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Abstract—Three-phase LLC resonant converters can handle
much higher power compared to half-bridge and full-bridge LLC
converters, which makes them suitable for levels 2 and 3 battery
charger applications. In addition to the unique features of LLC
resonant converters, the three-phase structure provides higher
power capacity and higher power density at higher power levels
in comparison with single-phase structures. Although single-phase
LLC resonant converters were thoroughly investigated in the lit-
erature for many different applications, limited work has been
done on three-phase LLC converters. Unexplored problems with
three-phase LLC resonant converters include issues with their
limited gain range and also their poor light-load efficiency. In
this article, a modified three-phase LLC resonant converter with
a new phase-shedding strategy is proposed. With the proposed
modified topology and phase-shedding strategy, the wide gain range
needed for covering the recovery zone of charging Li-ion batteries
is realized. Moreover, with the proposed phase-shedding strategy,
a significant efficiency improvement with light-load absorption
charging is achieved. A 3-kW prototype was developed to validate
the performance of the proposed converter.

Index Terms—Battery charger, dead battery, extended gain
range, light-load, phase-shedding, recovery charging, three-phase
LLC.

I. INTRODUCTION

OVER the past decade, the use of battery-powered equip-
ment such as electric vehicle (EV), laptops, and cell-

phones has increased drastically. This has led to a significant
market increase in the batteries sector and greater interest in
improving the performance. Battery chargers are the power
processing stage between energy sources and batteries. In order
to be able to cope with newer technological requirements, higher
efficiency, higher power density, and enhanced reliability are ex-
pected from this type of power converter. The safety, durability,
and performance of batteries are highly dependent on how they
are charged and discharged [1].
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Due to the desirable features of LLC resonant converters,
including high efficiency and reliability, they are considered
an attractive power architecture option for battery charger ap-
plications and are studied thoroughly in the literature [2]–[5].
Half-bridge and full-bridge LLC resonant converters are studied
for low power to medium power applications (level 1 charging).
For medium to high power level chargers, the three-phase LLC
structure is an attractive option. Different three-phase resonant
converters have been presented in [6]–[11]. Compared to half-
bridge and full-bridge structures, three-phase LLC resonant con-
verters can provide higher efficiency at increased power levels,
automatic current sharing, lower output capacitor current ripple,
better thermal distribution, and smaller filter and heat sink size
(higher power density). Due to these features, three-phase LLC
resonant converters are suitable for high-power battery charger
applications (levels 2 and 3 chargers) [12].

Although there has been substantial research and develop-
ment on single-phase LLC resonant converters, the literature
investigating three-phase LLC structures has been limited and
emerging. Some important issues with three-phase LLC resonant
converters are as follows: 1) the natural limited gain range of
the LLC resonant converter structure, 2) poor light-load effi-
ciency of the converter and possible phase-shedding strategies.
Fig. 1 shows how these two issues limit the performance of the
converter in a battery charger application. As shown, there are
typically three main phases in charging a battery: recovery stage
(precharge), bulk charging (constant current), and absorption
(constant voltage). The recovery stage usually happens when
the battery is overused or has been stored for a long time. In
this situation, the battery is in the dead zone and needs to be
recovered before the bulk charging starts. This is also called the
precharge stage, and low voltage and low current are required
to recover the battery.

Due to the natural limited gain range of LLC converters, it
is a challenge to be able to provide the low voltage and low
current needed when designing the converter. For that reason,
the precharge stage is considered to be the most difficult stage in
a charging cycle [13]. The conventional method to overcome this
issue in LLC resonant converters is to employ burst mode opera-
tion to provide low output voltages at light-load conditions [14].
However, this approach is not desired due to complicated imple-
mentation, high electromagnetic interference, and the very high
low-frequency output current and voltage ripples introduced
to the battery terminals, which drastically affects the battery
life. Many different modifications on single-phase LLC resonant
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Fig. 1. Proposed modified three-phase LLC resonant converter. Compared to a conventional three-phase LLC converter, the modified topology has two more
small, low power rated diodes. The proposed modified converter provides two-phase and single-phase operations of the circuit. These provide light-load efficiency
improvement, and extended gain range for covering the dead zone charging of a battery, receptively.

converters have been investigated to achieve a wide-voltage gain
range of the converter [15]. These works include modifications
on resonant tanks [16]–[20], reconfiguring primary-side switch
network and modulations [21]–[23], integrated topologies [24],
[25], and configurations on the secondary-side rectifiers [26]–
[30]. Other works, such as adopting a variable dc-link voltage
[31], reconfigurable dual LLC converter [32], and adopting two-
level turns-ratio transformer [33], have also been presented to
achieve extended gain range charger with single-phase and dual
LLC resonant converters. Although many different solutions are
investigated for extending the gain range of single-phase and
dual LLC resonant converters, no work has been presented on
three-phase LLC resonant converters.

