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Abstract—In this paper, an inductor–inductor–capacitor (LLC)
resonant dc–dc converter design procedure for an onboard
lithium-ion battery charger of a plug-in hybrid electric vehicle
(PHEV) is presented. Unlike traditional resistive load applications,
the characteristic of a battery load is nonlinear and highly related
to the charging profiles. Based on the features of an LLC converter
and the characteristics of the charging profiles, the design con-
siderations are studied thoroughly. The worst-case conditions for
primary-side zero-voltage switching (ZVS) operation are analyt-
ically identified based on fundamental harmonic approximation
when a constant maximum power (CMP) charging profile is imple-
mented. Then, the worst-case operating point is used as the design
targeted point to ensure soft-switching operation globally. To avoid
the inaccuracy of fundamental harmonic approximation approach
in the below-resonance region, the design constraints are derived
based on a specific operation mode analysis. Finally, a step-by-step
design methodology is proposed and validated through experi-
ments on a prototype converting 400 V from the input to an output
voltage range of 250–450 V at 3.3 kW with a peak efficiency of
98.2%.

Index Terms—Battery charger, DC–DC converter, electric ve-
hicle (EV), LLC resonant converter, plug-in hybrid EV(PHEV),
zero-current switching (ZCS), zero-voltage switching (ZVS).

I. INTRODUCTION

R ECENTLY, there is a growing interest in plug-in hy-

brid electric vehicles (PHEVs) and pure electric vehicles

(EVs) because of the threat of fossil fuel depletion and global

warming [1]–[4]. Most current PHEVs and EVs are equipped

with a lithium-ion battery pack. A single-phase 3–6 kW on-

board charger is usually installed on passenger cars, and a three-

phase 30–200 kW battery charger is installed for buses and

trucks; therefore, the high power traction battery pack can be

charged through a utility power outlet [5].

High-voltage, high-current, and sophisticated charging algo-

rithms are involved in quick charging of high-capacity lithium-
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Fig. 1. Typical power architecture of a battery charger.

ion battery packs [6]. Moreover, high efficiency with high

power density, high reliability, small size, and low cost are the

basic requirements for an onboard charger. All these factors

make the design of an onboard charger complicated and costly,

which has been regarded as one of the barriers that keeps

PHEVs from wide acceptance [5].

The size, cost, and mechanical packaging are well discussed

from a practical aspect in [6] and [7]. A comprehensive topolog-

ical survey of the currently available charging solutions has also

been presented in [8] and [9]. The most common charger archi-

tecture consists of a boost-type ac–dc converter for active power

factor correction, and an isolated dc–dc converter as the second

stage [6], as shown in Fig. 1. The characteristic of this type of

charger is mainly dependent on the dc–dc stage since the output

voltage and current are regulated in this stage [10], [11]. Among

different solutions, an inductor–inductor–capacitor (LLC) res-

onant converter becomes the most attractive topology due to its

high efficiency, low electromagnetic interference (EMI) emis-

sions, a wide operation range, and the ability to achieve high

power density [12]. Such features excellently fit the demand of

PHEV and EV charger applications. However, the LLC topol-

ogy is difficult to analyze and design because of its multiple

resonant components and various operation modes [13].

Many design methodologies have been proposed for this type

of converter in the past decades. Exact analysis of LLC resonant

converters [14] ensures accuracy but cannot be easily used to

get a handy design procedure due to the complexity of the

model. The methodologies based on first harmonic approxima-

tion (FHA) analysis [15], [16] are much simpler to handle. The

FHA approach gives acceptable accurate results for operating

points at and above the resonance frequency of the resonant

tank [17]. Therefore, it has been widely used in constant output

voltage applications where the LLC converter is designed to

resonate at nominal condition. Designing a wide-output-range

LLC resonant converter based on FHA is investigated in [18],

and the expanded range is mainly designed in frequencies above

the resonant frequency. However, zero-current switching (ZCS)

for output rectifier diodes is lost in this region, which causes
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Fig. 2. Relationship between battery OCV and SOC for a single lithium-ion
battery cell.

additional diode reverse recovery losses compared with the

region below resonance [19]. The FHA is still valid but less

accurate in the below-resonance region; therefore, it is useful

for qualitative analysis but not for optimal design procedure.

