current by adjusting: a) the duty cycle
through phase-shift modulation (PSM); b) the input dc volt-
age through a power factor corrector (PFC); or c) the switch-
ing frequency through pulse frequency modulation (PFM).

The LLC converter is restricted in power due to nominal
current and power losses capability in semiconductors and
power rate limitations on medium or high frequency trans-
formers (usually available for a couple of kVA) [18], [19].
At high frequency, the transformer core material should be
soft magnetic material: ferrite, amorphous alloy or nanocrys-
talline. The first one has low saturation flux and the others
can be too expensive for some commercial applications [19].
Additionally, the parasitic inductances and capacitances
acquire more relevance at high frequency, affecting the per-
formance, efficiency, and operation of the transformer. Thus,
for high power applications such as fast EV chargers or string
PV converters, multi-phase (parallel connected) LLC config-
urations are required, as shown in Figure 1. In the multi-phase
configuration, each LLC resonant converter is manufactured
to ideally provide an identical resonant frequency. However,
a mismatch on electrical parameters among the different units
is unavoidable, leading to a slightly different resonant fre-
quency on LLC resonant converter. These small differences
in resonance frequencies can cause serious problems, intro-
ducing high circulating currents and unbalancing the current
distribution among the parallel-connected LLC resonant con-
verters. Different solutions have been presented to balance
the output currents and reduce circulating current, known as
current sharing methods, which can be categorized into three
main methods: a) passive current sharing; b) active current
sharing and c) closed-loop control sharing method.

Passive current sharing methods equalize the impedance
of all resonant tanks using passive elements. In [16] variable
inductors are used to match the tank impedances among the

resonant converters. Other methods interconnect the resonant
tanks or transformers to change and match the equivalent
impedance of each resonant converter [16], [20]–[22]. Addi-
tionally, it is possible to add a magnetic coupling to transfer
energy between tanks, maintaining the same current ampli-
tude for all tanks and a balanced operation [7], [23], [24].
However, these methods are complex, costly and bulky, have
slow dynamic performance and do not maintain an even
power distribution among all the units for the entire operating
range.

Active current sharing methods compensate the mis-
match of electrical parameters in the resonant tanks by
adding extra power semiconductors devices and passive
elements [25], [26]. Thus, the additional semiconductors
devices regulate the current which flows through pas-
sive elements until the current reaches the resonance
frequency [25], [26]. Although these methods are effective,
they increase power losses due to the hard switching of
the additional semiconductor devices and reduce the power
density of the overall converter by incorporating addi-
tional passive elements, increasing the cost and reducing the
reliability [26].

Closed-loop control schemes have been proposed as an
effective alternative to achieve current sharing in multi-phase
LLC resonant converters. These methods use modulation
strategies to control each primary side inverter indepen-
dently and balance the output currents. The closed-loop
control schemes govern the output current of each LLC
converter to reduce the difference between them, provid-
ing balanced currents at a steady-state performance. These
control schemes can be classified into centralized-loop con-
trol and master-slave control strategy. The centralized-loop
controls use the output currents of other LLC converters to
balance the currents through PFM or interleave modulation
with phase-shift in each half-bridge. However, this control
scheme introduces a permanent error in the current sharing
due to the response time of other converters [27]–[31]. On
the other hand, the master-slave strategy has been proposed
to interleave the LLC converters and tracking the master-unit
frequency, improving the steady-state error of current shar-
ing, but the control reliability is reduced due to complete
dependence on the master control and the communication
bus [15], [32]–[34]. Both control schemes use master or cen-
tralized controllers, which reduce themodularity and increase
the complexity due to their coupled behavior, resulting in
complicated tuning processes every time a parallel converter
is added [8]. Modular control for multi-phase LLC resonant
converter should be easier to scale up without requiring
complex retuning processes and keeping a low steady-state
balance error.

This paper presents a current sharing method using inde-
pendent current loops for each LLC converter, which shows
a suitable dynamic transition under variation of the reference
current and the ability to compensate load disturbances. The
proposed solution stands out for its simplicity, and as far as
the authors know, it has not been addressed in other works,
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since there are other papers that use frequency control in
LLC converters, but none of them perform it independently
or analyze the circulating currents under independent modu-
lations [15], [29]–[34].