As mentioned above, the other issue with three-phase LLC
resonant converters is their poor light-load efficiency. Compared
to single-phase structures, three-phase LLC resonant converters
provide higher efficiency at heavy load conditions by sharing
the load through the phases and reducing the current peak
values leading to conduction losses reduction. In the lighter load
conditions, the switching and circulating power losses become
dominant and that results in a poor light-load efficiency for
three-phase structures due to the high number of semiconductor
devices [34]. In the absorption stage (constant voltage stage), the
battery terminal voltage is kept constant and the charge current
starts decreasing to very light-load conditions. As the charging
current decreases and the converter goes to lighter load condi-
tions, the three-phase structure will not be efficiently charging
anymore. The light-load absorption stage happens during much
longer time compare to the other charging stages. This makes
it even more important to improve the light-load efficiency of
the converter, and the power saving over time will be significant.
Modular and interleaved structure of three-phase LLC converters

makes it more challenging to employ phase-shedding strategies
with the aim of light-load efficiency improvement.

In this article, a modified three-phase LLC resonant con-
verter with a new phase-shedding technique is proposed to
address the regulation and light-load performance issues of the
converter. These are achieved by proposing single-phase and
two-phase operations of the converter, respectively. Compared
to the conventional three-phase LLC resonant converter, the
proposed topology has two additional small, low power rated
diodes, as shown in Fig. 1. The proposed technique delivers
the whole package of features needed by a three-phase LLC
resonant converter in a high-power battery charger application.
In Section II, the proposed modified three-phase LLC reso-
nant converter and phase-shedding strategy are discussed, and
Section III discusses the design procedure and requirements.
In Section IV, simulation and experimental results of a 3-kW
three-phase LLC resonant converter are provided to show the
validity of the proposed analysis.

II. PROPOSED PHASE-SHEDDING STRATEGY

The proposed modified three-phase LLC resonant converter to
achieve extended gain range and improved light-load operation
is shown in Fig. 1. As mentioned in the previous section, in
the modified converter two small low power rated diodes are
added to the secondary side of the conventional three-phase LLC
resonant converter. The proposed converter has three operating
modes: three-phase mode [see Fig. 2(a)], two-phase operating
mode [see Fig. 2(b)], and single-phase mode [see Fig. 2(c)]. As
explained in Fig. 2, with single-phase operation the recovery
zone of charging is covered, three-phase mode is used for the
bulk charging period, and two-phase operation is for covering the



ARSHADI et al.: THREE-PHASE LLC BATTERY CHARGER: WIDE REGULATION AND IMPROVED LIGHT-LOAD OPERATION 1521

Fig. 2. Proposed phase-shedding strategy. (a) Three-phase operation to cover bulk charging and high power absorption charging. (b) Two-phase operation to
cover light-load absorption charging. (c) Single-phase operation to cover the recovering stage, where the battery is fully depleted and low voltage and low current
are required for safe charging. (d) Conceptual charging profile of typical Li-ion batteries.

Fig. 3. Equivalent resonant tank circuit of three-phase operation. (a) Resonant
tank circuit in operation. (b) Equivalent circuit.

absorption. With these three operating modes, all the charging
stages are efficiently covered, as shown in Fig. 2(d). In this
section, the three operating modes are analyzed and explained.

A. Operating Modes

The three operating modes of the proposed modified converter
are shown in Fig. 2(a)–(c). Using first harmonic approximation
and standard analysis principles for resonant converters, the
equivalent circuits of the three operating modes of the converter
can be derived as in Figs. 3–5.

1) Three-Phase Operation: The three-phase operation hap-
pens when the three switching legs are operating phase shifted
by 120◦. In this situation, the converter operates as a normal

Fig. 4. Equivalent resonant tank circuit of two-phase operation. (a) Resonant
tank circuit in operation. (b) Equivalent circuit.

Fig. 5. Equivalent resonant tank circuit of single-phase operation. (a) Resonant
tank circuit in operation. (b) Equivalent circuit.
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three-phase LLC resonant converter, as shown in Fig. 2(a). In this
mode, the two added diodes (D7 and D8) are OFF. Three-phase
operation of the LLC resonant converter is highly desirable for
higher power levels. This is because of the unique features
provided by three-phase operation in comparison with con-
ventional half-bridge and full-bridge structures. These features
are: interleaved operation, significantly reduced output capacitor
current ripple, reduced output filter size, more distributed losses,
smaller peak current and temperature values, and lower conduc-
tion losses at higher power levels and higher efficiency. Relying
on these features, the proposed phase-shedding technique uses
the three-phase operation of the circuit to cover the high power
charging stages of a charging cycle.