Optimal design methods are developed based on the operation

mode analysis in [20] and [21]. These approaches can give

quite good design results but call for utilizing sophisticated

calculation tools. A simple yet accurate design-oriented model

and a step-by-step design procedure that ensure most merits of

an LLC converter are presented in [22], but the wide output

voltage range has not been discussed.

In the previous studies, the load is usually assumed to be a

resistor. Taking the characteristics of lead–acid batteries into

account, a design procedure and practical design considerations

for the LLC converter in battery charger applications are pre-

sented in [23]. The optimization of burst-mode operation for

occasionally deep discharged lead–acid battery pack has been

discussed in [24]. However, the characteristic of lithium-ion

battery load and its impact on the design of LLC converter

are not well researched. For a high-voltage lithium-ion battery

charger, the design requirements are greatly different and chal-

lenging compared with passive load applications and lead–acid

battery applications.

First of all, nonlinear load I–V characteristics exist in the

design of a resonant converter for battery charger applications.

The properties of the resonant converter are nonlinearly af-

fected by the load current [25]. For an LLC converter connected

with a passive load, the output voltage is largely determined by

the load current, whereas for battery load, the output voltage is

related to the battery state-of-charge (SOC) and the charging

profile. The nonlinear properties affected by nonlinear load

make it harder to frame design constraints and objects into the

design procedure.

Second, the load voltage significantly varies in the whole

charging process. The voltage range of a single cell lead–acid

battery is generally 1.75–2.4 V. By contrast, for a single-cell

lithium-ion battery (4.2 V/cell), the open-circuit voltage (OCV)

increment could be more than 1 V per cell as the SOC reaches

the full level from zero, as shown in Fig. 2 [26]. This means

that there is nearly a 100-V increment for a battery package

applied for a 400-V PHEV drive system. As a result, the LLC

converter should be able to handle a widely adjustable regulated

output voltage range even when the load current varies. More-

over, lithium-ion battery has better weight-to-energy density

ratio, which calls for higher power rating requirements for the

chargers.

Fig. 3. Charge profile for a single lithium-ion battery cell.

Third, the charge process for a lithium-ion battery usually

contains two main stages: a constant-current (CC) charging

stage and a constant-voltage (CV) charging stage, as shown in

Fig. 3. Moreover, a trickle charging stage before the CC stage

is necessary for deeply depleted cells [27]. The design require-

ments are not the same in the different stages. For the benefits

of saving charging time, in the CC charging stage, a preset

maximum charging current is controlled by the charger while

monitoring the battery voltage. In the trickle charging stage

or the CV charging stage, the charge current is much smaller

than that in the CC stage. Hence, the light-load efficiency and

overcharging issues are more critical in this stage.

Based on the given analysis, the design requirements for

an LLC-resonant-converter-based PHEV lithium-ion battery

charger are significantly different from those for regular passive

load applications. In this paper, some general design guidelines

for resistive load are discussed based on the FHA analysis

of the LLC converter in Section II. The impacts of battery

load characteristics that relate to the charging profiles on the

design considerations of LLC converters are investigated in

Section III. The design constraints for realizing soft-switching

under all operating conditions are derived in Section IV. Then,

the design procedure is proposed in Section V. Experimental

results are presented in Section VI, and conclusions are drawn

in Section VII.

II. MAIN FEATURES OF LLC RESONATE CONVERTERS

The LLC topology can be implemented as a half-bridge type

or a full-bridge type. The full-bridge type is preferable in PHEV

charger applications due to its high power rating. A typical

schematic of a full-bridge LLC multiresonant dc–dc converter

is shown in Fig. 4, where Cr is the resonant capacitor, Lm

is the magnetizing inductor, and Lr is the leakage inductor

reflected in the primary side. These reactive components form

the resonant tank. In the switch network shown in Fig. 4, S1

and S4, and S2 and S3 are grouped, respectively. Each group is

turned on and off with a 50% duty cycle at frequency fs with

180◦ out-of-phase between groups, to generates a symmetrical

square waveform with amplitude Vin, as shown in Fig. 5. This
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Fig. 4. LLC resonant full-bridge converter.

Fig. 5. AC equivalent circuit of the LLC resonant converter.

voltage is applied to the resonant tank so that energy can be

transferred to the load, which is coupled to the resonant tank by

an ideal transformer [28].