Each control loop consists of a linear current regulator
that manipulates the converter frequency around the resonant
frequency through a pulse-frequency modulator (PFM). The
gains of linear regulators are tuned with the ideal-parameters
of the nominal LLCfilter, so the gains have the same value for
all regulators, keeping the modularity and the current sharing
despite the mismatch of the parameter. Unlike reported meth-
ods, the proposed decoupled control scheme reduces circu-
lating currents and provides a balanced current distribution
among all parallel-connected LLC resonant converters with
a simple and decoupled tuning of each controller. Therefore,
the proposed control method can be directly extended to any
number of parallel-connected units.

The rest of this paper is structured into five sections.
Section II presents the operation of the LLC resonant con-
verter and a circulating current analysis for different mod-
ulation techniques. Section III shows the proposed control
scheme for the multi-phase LLC resonant converter. Finally,
section IV and V show the experimental results and conclu-
sions accordingly.

II. OPERATION OF MULTI-PHASE LLC
RESONANT CONVERTER
This section first presents a model of the LLC converter
and then analyzes the circulating current according to three
modulation techniques, excluding the control.

A. MODELING OF LLC RESONANT CONVERTER
From Figure 1, the resonant frequency (frk ) and bandwidth
for the k th LLC resonant converter is determined by the
transformer resonant capacitor (Crk ), the resonant inductor
(Lrk ) and the magnetizing inductance (Lmk ) integrated in the
transformer. Each full-bridge generates a square-waveform
voltagewith a switching frequency fsk , supplying the resonant
tank and generating a resonant current that feeds the trans-
former.

Considering the k th LLC resonant converter, the impedance
of its resonant tank can be analyzed by its equivalent circuit
and it is linked to the voltage gain model as presented in
(1) [35]. This model shows critical operation points in terms
of the normalized frequency (fnk ) and describes different
operation regions where the LLC converter keeps the soft-
switching.

Vo
Vin
=

f 2nk (mk − 1)√
(mk · f 2nk − 1)2 + f 2nk · Q

2
k (f

2
nk − 1)2(mk − 1)2

(1)

The equivalent load (Rok ) is defined as:

Rok =
8
π2

Vo
Io
=

8
π2 n

2
kRL (2)

where nk is the transformer ratio,mk = (Lrk+Lmk )/Lrk is the
inductance ratio, Qk = 1/Rok

√
Lrk/Crk is the quality factor,

fnk = fsk/frk is the normalized frequency, and the resonant
frequency is expressed as:

frk =
1

2π
√
LrkCrk

(3)

The voltage-gain model in (1) associates the losses of the
tank with the load (RL). The tank losses are bounded by the
minimum and maximum normalized frequency, which are
illustrated in Figure 2. Theminimum frequency is determined
by the impedance tank [35], and the maximum frequency is
defined by the impedance tank and the dead time [36].

FIGURE 2. Voltage-gain model for LLC resonant converter under different
load conditions, RL1 < RL2 < RL3.

An external voltage control-loop was not considered in this
paper due to it depends on the application, and even more,
some of them use only current controllers, such as the fast
battery charger in CC mode, or a photovoltaic converter with
an MPPT based on current reference. Therefore, a relation
between the output current (ik ) and the switching frequency
(fsk ) of the k th converter can be obtained from Appendix B
as:

Gifk (s) =
ik (s)
fsk (s)

=
kfk (sCok + 1

RL
)

s2 LeqkCok
n2k
+ s Leqk

n2kRL
+ 1

(4)

kfk = −
8
nkπ

Lmk
Lrk

1
frk
Vin (5)