The gain of the converter in this mode is the same as the gain
of any conventional three-phase LLC resonant converter with
full-bridge three-phase rectifier. The equivalent circuit of the
converter in this mode is as shown in Fig. 3(b) and the gain of
the converter is as

M3P (h,Q, fn) =
VO

Vin

=
1

N
√

(1 + 1
h − 1

hf2
n
)2 +Q2

3P (fn − 1
fn

)2

(1)

where N is the transformer turns ratio, h is the inductor ratio,
fn is normalized frequency, and Q3P is the quality factor of the
three-phase circuit as follows:

N =
NP

NS
, h =

Lm

Lr
, fn =

fs
fr

, fr =
1

2π
√
Lr · Cr

Q3P =
Z3P

N2Req
, Z3P = ZO =

√
Lr

Cr
. (2)

Req is the equivalent load reflected to primary and is as shown
in Fig. 3(b) as

Req =
6

π2
·Ro3P ·N2 (3)

where Ro3P is the output load at three-phase operation.
2) Two-Phase Operation: Two-phase operation happens

when one of the phases is shut down and the other two phases are
operating complementary at 180◦ phase shift. In this case, the
converter behaves as a full-bridge LLC resonant converter. This
mode is shown in Fig. 2(b). This mode results in higher efficiency
at lighter load conditions compared to three-phase operation
mode. This is due to the fact that at lighter load conditions,
the switching losses and circulating power losses are dominant.
Hence, shedding one of the phases results in lower losses and
higher efficiency. The equivalent circuit of this mode is shown
in Fig. 4 and the gain of the converter is as follows:

M2P (h,Q, fn) =
VO

Vin

=
1

N
√

(1 + 1
h − 1

hf2
n
)2 +Q2

2P (fn − 1
fn

)2

(4)

where

Q2P =
Z2P

N2Req
, Req =

8

π2
·Ro2P ·N2, h =

Lm

Lr

fr =
1

2π
√
Lr · Cr

, Z2P = 2ZO = 2

√
Lr

Cr
. (5)

The two-phase operating mode is expected to cover a major part
of the absorption stage of charging. In that stage, the charger is
in constant voltage mode and the charger is supposed to provide
the maximum voltage (VT ) at the output. So, in the two-phase
operating mode, the voltage gain is supposed to cover an output
voltage fixed at VT at light-load conditions.

3) Single-Phase Operation: The single-phase operation hap-
pens when one of the switching legs is running and the other
two legs are OFF. In this situation, the current path is closed
through the ground connection of the transformer in the primary.
At the secondary side, diodes D7 and D8 form a full-bridge
rectifier along with diodes D1 and D2, as shown in Fig. 2(c).
The equivalent circuit of the converter in this mode is as shown
in Fig. 5 and the gain of the converter is as:

M1P (h,Q, fn) =
VO

Vin

=
1

2N
√
(1 + 1

h − 1
hf2

n
)2 +Q2

1P (fn − 1
fn

)2

(6)

where

Q1P =
Z1P

N2Req
, Req =

8

π2
·Ro1P ·N2, h =

Lm

Lr

fr =
1

2π
√
Lr · Cr

, Z1P = ZO =

√
Lr

Cr
. (7)

As can be seen in Fig. 5(a), in the single-phase operating mode,
the converter behaves as a half-bridge LLC resonant converter
and that is why the input voltage of the resonant tank in Fig. 5(b)
is half the voltage value in three-phase and two-phase operating
modes. Because of the half-bridge operation, the gain of the
converter in the single-phase mode is almost half the value of
that in the other two operating modes. This feature provides the
low voltage and low current needed for covering the dead zone
of battery charging.

B. Phase-Shedding Strategy

The intended outcomes of using a three-phase circuit are to
improve power distribution in the circuit and to achieve higher
power while maintaining efficiency. At high power levels, the
conduction losses dominate the total losses in the circuit. Con-
duction losses are proportional to the square value of the peak
current. Efficiency at high power levels is improved by reducing
the peak conducting current by sharing the current between the
three phases in the circuit. For these reasons, the three-phase
operation is desirable for bulk charging and some high power
charging portions of the absorption stage. With the three-phase
operation, the converter is expected to cover the output voltage
range from VPRE to VT at different loading conditions from
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Fig. 6. Conceptual flowchart of phase-shedding strategy in the proposed modified three-phase LLC resonant converter.

maximum current (ICHG) to IN (where the three-phase mode
will be switched to two-phase mode).