The ac equivalent circuit of an LLC resonant converter based

on FHA analysis is shown in Fig. 5. In this circuit, Req,ac is

equivalent to the load and rectifier stage defined as follows [6],

[18], [25], [29]:

Req,ac = n2 8

π2

Vout

Iout
= n2 8

π2

V 2
out

Pout
(1)

where n is the transformer turns ratio between the primary side

and the secondary side, and Vout, Iout, and Pout denote the

output voltage, current, and power, respectively. In addition, the

output voltage is clamped by the battery and is considered

the same while the charging is carried out.

The dc voltage gain of LLC converters is obtained based on

FHA equivalent circuit analysis [17], i.e.,

M(fn, l, Q) =
1

√

(

1 + l − l
f2
n

)2

+Q2 ·
(

fn − 1
fn

)2
(2)

with the following parameter definitions:

voltage conversion ratio: M =
nVout

Vin

resonance frequency: fr1 =
1

2π
√
LrCr

characteristic impedance: Z0 =

√

Lr

Cr

= 2πfr1Lr =
1

2πfr1Cr

quality factor: Q =
Z0

Req,ac
=

π2

8

Iout
Vout

1

n2
Z0

=
π2

8

Pout

(nVout)2
Z0

inductance ratio: l =
Lr

Lm

normalized frequency: fn =
fs
fr1

where fs in the last definition denotes the switching frequency.

Fig. 6. DC gain characteristics of the LLC resonant converter based on FHA.

The normalized input impedance of the resonant tank can be

derived as follows:

Zn(fn, l, Q) =
Zin(fn, l, Q)

Z0

= j

(

fnl

l2 + f2
nQ

2
−

1 − f2
n

fn

)

+
f2
nQ

l2 + f2
nQ

2
. (3)

A second resonant frequency corresponds to the conditions

of no load, or the secondary winding(s) being open can be

found. It is defined as

fr2 =
1

2π
√

(Lr + Lm)Cr

= fr1

√

l

1 + l
. (4)

From (2), we can see that the voltage conversion ratio of

an LLC converter is not only related to fs but also related to

the load situation and the inductance ratio. A family of plots

of the voltage gain versus normalized frequency for different

values of Q, with l = 0.2 is shown in Fig. 6. It is visible

that a load-independent operation with unity gain happens at

the resonant frequency fr1, where all the curves are tangent.

Step-up operation is available below the resonance frequency,

whereas buck mode operates above the resonance frequency.

Moreover, a shrinking effect [17] of increasing l values can be

observed by plotting voltage gain curve for different values of

l with Q = 0.7 in Fig. 7, which implies that a higher l value

leads to a higher voltage gain within a smaller frequency range

at the cost of increasing the circulating current due to smaller

input impedance.

Soft-switching is the most desirable advantage of a resonant

converter due to its capability to reduce switching loss and

EMI. The LLC topology possesses the soft-switching feature

as the ZVS for input inverting choppers and the ZCS for output

rectifiers [30], which minimizes the switching losses of the

MOSFET-based inverter. However, FHA provides only a nec-

essary condition for ZVS operation of the primary switches but

does not guarantee the secondary rectifiers to work in ZCS [17].

For the primary side, ZVS occurs when the input impedance

of the resonant tank is inductive, whereas ZCS occurs when
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Fig. 7. Shrinking effect of increasing the inductance ratio.

the input impedance is capacitive. From (3), we can tell that

the imaginary part of the normalized impedance Zn is always

positive when fn ≥ 1, which promised inductive mode above

the resonance. For fn < 1, the borderline condition between

capacitive and inductive mode can be found by imposing that

the imaginary part of (3) is zero [17]. The analytical results are

the following:

fnZ(l, Q) =

√

√

√

√

Q2 − l(1 + l) +
√

[Q2 − l(1 + l)]2 + 4Q2l2

2Q2

(5)

QZ(fn, l) =

√

l

1 − f2
n

−
(

l

fn

)2

(6)

where the normalized frequency should be limited by
√

l/(1 + l) < fn < 1 for (6) to be true.

By substituting (6) into (2), the critical voltage gain available

in the ZVS condition can be expressed by

MZ(fn, l) =
fn

√

f2
n(1 + l)− l

. (7)

Moreover, by letting Q = 0, the no-load voltage gain can be

obtained as follows:

MNL(fn, l) =
1

∣

∣

∣
1 + l − l

f2
n

∣

∣

∣

. (8)

According to (7) and (8), the boundary between capacitive

and inductive mode in the region between the two resonant

frequencies (below-resonance operating region) and the no-

load gain are both shown in Fig. 6 with l = 0. 2.