Leqk ≈
π2

4
Lrk (6)

The gain kfk comes from the maximization of the
voltage-gain model (1), respect to the resonance frequency
after partial derivation. The Leqk is defined as the equivalent
impedance of the tank at the resonant frequency. The ik of the
transfer function (4) is affected by Cok , Leqk and nk , which
were used in the experiments (section IV) with variations of
±0.5%,±5% and±10%, respectively. Cok , Leqk and nk have
a linear correlation of 0.2, −0.39 and 0.43 with the ik at the
resonant frequency (frk ). Therefore, nk has more impact to ik
thanCok and Leq has a negative correlation, whichmeans Leqk
influences in lower proportion the ik .
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Figure 2 shows the operational region of the LLC converter
for different loads. The best operation point for the efficiency
near the resonant frequency at theOpoint , where the converter
has no dependency of the load (RL) and achieves ZVS on
the primary side and ZCS on the secondary side. However,
changes in RL imply variations in the voltage gain and the
dynamic. Therefore, the normalized frequency fnk must be
controlled under a bandwidth according to the application.
As an example, the LLC converter can be applied as a fast
battery charger, following a constant current (CC) profile,
which requires control of fnk due to the variation of Qk , as is
detailed in [37] as follows: i) at the beginning, the battery
is totally discharged and the LLC converters will start at
its maximum operational frequency fmax ; ii) then, the fre-
quency will go gradually down to keep a constant current
while the battery voltage increases; iii) finally, the battery
reaches its maximum voltage and the fast charging finishes
at its minimum operational frequency fmin. All the previous
processes are made at constant current (CC), following the
output current reference i∗o from the Battery Management
System (BMS).

The multi-phase LLC converter has imbalances and circu-
lating current, which increases the stress and power losses in
the converter. Additionally, the circulating current is highly
sensitive to the modulation applied. For this reason, the phase
and frequency of the modulation must be analyzed.

FIGURE 3. Control scheme of multi-current control loop for multi-phase
LLC resonant converter.

B. CIRCULATING CURRENTS OF MULTI-PHASE
LLC CONVERTER
The circulating current (iz) is generated by the difference
between the output currents of each LLC resonant converter
and circulates among the output capacitors and rectifiers
(Figure 3). On the other hand, the output current (io) is the
sum of each output current and goes directly to the load.

Considering two parallel-connected converters for simplicity,
io and iz can be expressed as:

io = i1 + i2 (7)

iz = i1 − i2 (8)

The circulating current is highly sensitive to the resonant
impedance tank and the modulation implemented. Thereby,
anymismatch onmagnitude, frequency or phase on the output
currents will lead to circulating currents. The dc compo-
nent of the circulating current (iz) depends on the resonant
tank mismatch, and the ac component (̃iz) is related to the
modulation implemented. The dc component of circulating
current is eliminated by the closed-loop control to balance
the output currents, which is proposed in the next section and
it is not part of the modulation analyses presented in this
section. Therefore, this section focuses on the modulation
impact, so only the ac component will be analyzed. Then,
the fundamental ac component of the output of each converter
(ĩk

1 ) can be written as:

ĩ1
1
= I1 · sin(2ω1t + φ1) (9)

ĩ2
1
= I2 · sin(2ω2t + φ2) (10)

Each converter can generate an ac component of the output
current with different frequency, magnitude and phase, which
depends mainly on the modulation technique implemented.
Due to the rectification process, the fundamental frequency
on each output current is twice the frequency of the resonant
tank current. The higher even harmonics can be neglected due
to their low amplitude and the filtering action of the output
capacitor. Three different modulation techniques are ana-
lyzed to study the ac circulating currents phenomena: 1) twin
modulation; 2) interleavemodulation; and 3) pulse-frequency
modulation (PFM).

1) TWIN MODULATION
This modulation operates each LLC resonant converters with
an identical square-waveform, at the same frequency (ω1 =

ω2) and phase (φ1 = φ2). However, the current ampli-
tudes I1 and I2 can be different due to resonant parameters
mismatch. Therefore, the ac component of the output and
circulating current are:

io =

ĩo︷ ︸︸ ︷
(I1 + I2) · sin(2ω1t + φ1)+

io︷ ︸︸ ︷
(I1 + I2) (11)

iz = (I1 − I2) · sin(2ω1t + φ1)︸ ︷︷ ︸
ĩz

+ (I1 − I2)︸ ︷︷ ︸
iz

(12)

Thus, the resonant tank mismatch between the LLC con-
verters not only affects the average value of the circulating
current, but it is also proportional to its ac component. On the
other hand, the ac component of the output current is indepen-
dent of the current sharing (or current difference) and cannot
be reduced.