The problem within three-phase converters is that the ef-
ficiency drops at low power levels. That is due to the fact
that, at low power levels, the switching losses, gate driving
circuits losses, and circulating currents losses dominate the
total losses in the power stage. Efficiency improvement in low
power levels can be achieved through phase-shedding. Phase-
shedding for the three-phase resonant converter is achieved by
using two-phase operation, as discussed earlier. In this operation
mode, one of the phases is shut down and carries no load,
no circulating current, and no switching and driving losses.
That leads to improved efficiency at light-load conditions and
considerable power saving over time. As mentioned earlier,
in the two-phase operating mode, the converter must provide
the maximum output voltage (VT ) from IN to very light-load
conditions.

When the converter operates in the single-phase mode, the
gain of the converter is reduced to almost half the value compared
to the other two modes. With single-phase operation, the low
voltage and low current needed for the recovery mode can be
easily provided. Due to the low current in the recovery mode,
the two added diodes (D7 and D8) are small low rated diodes.
Moreover, since the recovery mode is supposed to happen at
one tenth of the nominal power, the single-phase operation can
easily take that power.

Considering the abovementioned features of the three-
operating modes, the phase-shedding strategy for battery charg-
ing is shown in Fig. 6. This flowchart shows how the phase-
shedding strategy works as it is defined in Fig. 2(d).

C. Power-Loss Analysis

The intended outcome of two-phase operation is achieving
higher efficiency at low-power absorption charging. The follow-
ing analysis is to mathematically prove the higher efficiency of
two-phase operation compared to three-phase operation at low
power levels.

Fig. 7. Subtraction of the total primary current and magnetizing current reflects
the power transferred to the load.

1) Conduction Losses: These part of losses are investigated
as primary losses and secondary losses.

a) Primary conduction losses: For the primary conduction
losses, the root mean square (rms) values of the primary currents
is needed. Fig. 7 conceptually shows how the primary current
and the magnetizing current look like. The peak value of the
magnetizing current in both three-phase mode and two-phase
mode are equal and can be determined as⎧⎪⎪⎨
⎪⎪⎩
ILm(Peak) =

NP
NS

×VO
2

2.Lm
× T

2 =
NP
NS

×VO
2

8.Lm.fsw

Ipr(t) =
√
2Irms sin(ω)

−→ Ipr(t0) =
√
2Irms sin(φ) = − NVO

8Lmfsw
.

(8)

As depicted in the figure, the difference between the primary
and magnetizing current is equal to the transferred current to the
secondary side. Therefore

2

T

∫ T
2

0

(ipr(t)− iLm(t))dt =
Isec(ave)

N
(9)

where Isec(ave) is the average current in the secondary side of
the transformers and is given as in the following equation, in the
different operating modes⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Two-Phase Operation

Isec(ave) = IO

Three-Phase Operation

Isec(ave) = 2IO/3.

(10)
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Fig. 8. Volt–second of the secondary side of the transformers in: (a) three-
phase mode, (b) two-phase mode.

Now, by solving (9), the rms values of the primary currents in
both operating modes can be found as⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

Two-Phase Operation

I2pr,3P (rms) = ( π2

8N2 )× I2O + N2

64×2×L2
m×f2 × V 2

O

Three-Phase Operation

I2pr,2P (rms) = 4
9 × ( π2

8N2 )× I2O + N2

64×2×L2
m×f2 × V 2

O.

(11)

As it can be seen in (11), there are two terms that determine
the total rms value of the primary currents. The first term is a
function of output current (IO), which determines the transferred
power. The other term is a function of output voltage, which
determines the circulating power generated by the magnetizing
inductor. Using these values, the total primary conduction losses
of both operating modes can be estimated as⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Two-Phase Operation

Pcond,pr : 2× I2pr,2P (rms)× (RDS,ON +RL +Rw)

Three-Phase Operation

Pcond,pr : 3× I2pr,3P (rms)× (RDS,ON +RL +Rw)

(12)

where RDS,ON, RL, and Rw are the parasitic resistances of the
MOSFETs, inductors, and transformer’s windings, respectively.
The ac resistance of the inductors and transformers can also be
integrated in the values of RL, and Rw. Fig. 9(a) conceptually
shows the trend of the primary conduction losses in both two-
phase and three-phase operating modes. As it can be seen, there
are lower primary conduction losses in two-phase operation at
light load conditions. However, by moving to heavy load the
losses in two-phase operation increases exponentially.

b) Secondary conduction losses: There are the following
two different losses associated with the secondary side conduc-
tion losses: 1) losses associated with the voltage drop of diodes,
and 2) losses associated with the internal resistance of diodes.