Achieving the primary-side ZVS operation from full load to

zero load is the most important target in selecting the resonant

tank circuit parameters. To attain this purpose, some general

design guidelines for different types of applications can be

concluded based on the earlier analysis. For constant output

voltage with various load applications, there is no better choice

Fig. 8. Charging profile of a 410-V lithium-ion battery pack.

than designing the converter to operate at resonant frequency

when the input is at nominal value since this load-independent

point occurs in the ZVS region. As for widely adjustable output

with variable resistive load, there are two design choices. First,

the maximum output voltage with full-load occurs in region 2

(below resonance region), as shown in Fig. 6. This is the

preferable operation mode of an LLC converter according to

operation mode analysis [19], [21], [31] because primary ZVS

and secondary ZCS operations can be realized at the same time

as long as the operation point does not go across the borderline

of capacitive mode and inductive mode in Fig. 6. However, it

is also harder to obtain an optimum design because the FHA

model is not very accurate in this region, and no closed-form

solution can be found in the exact model. Second, the full-

load operation occurs in region 1 (above resonance region)

while the boost capability of the resonant tank is left to handle

the minimum input during mains dips. This mode is easier to

handle since the input impedance is always inductive, and the

errors caused by the FHA approach are minor in this region

[32]. However, the ZCS operation of the secondary rectifier

only appears in light-load conditions [14], [19].

Moreover, no matter which mode has been targeted, the

common issue for optimization is achieving required voltage

gain in the worst-case scenario while minimizing the circulating

reactive energy, which is a necessary condition to ensure soft-

switching operation and to reduce conduction losses.

Applications adopting the aforementioned LLC topology

have been discussed in a number of publications and application

notes in the industry. However, these analyses do not cover

wide-adjustable-range output voltage with lithium-ion battery

load applications; therefore, the impacts of the charging profile

on design considerations need to be investigated.

III. IMPACTS OF BATTERY LOAD PROPERTY ON THE

DESIGN CONSIDERATIONS OF LLC CONVERTERS

As in Section I, the charge rate of a lithium-ion battery

charger should be controlled according to the charging profile

and the battery condition. A typical charging profile of a

400-V battery pack is shown in Fig. 8. Similar to Fig. 3, a

trickle charge stage with a CC of 0.1 C.1 I0 is performed when

1C-rate is referred to the charge rate of a battery in terms of its rated capacity.
For example, if a battery is rated at 20 Ah, 1 C means the battery is charged at
a current of 20 A, and 0.1 C means charging the battery at 2 A.
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the battery is deeply depleted. A bulk charge follows after the

voltage has risen above the trickle charge threshold. A full-

rate charge may not be able to be maintained during the whole

bulk-charge stage due to limitations of the maximum output

power of the charger. Moreover, the charging actions may

be modified as a response to the battery condition variation.

Therefore, different CC (in the range of 0.2–1 C) charge stages

may exist in the bulk-charge stage [33]. After the CC charge

ends, the CV stage begins when the battery voltage reaches

a certain value. Furthermore, all the preset charging currents

(I0, I1, I2) and threshold voltages (U0, U1, U2) should be able

to be modified by users to match different battery packages.

Therefore, it is particularly important for an LLC-converter-

based lithium-ion battery charger to realize current or voltage

regulation in any point of the highlighted area marked as “work-

ing region” in Fig. 6 as the operating conditions and load vary

widely [24].

From a designer’s point of view, the key is to incorporate

the design constraints related to achieving soft-switching un-

der all operating conditions and zero-load operation capabil-

ity. Therefore, the worst-case scenario in different operation

modes with a battery load should be identified to get the

constraints.

A. Full-Load Operation in Boost Mode (M > 1)

It is intuitive that, for a resistive load in the boost mode,

the worst-case scenario occurs when the output voltage is

regulated at its maximum value, and the input voltage drops

to its minimum under a full-load condition. However, for the

charger applications, the load characteristic varies nonlinearly

during the whole charge process depending on the charging

profile. It is not so easy to identify the worst-case operation

point.