2) INTERLEAVE MODULATION
This modulation operates the LLC converters with
square-waves at the same frequency (ω2 = ω1) but shifted
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in π/k , generating in this case φ2 = φ1+π due to the rectifier
doubles the frequency. Then, the ac component of the output
and circulating current are:

ĩo = (I1 − I2) · sin(2ω1t + φ1) (13)

ĩz = (I1 + I2) · sin(2ω1t + φ1) (14)

Therefore, the interleave modulation behaves inversely to
the twin modulation, because the resonant tank mismatch
affects the output current ripple, which is eliminated only if
I1 = I2. And the ac component of the circulating current is
independent of the current sharing and cannot be reduced.

3) PULSE-FREQUENCY MODULATION (PFM)
This modulation operates each LLC resonant converter with
square-wave at a different frequency and no relation is given
for φ1 and φ2. Thus, circulating and output current are:

ĩo = I1 sin(2ω1t + φ1)+ I2 sin(2ω2t + φ2) (15)

ĩz = I1 sin(2ω1t + φ1)− I2 sin(2ω2t + φ2) (16)

These ac currents cannot be easily analyzed as in the
previousmodulations. However, assuming the current sharing
is achieved by some method (passive, active or closed-loop
control), then the dc circulating current would be zero (iz = 0)
and I = I1 = I2. Therefore, the circulating and output
currents could be expressed as:

ĩo = 2I · sin
(
(ω1 + ω2)t +

φ1 + φ2

2

)
· cos

(
1ωt +

1φ

2

)
(17)

ĩz = 2I · sin
(
1ωt +

1φ

2

)
· cos

(
(ω1 + ω2)t +

φ1 + φ2

2

)
(18)

The ac component of the circulating and output currents
can not be eliminated, even when I1 = I2. However, the ac
components of both current is a trade-off between the twin
and interleave modulations, obtaining a lower effective value
of ĩo than twin modulation and a lower average ĩz than the
interleave modulation. The circulating current waveform is a
high-frequency signal at ω1+ω2, with amplitude modulation
at a lower frequency at1ω = ω1−ω2. The figure 6 is clearly
seen the waveform of the equation (17) and (18).

III. PROPOSED MULTI-CURRENT CONTROL LOOP FOR
MULTI-PHASE LLC RESONANT CONVERTER
A multi-current PI control loop, formed by one independent
linear controller for each LLC converter, is proposed and
shown in Figure 3. Each PI controller regulates the DC
component of the output current for each LLC converter.
The current loops are set with an identical set-point current
(is = i∗o/k), where i

∗
o comes from the high-level control

of the application, such as from the BMS in a fast battery
charging application. This forces each DC/DC converter to
deliver an equally distributed portion of io, supplying an equal
distribution of power.

Each PI controller Ci(s) regulates an independent switch-
ing frequency (fsk ) for each LLC converter. Thereby, Ci(s)
delivers a shifting value 1fsk to actively adapt the individ-
ual frequency around the nominal resonant frequency frk ,
achieving accurate current sharing. The second-order transfer
functionGifk (4) relates the controlled output current with the
actuation variable fsk . This transfer function is used to design
each PI controller Ci(s) of Figure 3.

FIGURE 4. Root locus of current loop and nominal LLC resonant
converter. ωk = 1.07Mrad/s, ζk = 0.502 & Mp = 16.1%.

TABLE 1. Experimental parameters of multi-phase LLC resonant
converter.

Figure 4 shows the root locus diagram of the system com-
posed of the controller Ci(s) and the system plant Gifk , where
ideal parameters of the LLC resonant filter of Table 1 were
used. Thus, the required natural frequency ωk and damping
coefficient ζk can be achieved by selecting the gains for each
PI controller Ci(s). In a real implementation, this procedure
can be implemented independently for each of the k th con-
trollers of Figure 3, using different parameters for each LLC
resonant filter. An analytical expression for each zero and
pole of the root-locus plot can be found in Appendix C.