1) Losses associated with the voltage drop of diodes: To
estimate this loss, the average value of the current through diodes
needs to be taken into account. The average current through
diodes in both operating modes can be found as following:{

Two-Phase Operation : ID(ave) = IO/2

Three-Phase Operation : ID(ave) = IO/3.
(13)

The abovementioned values are derived based on the fact that
in the three-phase operation, the peak value of the diodes is
equal to IO × π/3. However, in two-phase operation, the peak
value of diodes is equal to IO × π/2. Using the values in the
abovementioned equation, the total loss can be estimated as

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Two-Phase Operation

Pcond,sec1 : ID(ave)× VD,ON × 4 = 2× IO × VD,ON

Three-PhaseOperation

Pcond,sec1 : ID(ave)× VD,ON × 6 = 1.9× IO × VD,ON.

(14)

Fig. 9(c) conceptually shows the trend of this loss in both
operating modes.

2) Losses associated with the parasitic resistances: For calcu-
lating this part of losses, the rms values of the currents through
diodes is required. These values can be calculated as

⎧⎨
⎩

Two-Phase Operation : ID(rms) = IO × π/4

Three-Phase Operation : ID(rms) = IO × π/6.
(15)

The total losses associated with this part in both operating modes
can be estimated as

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Two-Phase Operation

Pcond,sec2 : 4×RD × I2D,rms = 2.47×RD × I2O

Three-Phase Operation

Pcond,sec2 : 6×RD × I2D,rms = 1.65×RD × I2O.

(16)

In Fig. 9(b), the trend of these losses are depicted, conceptually.
By adding the values of (14) and (16), the total losses associated
with secondary conduction losses can be estimated. As it can be
seen, this loss increases exponentially with increasing the load.
Moreover, the losses in the two-phase circuit is always higher
than in the three-phase circuit. Although, this difference is not
considerable at low output currents, it becomes significant as the
converter moves to higher power levels.

2) Magnetic Losses: These losses are associated with the
inductors and transformer.

a) Transformers’ core Losses: The core losses of a mag-
netic component is calculated using the following equation:

Pcore = kfefsw(ΔB)βAC lm (17)

where kfe is a constant, and the typical values of β for ferrite
is around 2.6 or 2.7. ΔB is the maximum flux swing, AC is
the cross sectional area of the core, and lm is the length of the
magnetic path. Except for ΔB, other parameters in the equation
mentioned above are based on the core geometry and are equal
in both operating modes. The maximum flux swing in both
operating modes can be found using the volt–second relation
of the transformers. Fig. 8 shows the secondary voltage of the
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Fig. 9. Breakdown of the total estimated power loss over the output current range at constant output voltage. (a) Primary conduction losses (Pcond,pr).
(b) Secondary conduction losses (Pcond,sec2 ). (c) Diodes forward voltage drop losses (Pcond,sec1 ). (d) Transformers core losses (Pcore,Tr). (e) Inductors core
losses (Pcore,L). (f) Switching losses (Psw) (g) Total power loss.

TABLE I
DESIGN WORST CASE CONDITIONS

transformers in both operating modes. Therefore,

⎧⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎩

Two-Phase Operation

Bmax =
∫ T

2
0 vtrdt
2NsA

= VO

8fswANs

Three-Phase Operation

Bmax =
∫ T

2
0 vtrdt
2NsA

= VO

8fswANs
.

(18)

As can be seen in the abovementioned equation, transformers
in both operating modes experience the same flux variations.
This means the same value of loss per transformers in both
operating modes. However, the total transformer core loss for the
three-phase operation would be 3

2 times higher than two-phase
operation, as there are three transformers under operation in
three-phase circuit. This can be stated as

TotalPcore,Tr,3P =
3

2
TotalPcore,tr,2P . (19)

This losses is almost independent from loading conditions. In
Fig. 9(d), these losses are depicted, conceptually.

b) Inductors core losses: As mentioned above, the core
losses of magnetic components are calculated using (17). In an
inductor, the maximum flux swing is proportional to the peak
current of the inductor and is calculated as

Bmax =
LIL,peak

NA
(20)

The peak value of the current in the inductors is equal to the
peak current of the primary current and is as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
Two-Phase Operation

IL,Peak =
√
2× Ipr,2P (rms)

Three-Phase Operation

IL,Peak =
√
2× Ipr,3P (rms).

(21)

As expected, the primary current peak value is higher for
two-phase operation at heavier loads compared to three-phase
operation. Using the values in the abovementioned equations and
(17), the relationship between the total inductor core losses in
two-phase operation and three-phase operation can be estimated
as

TotalPcore,L,2P =
2

3
×
(
IL,Peak,2P

IL,Peak,3P

)β

× TotalPcore,L,3P .

(22)
Despite the transformers core losses, the total inductor core
losses have a different behavior. In the very light-load conditions,
the primary peak current values are equal for both operating
modes and that results in higher inductor loss for the three-phase
operation. However, as the load current increases, the peak
current value for the two-phase operation exponentially exceeds
the value in three-phase operation. This results in a higher total
inductor loss in two-phase operation at heavier load conditions.
Fig. 9(e) shows the conceptual trend of this loss.