Unlike a resistive load, the quality factor Q and the required

conversion gain M are coupled according to the charging

profile. For example, as shown in Fig. 8, the output power of the

charger hits the limitation twice during the bulk-charge stage. It

is hard to see directly which operation point is closer to the

edge of the inductive region because Q and M vary in reverse

direction and affect the characteristic inversely.

On the other hand, all kinds of charging profiles are needed

for different battery packs, but all the profiles should be com-

promised with the maximum output power of the converter.

Therefore, maintaining the maximum power output during the

whole charge process at minimal input voltage is reasonable to

be seen as the overall heaviest load for the charger, although

it may not be practical due to safety and cycle life consid-

eration [34].

In short, the target is to distinguish the worst-case scenario

for achieving soft-switching from the constant maximum power

(CMP) charging profile. Under the circumstances, the quality

factor and the required conversion gain are related by the

following equation, which can be obtained according to the

definition of these two parameters in Section II:

QCMP(Z0,M) =
π2

8

Pout,max

(MVin,min)2
Z0. (9)

Fig. 9. Operation trajectories of CMP charge and ZVS boundaries for differ-
ent Z0 and l values.

On the other hand, the maximum quality factor QZ,max

that allows the required voltage gain at the boundary between

capacitive and inductive modes can be obtained by solving for

fn in (7) and then substituting into (6), resulting into

QZ,max(l,M) =
l

M

√

1

l
+

M2

M2 − 1
. (10)

The variation of the quality factor during the constant power

charge is implied in (9), whereas the limitation for achieving

primary-side ZVS is indicated in (10). It is clear that the operat-

ing trajectory mainly depends on the characteristic impedance

Z0, and the ZVS boundary relies on the inductance ratio l. A

few operating trajectories (solid line) and boundaries (dash line)

are shown by the swap voltage gain and the quality factor for

different values of Z0 and l in Fig. 9.

A lifting effect of increasing the l value can be observed in

boundary curves, which means a higher inductance ratio brings

higher capability for the same required voltage gain. The price

for higher capability is a higher circulating current in the reso-

nant tank because of relatively smaller magnetizing inductance.

The lifting effect is consistent with the shrinking effect, as pre-

viously mentioned in Section II, because it is actually the same

phenomenon presented from different views. In addition, the

vertical asymptote of QZ,max is M = 1, which again illustrates

that the unity gain is the load-independent point.

On the other hand, the operating trajectories are pushed to-

ward the boundaries by increasing the characteristic impedance

Z0. The motivation is to reduce the circulating current.

Thus, the intent to reduce the circulating reactive energy for

minimizing the conduction losses during the optimal design

procedure will eventually make the operating trajectory to touch

the boundary at a certain point, and this touching point is

actually the worst-case operation point in boost mode that we

are trying to identify. This condition can be mathematically

described by

{

QZ,max(l,M)−QCMP(Z0,M) = 0
∂(QZ,max(l,M)−QCMP(Z0,M))

∂M = 0.
(11)
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Substituting (9) and (10) into (11), we have

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

l
M

√

1
l +

M2

M2−1 − π2

8
Z0

M2

Pout,max

V 2

in,min

= 0

−
l

√

1

l
+ M2

M2
−1

M2 + 1
2

l

(

2M

M2
−1

− 2M3

(M2
−1)2

)

M

√

1

l
+ M2

M2
−1

+ 1
4
π2Z0Pout,max

M3V 2

in,min

=0.

(12)

The analytical results can be found as follows:
⎧

⎪

⎨

⎪

⎩

Mcrit =

√

1 +
√

l
1+l

Z0,max = 8
π2

V 2

in,min

Pout,max

(

√

l(1 + l) + l
)

.

(13)

The results indicate that, during the CMP charging process,

the LLC resonant converter is running at the boundary of

capacitive and inductive modes (the critical operating point)

when the characteristic impedance is designed to be the allowed

maximal value Z0,max and the required voltage gain equals the

critical value Mcrit. Both Z0,max and Mcrit are related to design

parameter l.
In conclusion, the worst case for primary-side ZVS operation

in boost mode is found using charging profile specifications

and FHA-based analysis of boundaries between capacitive and

inductive modes. Many traditional design procedures can be

used by seeing the worst-case operation point found here as the

full-load operation point.