Nonetheless, for simplicity only ideal values of the LLC
resonant filter can be considered to design a single PI con-
troller and implement it in each independent control loop.
This approach avoids the complex individual tuning pro-
cess of each controller, improving modularity, flexibility, and
power scalability, compared to existing solutions. Besides,
considering that a proper design of passive components
ensures small mismatches, only a negligible difference on
transient response is compromised, without affecting the
steady-state performance. In the case of experimental param-
eters of multi-phase LLC resonant converter, the difference
in overshoot was 7.28%, the damping factor was 0.129, and
the natural frequency was 33 krad/s.
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FIGURE 5. Multi-phase LLC converter prototype.

The PI controllers can work satisfactorily in a wide range
of frequencies (30-230 kHz). However, the operational band-
width in a real application would be much narrower due
to the converter is designed to operate near the resonance
frequency [37]. Following the example of the fast battery
charger in section II, the proposed converter would work
between 44-69 kHz during fast charging, assuming the bat-
tery varies between 380-500 V throughout the time of the
CC range mode. The operation of the proposed control was
evaluated in the following section for a wide frequency range,
experimentally and in simulations.

IV. EXPERIMENTAL ASSESSMENT
To validate the proposed multi-current control loop for
multi-phase LLC converters, and to support the output
and circulating current analysis presented in section II,
an experimental setup with two LLC resonant converters
was implemented using two resonant tanks designed with
±5% mismatch on its parameters. The experimental setup
was operated under the three different modulation techniques
presented in section II (twin, interleave and PFM) to obtain
experimental results that support previous analysis.

A. EXPERIMENTAL SETUP
Figure 5 shows the implemented experimental setup. It is
composed of two LLC resonant converters connected in par-
allel. To mismatch the impedances, the resonant inductor,
and transformer were first theoretically designed according
to Appendix A. Theoretical design and practical implemen-
tation performed an accuracy of 98%. Capacitors, Cr1 and
Cr2 preserve manufacture value (B32672L). Table 1 presents
the values of all parameters used in the LLC converters.

The controlled inverter is composed of the SiC inverter
module (CCS020M12CM2) triggered by the gate diver
boards (CGD15FB45P1). The control and modulation of
each LLC converter were implemented in the OPAL-RT

platform OP4510. The secondary rectifier was composed of
full-bridges fast diodes (VBE55-12N07), output capacitors
(Z97F5339) and a RL of 1.4�.

B. EXPERIMENTAL RESULTS
The experimental results of Figure 6 show the proposed con-
troller with its pulse-frequency modulation (PFM) in com-
parison with the twin and interleave modulations described
in section II. The left column of Figure 6 shows the currents
under twin modulation, where both LLC converters have
identical square-waves at 59 kHz. The central column of
Figure 6 exhibits the currents under interleave modulation,
where the square-waves also operate at 59 kHz but with a
phase shift of π/2. Finally, the right column of Figure 6
presents the currents of the proposed multi-current loop with
pulse-frequency modulation. As was analyzed in section II,
the twin modulation has the lowest peak-to-peak circulating
current ĩz and it is proportional to the output current difference
(I1 − I2). While the interleave modulation has the highest
circulating current ripple ĩz, independently of the current mis-
match. However, interleave modulation has the lowest output
current ripple ĩo because ripple cancellation is proportional
to I1 − I2.
The proposed control with PFM achieves current sharing

(īz = 0) as well as supplies the same output current as other
modulations. Therefore, the circulating current is composed
only by the ac component (iz = ĩz). This current has a
high-frequency component equal to the sum of the LLC
converter working frequencies ω1+ω2, and a low-frequency
component equal to ω1−ω2, as presented in (18). The ripple
of the output current (ĩo) is similar to the twin modulation,
but the peak current in the rectifiers irec is very low and
evenly distributed between both LLC converters. Therefore,
the PFM reduces the stress on power devices and distributes
the power losses evenly thanks to the multi-current control
loop. It is important to notice that to achieve this, each PI
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FIGURE 6. Experimental results of twin modulation. a) The rectified currents of first i1rec and second i2rec LCC converter. b) The output currents of
first i1 and second i2 LLC converter. c) The circulating current iz . d) The output current io of the multi-phase LLC resonant converter. Experimental
results of interleave modulation. e) The rectified currents of first i1rec and second i2rec LCC converter. f) The output currents of first i1 and second i2
LLC converter. g) The circulating current iz . h) The output current io of the multi-phase LLC resonant converter. Experimental results of PFM. i) The
rectified currents of first i1rec and second i2rec LCC converter. j) The output currents of first i1 and second i2 LLC converter. k) The circulating current
iz . l) The output current io of the multi-phase LLC resonant converter.