3) Switching and Gate-Driver Losses: Since the LLC con-
verter provides zero-voltage-switching (ZVS) at turn-ON, there
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Fig. 10. Normalized gain curves of the different operating modes, where h = 3. (a) Three-phase operating mode. (b) Two-phase operating mode. (c) Single-phase
operating mode. The color shaded areas show the charging states are covered by different operating modes as explained in Fig. 2(d), and I, II, III, IV, and V are the
worst case design conditions as explained in Table I.

is negligible turn-ON losses. The remained sources of switch-
ing losses are associated with turn-OFF and gate-drive losses.
Turn-OFF happens at ILm(peak), which is equal at both oper-
ating modes and is as (8). Therefore, the switching loss can be
estimated as

Psw =
1

2
VinILmftdis =

1

2
Vin

NVO

8Lm
× tdis (23)

where tdis is the discharge time of the MOSFET parasitic capaci-
tance, and is calculated as

tdis =
2CeqVin

ILm
. (24)

As can be seen from the abovementioned equations, the turn-OFF

losses are independent from the load current. This is the same for
the gate-drive losses. Hence, the total switching losses are equal
to the calculated numbers times the number of active switches.
The relation between the total switching losses in both operating
modes can be stated as

TotalPsw,2P =
2

3
× TotalPsw,3P . (25)

Fig. 9(f) shows the relation between the switching losses of two-
phase and three-phase operating modes.

The total estimated power losses is derived by adding the
different calculated losses mentioned above. Fig. 9(g) shows
the total estimated losses within two-phase and three-phase
operating modes. Based on this, a higher efficiency is expected
in two-phase operation at light-load conditions.

III. DESIGN PROCEDURE

The goal of this section is to see how the three operating modes
of the proposed modified converter are able to cover the design
requirements of a battery charger application and to explain the
design procedure. Resonant tank design of resonant converters
is the most challenging part of the design. The first step for the
resonant tank design is looking into the characteristics of the
equivalent resonant tanks of the three operating modes. As can
be seen from (2), (5), and (7), the resonant frequencies of the
resonant circuits do not change for the three-phase, two-phase,
and single-phase operating modes of the converter. Moreover,

the ratio of the parallel inductor value to the series inductor value
(h) is equal for all the operating modes. These two parameters are
critical in designing LLC resonant converters and determining
the frequency and gain range of the converter. The gain of the
dc–ac inverter bridge, which basically determines the dc gain
of the converter at resonant frequency (fr), is unity for both the
three-phase and the two-phase operating modes. However, in
the single-phase operating mode, the dc–ac stage delivers half
the gain compared to the three-phase and two-phase operating
modes, as mentioned in the previous section. Comparing (2), (5),
and (7), there are slight differences in the values of the impedance
and the equivalent reflected load of the equivalent resonant cir-
cuits of the three operating modes. These two parameters define
the quality factors of the equivalent resonant tanks’ circuits and
have an impact on the gain curves of the converter.

So, the design of the converter needs to be optimized based
on the minimum and maximum values of the quality factor for
different operating modes. In order to do that, the worst case
scenarios that need to be considered in designing the converter
are defined as in Table I. These worst case conditions are defined
based on the maximum and minimum gains required in different
operating modes. As shown in Fig. 2(d), the three-phase operat-
ing mode needs to cover the output voltage from VPRE to VT at
heavy-loads to light-load conditions. Then, in the two-phase op-
erating mode, the output voltage will be fixed atVT for light-load
to no-load conditions. The case for the single-phase operating
mode is a bit different. In the single-phase operating mode, the
output voltage varies from VLPT to VPRE at a fixed low output
current (IPRE). Table I summarizes this information. In Fig. 10,
the normalized gain curves of the three operating modes are
depicted, based on the design shown in Table II. The gain curves
of the different operating modes correspond to the maximum and
minimum values of quality factors as explained in Table I.

The LLC resonant converter’s design has been studied in
details in the literature [2]–[5]. The design rule check flowchart
of the proposed modified converter is shown in Fig. 11. Based
on the fact that the two-phase and single-phase operations of
the converter happen at fairly light-load conditions with low
numbers for the quality factors, the gain requirements of those
operating modes would possibly be met if the converter was
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TABLE II
DESIGN PARAMETERS OF THE EXPERIMENTAL SETUP

properly designed for the three-phase operating mode. This can
be observed in the plots in Fig. 10. However, this also depends
on the design requirements, such as VPRE, VLPT, ICHG, and
IPRE. For that reason, the design needs to be verified for the
different operating modes. Based on that, the first step in the
design procedure of the proposed modified three-phase LLC
resonant converter is to design a basic three-phase LLC resonant
converter, as explained in [9] and [12]. Once the resonant tank
is preliminary designed, the design rule checking, as shown in
Fig. 11, needs to be done. In this flowchart, the worst conditions
defined in Table I are targeted. First, the conditions for the three-
phase mode are verified, and then it proceeds to the two-phase
and single-phase modes, respectively. Once the requirements
for all the worst conditions are met, the design is passed.