B. Zero-Load Operation in Buck Mode (M < 1)

Zero-load operation occurs when the voltage developed

across Lm and reflected to the secondary side is lower than the

battery voltage so that the output rectifiers cannot be conducted

over an entire switching cycle. There is no difference from an

infinite resistive load since the battery has been cut off from the

resonant tank circuit. The design issues related to this mode are

presented in the following.

IV. DESIGN CONSTRAINTS

The most important object in designing the LLC converter is

to achieve soft-switching operation in the whole working range.

To attain this purpose, design constraints in different modes are

discussed respectively.

A. Zero-Load ZVS Operation Capability in Buck Mode

The worst-case scenario for ZVS operation in buck mode oc-

curs when the output voltage is regulated at its minimum value,

and the maximum input voltage is applied to the converter

under the no-load condition [35]. In this case, the switching

frequency is adjusted to its maximum value to step down the in-

put voltage. The zero-load operation, regarded as cutoff mode,

has been discussed in [14]. The normalized cutoff frequency at

minimum conversion gain can be expressed as

fnco =
π

2

√

l

1 + l

1

cos−1
[

1
Mmin(1+l)

] (14)

with the minimum voltage conversion defined as

Mmin =
nVout,min

Vin,max
(15)

and the normalized cutoff frequency defined as

fnco =
fco
fr1

. (16)

Mathematically, a necessary condition for the cutoff fre-

quency to exist is

Mmin ≥
1

1 + l
. (17)

Moreover, (14) can be rewritten as

1

Mmin (1 + l)
= cos

(

π

2

√

l

1 + l

1

fnco

)

. (18)

Expanding the cosine function in MacLaurin series to

the second order and assigning value for fnco = fnmax =
(fsmax/fr1), the resulting equation can be solved for l [22] is

l =

(

1

Mmin
− 1

)

8f2
nmax

8f2
nmax − π2

. (19)

To be noted, the junction capacitance of the rectifier diode

has not been taken into account in the given analysis. Therefore,

the maximum switching frequency should be limited to 1.5–2.5

times the resonant frequency to avoid the effect of this parasitic

parameter at a higher frequency range [6], [36].

The peak value of the tank current in cutoff mode is also

provided [14] as follows:

Imco =
Vin,max

2πfr1Lm0

√

(

1 +
1

l

)

M2
min −

1

l (1 + l)
. (20)

In order to guarantee ZVS in this mode, the current Imco must

be large enough to discharge the MOSFETs junction capacitors

within the dead time, which can be represented by [12]

Imco ≥
4CossVin,max

td
(21)

where Vin,max is the maximum input voltage, Coss is the

MOSFET junction capacitance, and td is the dead time.

Substituting (20) into (21) and solving for Lm0 yields

Lm0 ≤
td

8πfr1Coss

√

(

1 +
1

l

)

M2
min −

1

l (1 + l)
. (22)

B. Full-Load ZVS Operation Capability in Boost Mode

The worst-case operating point has been recognized from

the CMP charging profile in Section III. The full-load ZVS

operation can be promised globally in the boost mode as long

as the worst case is designed properly.

As previously mentioned, there is a preferable operation

mode featured with primary ZVS and secondary ZCS capability

in the boost-mode operation, which is referred to as DCMB2
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Fig. 10. Simulation waveforms of the LLC resonant full bridge operated in
DCMB2 mode.

mode in [14] and [21] or PO mode in [19]. However, this

mode is complicated by nonlinear equation solving. To avoid

the complexity, a special operating point characterized by a

nearly flat tank current during the interval of multiresonance

in this mode is targeted [22]. The simulation waveforms of this

operating point are shown in Fig. 10.

As shown in Fig. 10, in the interval (TZ , Ts/2), when the

magnetizing inductor joins the resonance, the tank current looks

flat. Therefore, it is reasonable to assume

iLr(TZ) = iLm(TZ) = Im = iLr(Ts/2) = iLm(Ts/2) = Is.
(23)

This equality holds true if the peak of the multiresonant cur-

rent occurs exactly at the midpoint Tx of the interval (TZ , Ts/2)
[22], i.e.,

Tx =
1

2

(

TZ +
Ts

2

)

. (24)

Moreover, for this to occur, the voltage across the resonant

capacitor at this moment must equal the minimal input voltage

for the worst case, i.e.,

VCr(Tx) = Vin,min. (25)

Based on assumption (23) and the symmetry of tank current,

we have

−iLr(0) = iLr(Ts/2) = iLr(TZ) = Is. (26)

Because during the interval (0, TZ), the converter actually

works as a series resonant converter, and the tank current is

expressed by a sine function with series resonant period Tr1.