FIGURE 7. Resonant tank currents of the multi-phase LLC resonant
converters in steady state. a) Simulation results at is = 3 A. b)
Experimental results at is = 3 A. c) Simulation results at is = 6 A. d)
Experimental results at is = 6 A.

controller adapts independently the frequency of each reso-
nant converter. In this case frequencies are fs1 = 62.5 kHz
and fs2 = 55.5 kHz.
Figure 7 illustrates the experimental and simulated currents

in both resonant tanks. Despite the proposed multi-current

FIGURE 8. Experimental results of multi-phase LLC converters in a
dynamic state. a) Step-down from 4 A to 2 A. b) Zoom response of graph
(a). c) Step-up from 3 A to 4 A. d) Zoom response of graph (c). e) 50% of
load disturbance.

scheme does not have a feed-back in the currents tanks,
it balances the tanks currents as well as the output currents.
The wave-forms of current tanks resemble as PSM because
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FIGURE 9. Experimental setup and thermal imagen of SiC inverter, resonant inductor, bridge diode and capacitors at steady state.

of angle-displacement currents, which is an effect caused by
changing the working frequencies independently. It can be
seen that both frequencies differ more at low output currents.
Figure 7 (b) and Figure 7 (d) present a delay of 1µs and
0.3 µs, respectively. The big delay is done by boost mode
while another is a consequence of the dead time of the gate
driver board.

Figure 8 shows the dynamic performance of the proposed
multi-current loop controller. Figure 8 (a)-(b) presents the
output currents of both LLC converters under a step-down
change on the current reference. The control moves the
switching frequency around the resonant frequency to control
the output current and to achieve current sharing. The control
scheme achieves the current sharing also during the tran-
sient, showing dynamic stability. In the case of step-down,
the response of the LLC converter has a negative transition
with overshot and it is stabilized in 250 µs (Figure 8) (b).
On the other hand, the caseµs of step-up shows a positive
transition and also is stabilized at 250 µs (Figure 8) (d).
Finally, Figure 8 (e) shows the control action when there
is a 50% step-change in the load, reaching the steady-state
in 200 µs approximately. These results support and evidence
that multi-current control loops keep the balance of io in the
multi-phase LLC resonant converter.

C. EFFICIENCY ANALYSIS
The efficiency was obtained through PLECS software using
the experimental parameters of Table 1, the MOSFET model
(CCS020M12CM2) and the passive component parameters
from the manufacturers. The following power losses were
taken into account: (i) Esw: MOSFET turn-on and turn-off
switching losses, (ii) Econ: MOSFET conduction losses;
(iii) Dloss: diode reverse recovery losses; and (v) LCloss:
passive component losses (resonant capacitor, inductor and
transformer). Figure 9 illustrates the experimental setup

together with its thermal images, which are related to the
power losses of the full-bridge and the tank, including the
inductor and transformer.

FIGURE 10. Efficiency curve of the multi-phase LLC converter using
experimental setup ratings.

Figure 10 illustrates the efficiency curve operating the LLC
converter at the experimental setup rating (Vin = 60 V). The
switching power losses Esw are low due to both converters are
around their resonant frequencies, but in this case the losses
are even lower than expected due to the low input voltage.
The conduction losses Econ increases with the output power
due to it is proportional to the output current. The efficiency
increases with the output power, reaching the maximum effi-
ciency at 160W per LLC converter, where they are switching
at fs1 = 58.3 kHz and fs2 = 57.9 kHz. On the other hand,
the minimum efficiency is obtained at 2W per LLC converter
since LLC converters are switching at fs1 = 104.5 kHz and
fs2 = 88.7 kHz. The LLC converter operates far above their
resonant frequencies when it works at very low power, raising
the switching losses.
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FIGURE 11. Efficiency curve of the multi-phase LLC converter using
nominal ratings of SiC inverter module.