Turn-ON soft switching is the other important design con-
sideration, which is determined with the switch-ON current.
Switch-ON current is equal to the magnetizing peak current
(ILm(Peak)). Discharging the MOSFET junction capacitor hap-
pens at that current and if enough dead-time is ensured, ZVS
at turn-ON will be achieved (please refer to Section II-C2).
As indicated in (8), the magnetizing peak current in all the
operating modes are equal. Therefore, if ZVS is ensured for
the three-phase operation, changing the operation mode does
not affect the turn-ON ZVS.

A significant advantage of the three-phase operation is the
output capacitor current ripple reduction, which is due to the
interleaved operation of the phases. This feature enables the use
of a much smaller output capacitor (compared to a single-, or
two-phase solution), which is particularly beneficial for high
current outputs since the required capacitance is proportional to
the load current. However, when the converter switches to two-
phase and single-phase operation, the ripple cancellation benefit
is lost. Output capacitor current ripple for the three-phase and
two-phase operating modes are given by the following equation:

Δic =

(
1−

√
3

2

)
· π
3
· IO ≈ 0.14× IO (26)

Δic =
π

2
· IO ≈ 1.57× IO (27)

Fig. 11. Design rule checking.

where IO is the output current mean value. As can be seen,
for the same output current mean value, the output capacitor
current ripple in the two-phase operating mode is more than
10 times greater than the ripple in the three-phase operating
mode. Depending on the point where the switch from three-
phase mode to two-phase mode happens, the capacitance needs
to be sized according to the maximum two-phase load current in
a given design. Hence, the value of the output capacitor must be
determined based on the power value that the converter operating
mode is switched to the two-phase mode.

As mentioned earlier, the two added diodes D7 and D8 only
operate in the single-phase operating mode, where the output
current is equal to IPRE, around one-tenth of ICHG. Therefore,
these two diodes are rated at much smaller values compared to
the other six diodes.

IV. EXPERIMENTAL RESULTS

In order to verify the extended gain range and improved light-
load operation of the proposed phase-shedding strategy, a 3-kW
prototype was developed and tested under different operating
conditions. The specifications of the developed converter are
shown in Table II. The converter is designed for charging a Li-
ion battery pack consisting of a series connection of 24 battery
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Fig. 12. Experimental results of the single-phase operating mode: Primary currents waveforms. With single-phase operation, the recovery stage of charging can
be covered without the need for burst mode operation.

TABLE III
COMPONENTS SUMMARY

cells. The nominal output voltage of the converter is 96 V and
VLPT and VPRE are 32 V and 60 V, respectively. The maximum
charging current (ICHG) is 30 A, and the precharge current IPRE is
3 A. Based on this design, the converter is expected to cover the
output voltages of 32–100 V. Table III summarizes the important
selected components. As can be seen, diodes D1–D6 package
is TO-220, however, D7 and D8 package is DO-219AD, which
is a much smaller surface-mount package.

A. Operating Modes

Considering the charging profile in Fig. 2 and the design
parameters in Table II, the converter will have the following
operating modes and conditions.

1) Single-Phase Operating Mode: This mode covers the
precharge stage of charging. It means that the converter in this
mode must be able to provide output voltages from 32 to 60 V
at an output current of 3 A. The experimental results of the
single-phase operation are shown in Fig. 12. As the experimental
results show, the converter is able to cover the precharge stage.
In this mode of operation, the current through two of the phases
is zero and only one of the phases is operating. Diodes D1,
D2, D7, and D8 form the output rectifier of the converter in
this mode. As explained earlier, diodes D7 and D8 are much
smaller rated diodes compared to the other six diodes and they
only operate in the single-phase operation.

2) Three-Phase Operating Mode: This mode of the converter
must be able to cover the bulk charging and absorption stages
of the charging profile. Referring to Fig. 2 and Table II, the
three-phase operation should provide output voltages from 60
to 100 V at 30 A output current in the bulk charging stage, and
100 V output voltage at light-load conditions to full-load in the
absorption stage. Fig. 13 presents the experimental results of
the converter at the three-phase operation. The experimental

results validate that the converter meets the design requirements
of bulk and absorption charging in the three-phase operation.
As explained earlier, in this mode, the converter behaves as a
normal three-phase LLC resonant converter, and diodes D7 and
D8 will not be conducting.