Figure 11 illustrates the efficiency curve operating the LLC
converter at its nominal rating (Vin = 1200 V). The maximum
efficiency is reached at 13.6 kWper LLC converter, switching
at fs1 = 57.6 kHz and fs2 = 61.8 kHz. Both converters
are near their resonance frequencies, reducing the switching
losses but increasing the conduction losses Econ and the
tank losses LCloss. The minimum efficiency is obtained at
800 W per LLC converter, switching at fs1 = 227.5 kHz
and fs2 = 179.7 kHz. The converters are far above their
resonance frequencies, which highly increases the switching
losses. However, the LLC converter was designed to operate
at higher power ratings.

D. CURRENT SHARING ANALYSIS
The imbalance current at load in multi-phase LLC resonant
converter is analyzed with the current sharing error (σL) [16],
[20], [38], which is the difference between the output currents
normalized:

σL =

∣∣∣∣ I1 − I2I1 + I2

∣∣∣∣ (19)

Figure 12 shows the current sharing error for the entire
power range, presenting a higher error when the LLC convert-

FIGURE 12. The unbalance current of the multi-phase LLC resonant
converter with the multi-current control loop.

ers have more current ripples. For instance, at 288W the LLC
converters have 2 A of current ripples and work at 59.8 kHz
and 58.8 kHz. Anyway, the proposed multi-current control
loop shows its capability of keeping the current sharing error
in a value lower than 0.0005%.

TABLE 2. Comparison between control loop proposed in [15] and the
multi-current control loop proposed in this work.

Table 2 shows a comparison between the proposed con-
trol and the control loop proposed in [15]. To carry out
this comparison, the same parameters and operating points
described in the reference were used, using four parallel
converters in simulation. Both controls have very low current
sharing error and the proposed control-loop presents even
lower error at high power due to it was designed for nominal
rating.

V. CONCLUSION
This paper proposed a simple decoupled control scheme for
multi-phase LLC resonant converters using independent PI
controllers to share the output currents evenly and to elimi-
nate the circuiting current. The control scheme of each LLC
converter uses the same output current reference, has iden-
tical PI controllers and implements pulse-frequency modula-
tion (PFM) to obtain current sharing and eliminate circulating
current, providing very low steady-state error and satisfactory
transient performance, even under severe mismatch of the
resonant tank parameters as well as disturbances on the load.

The proposed control scheme ensures the elimination of
the dc component of the circulating currents, which is respon-
sible for most of the avoidable power losses. Besides, it was
demonstrated that under resonant tank mismatch, due to the
nature of the converter, it is not possible to eliminate the ac
and dc components of the circulating currents simultaneously,
independently of the modulation used. However, an exten-
sive analysis was presented for a better understanding of the
modulation impact in the circulating current, which could
be useful for future works such as the implementation of
non-linear controllers.

Analytical and experimental assessments confirmed that
the ripple of the output current cannot be eliminated under
resonant tankmismatch, even by using interleavemodulation.
However, the proposed control scheme provides a reason-
able trade-off between interleave and twin modulation. The
multi-current control loop stands out by its high modular-
ity, which is given by the non-dependence between control
loops, the absence of cross measurements between converters
and the same controller tuning for each regulator. Therefore,
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the proposed multi-current control loop allows the use of
multi-phase LLC resonant converters for high-current appli-
cations, such as fast chargers for electric vehicles, operating
each unit with a simple PI controller and working close to
the resonance frequency (fs) to achieve soft switching in
steady-state operation.

APPENDIX A
DESIGN OF THE GAPPED INDUCTOR
AND THE TRANSFORMER
The first step in the design of the high-frequency inductors
and transformers was the selection of material and type of
cores. The SIFERRIT material N97 from TDK manufacturer
was selected due to its suitable bandwidth for LLC tanks
(Table 1). The PQ 50/50 core was chosen to reduce the trans-
former leakage inductance and get a uniform cross-sectional
area at low volume. The inductors and primary side of trans-
formers share the same current (Imax = 8A), so they use the
same Litz wire, while the secondary side of the transformers
uses a thicker wire because of the transformer ratio 2:1. The
maximum inductance for the inductors and transformers is
obtained by the air-gap length to change the core permeability
and causing that the inductance value will have lower sensi-
tivity to temperature, voltage, and frequency.