3) Two-Phase Operating Mode: When the charging profile
goes to the light-load conditions of the absorption stage, the two-
phase operating mode is expected to provide higher efficiency.
Improved efficiency at the light-load condition in the absorption
stage is important because this part of charging takes much
longer than the other stages of charging. Hence, the power sav-
ings over time are highlighted. The experimental results of the
two-phase operation are shown in Fig. 14. As the results show,
in this mode the converter can cover the light-load to mid-load
conditions of the absorption charging. In order to confirm the
improved light-load efficiency of the two-phase operation, the
efficiency curves of both three-phase and two-phase operations
are plotted in Fig. 15. The results clearly validate the higher
efficiency of the two-phase operation at the light-load absorption
stage. The efficiency improvement is around 5% at 100 W and
almost 1% at 500 W. This also verifies the power-loss analysis
presented in Section II-C and the trend in Fig. 9.

B. Phase-Shedding Transition

The transition between the operating modes happens in the
following sequence.

1) Transition From Single-Phase Operation to Three-
Phase Operation: This transition happens when the low-power
precharge has been done and the bulk charging needs to be
started. A noninterrupted power delivery is not required for this
transition. This is why burst-mode operation is allowed for the
precharge mode. This means that when the precharge is done,
the converter can be restarted to start bulk-charging with the
three-phase operating mode. This is done through a handshak-
ing protocol between the battery management system (BMS)
and the charger. In the case of transition from single-phase
operation (precharge) to three-phase operation (bulk charging),
restarting the converter takes less than few milliseconds, which
is not considered as an issue compared to the total hours of
charging process. The stabilized operation of the converter in
this transition is inherent.

2) Transition From Three-Phase Operation to Two-Phase
Operation: This transition happens when the constant-current
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Fig. 13. Experimental results of the three-phase operating mode: Primary currents waveforms at 60, 79, and 100 V output voltage. The three-phase operation
efficiently covers the bulk and absorption stages of the charging profile.

Fig. 14. Experimental results of the two-phase operating mode: Primary currents waveforms at 100 V output voltage, and from light-load condition to half load.
In this mode, the two phases are operating at 180◦ phase shift. The two-phase operation mode covers the lighter load part of the absorption stage of charging cycle
with a higher efficiency compared to the three-phase operating mode (see Fig. 15).

Fig. 15. Efficiency curves of two-phase operation versus three-phase opera-
tion. This test has been done at the maximum output voltage (Vo = 100 V).
Light-load efficiency improvement by two-phase operation is evident.

charging (bulk charging) and most of the constant-voltage (ab-
sorption) has been passed, and the converter is entering the
low-efficiency light-load absorption charging at maximum out-
put voltage. This is where the two-phase operation offers a
higher efficiency as depicted in Fig. 15. Despite the transition
from precharge to bulk-charging mentioned above, here an un-
interrupted power delivery is preferred as it may cause some
confusions for the BMS. Based on the analysis provided in the
Section II-A, the two-phase and three-phase operating modes of
the converter have very similar behavior characteristics at light
load conditions, which allows a very soft transition between the
modes. The transition is simply done by shutting down one of
the phases and phase shifting the other two switching legs from
120◦ to 180◦ at the same time. Fig. 16 shows the experimental
result of the transition of the converter from three-phase oper-
ation to two-phase operation at light-load absorption charging.
The experimental and simulation results validate the excellent



1530 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 2, FEBRUARY 2021

Fig. 16. Experimental result of the transition from three-phase operation to
two-phase operation at light-load absorption charging.

stability of the converter during the transition from three-phase
operation mode to the two-phase mode. This transition is done
at the output current of 3 A, and the output voltage of 100 V.

V. CONCLUSION

In this article, a modified three-phase LLC resonant converter
with a new phase-shedding strategy has been proposed. With
the aid of two additional small and low power rated diodes,
single-phase operation of the converter is realized. Single-phase
operation provides an extended gain range that facilitates provid-
ing the low voltage and low current needed for recovering a fully
depleted Li-ion battery. Moreover, two-phase operation of the
converter has been implemented delivering improved light-load
efficiency. This leads to significant power saving over time
during light-load absorption charging. The design requirements
and procedure of the proposed converter were discussed. In order
to show the validity of the modified three-phase LLC resonant
converter and the functionality of the proposed phase-shedding
strategy, a 3-kW experimental prototype for charging a 96 V
plug-in hybrid electric vehicle (PHEV) battery pack has been
developed and tested under different conditions. The results
validate the extended gain range and improved light-load ef-
ficiency. The proposed converter is able to efficiently cover all
the charging stages of a Li-ion PHEV battery pack.
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