The minimum number of turns of the resonant inductors
(Nmin) and transformers (N prim

min ) are:

Nmin =
Lr · Imax
Bmax · Ae

(20)

N prim
min =

Vin
4 · Ae · Bmax · f

(21)

where Imax is the maximum current and Ae is the effective
area. The maximum magnetic flux density Bmax = 290mT
is obtained from the material hysteresis curve on its linear
range at the temperature of 100 ◦C. Then Nmin and N

prim
min are

approximated to an integer number:

N =

{
dNmine + 1 for inductor

dN prim
min e + 1 for transformer

(22)

The air-gap g and the inductance factor AL are used in the
resonant inductors and transformers, they are obtained as:

AL = L/N 2
; (23)

g =
4πAe
10AL

(24)

where L = Lr for the resonant inductor and L = Lm for the
magnetizing inductance of the transformer. The manufacturer
specifies that the AL unit is [mH/turn2] so L should use in
[mH]. Finally, the number of turns on the secondary side of
the transformer is:

Nsec = n · Nprim (25)

As a result of applying these equations, the parameters
were obtained for the transformer and inductor in the table 3.

TABLE 3. Transformer and inductor parameters.

APPENDIX B
TRANSFER FUNCTION OF THE OUTPUT CURRENT
To obtain the transfer function Gifk (s), a point of operation is
selected to linearize the system. The LLC resonant converter
can be described with its non-linearities as:

diLrk (t)

dt
=

1

Lrk
(Vin − vCrk (t))

−
nk
Lrk

sign(iLrk (t)− iLmk (t))Vo(t) (26)

dvck (t)

dt
=

1

Crk
iLrk (t) (27)

diLmk (t)

dt
=

nk
Lmk

Vo · sign(iLrk (t)− iLmk (t)) (28)

dVo(t)

dt
=

nk
Cok

∣∣iLrk (t)− iLmk (t)∣∣− Vo(t)
RL

(29)

The system is linearized in a state-spacemodel ẋ = Ax(t)+
Bu(t), where the eigenvalues are analyzed. Themore complex
operation point of the LLC resonant converter is at resonant
frequency due to the presence of a higher oscillation, over-
shoot and setting time [39]. Therefore, the LLC converter was
linearized at the resonant frequency, using the small-signal
model with average modeling, which results in the transfer
function:

Gvfk (s) =
Vo(s)
fsk (s)

=
kfk

s2
LeqkCok
n2k
+ s

Leqk
RLn2k
+ 1

(30)

The transfer functionGvfk (s) describes the relation between
the output voltage and switching frequency and Vo(s) =
ik (s)/(sCok + 1/RL) is placed into Gvfk (s) for obtaining Gifk
in (4).

APPENDIX C
ZEROS AND POLES OF THE MULTI-CURRENT
CONTROL LOOP
The zeros and poles of the whole system transfer function
G(s) are shown in Figure 4. To analyze the multi-current con-
trol loop Ci(s) and the transfer function Gifk (s), the following
equivalent transfer function is used:

G(s) =
Ci(s) · Gifk (s)

Ci(s) · Gifk (s)+ 1
(31)

G(s) =
κk (sCok + 1

RL
)(s+ Zb)(

s+ 1
RL
·

1
Cok+1

)(
Leqk
n2k
s2 + (κk + 1)s+ κkZb

)
(32)
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Za = −
1
RL
·

1
Cok

(33)

Pr = −
1
RL
·

1
Cok + 1

(34)

Pj = −
n2k

2Leqk
±

n2k
2Leqk

ξjk (35)

ξjk =

√
(κk + 1)2 − 4

(
Leqk
n2k

)
(κkZb) (36)

G(s) has two zeros on the real negative axis Za and Zb,
where Za is defined by output capacitor Cok and the load RL .
Next to Za is the Pr pole as shown in Figure 4. The zero Zb
is a degree of freedom to move the natural frequency (ωk ) of
G(s). The dominant poles Pj are conjugated and determined
mainly by kp = κk/kfk because it changes the discriminant
value (ξjk ), modifying the damping factor (ζk ) of G(s).
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