Therefore, (26) implies

TZ =
1

2
Tr1 =

1

2fr1
. (27)

With all the given characteristics, a required magnetizing

inductance TZ = (1/2)Tr1 = (1/2fr1) may be found and ex-

pressed by other design parameters and the critical operating

conditions (see Appendix)

Lm =
n2

fr1

Vout,crit

4nIin,crit + (π2lMcrit − 4)Iout,crit
. (28)

According to the discussion above, the maximum value of

magnetizing inductance is limited by inequality (22) to guaran-

tee no-load ZVS operation in buck mode, while (28) provides

the value of the magnetizing inductor that makes the converter

operate in the desired DCMB2 boost mode and ensures the

worst-case full-load ZVS operation capability. Therefore, if the

value resulting form (28) fulfills (22), soft-switching is ensured

throughout the whole operating range [22].

V. DESIGN PROCEDURE

The proposed design procedure for the PHEV battery charger

application based on the analysis presented earlier can be

outlined in eight steps, starting from the design specification

detailed in Table I.

Step 1) Select transformer turns ratio n. The minimal trans-

former turns ratio should be selected at unity gain

when the input voltage and the output voltage are

both at a minimum value, i.e.,

n =
Vin,min

Vout,min
. (29)

In this case, the converter operates at a load-

independent point that ensures full-load operation

capability at minimal input voltage. The step-down

operation can be implemented to regulate the output

when the input is back to the nominal level or goes

to the maximum. The step-up mode is targeted when

the output voltage rises.

Step 2) To make sure the output is always under regulation,

the minimum dc voltage gain Mmin should be cal-

culated by using (15).

Step 3) Calculate inductance ratio l by (19). The results

from Steps 2 and 3 ensure that the converter enters

the cutoff mode at minimum output and maximum

input when the switching frequency is regulated to

the maximum value.

Step 4) Use (13) to calculate the worst-case conversion gain

Mcrit and the maximum characteristic impedance

Z0,max. Then, calculate the other critical operating

condition

Iout,crit =
Pout,max

Vout,crit
=

Pout,max

McritVin,min/n
(30)

Iin,crit =
Pout,max

ηVin,min
. (31)

Step 5) Calculate the magnetizing inductance Lm required

for operating in DCMB2 mode at a critical point

using (28).

Step 6) Check that the value of Lm fulfills the no-load

ZVS condition (22). If not, try either reducing the
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TABLE I
DESIGN SPECIFICATION FOR THE LLC RESONANT CONVERTER

maximum operating frequency fsmax or increasing

resonant frequency fr1 or else increasing dead time

td and go back to Step 2. In addition, adjust one or

more of the above parameters also if Lm is much

lower than the minimum needed for ZVS [22].

Step 7) Calculate the value of resonant capacitor Cr and

resonant inductance Lr by (17A) and (18A). Then,

check that the value of Z0 is smaller than the allowed

maximum value of Z0,max. If not, try either reducing

the maximum operating frequency fsmax or increas-

ing resonant frequency fr1 slightly and go back to

Step 2.

Step 8) Calculating the minimum operating frequency

fsmin. The switching current at maximum conver-

sion gain Is,max can be obtained by assigning value

for Vout = Vout,max in (20A). The other maximum

output voltage operating conditions can be calcu-

lated according to (30) and (31). Finally, the mini-

mum operating frequency can be calculated by (8A).

VI. EXPERIMENTAL RESULTS

A prototype of the full-bridge LLC resonant converter has

been built to verify the theoretical analysis, which is based on

the specification given in Table I. The key parameters resulting

from the proposed design procedure are given in Table II, where

the actual measured values are also shown. It is noted that the

magnetic integration is adopted to make the system more com-

pact [28]. The primary and secondary windings are distributed

in two asymmetrical separate slots of the core bobbin to form

the relatively large leakage inductance. The circuit components

used in the prototype converter are provided in Table III.

To verify the whole range ZVS capability, the FHA-based

characteristic of the designed LLC tank has been plotted versus

normalized frequency fn and quality factor Q in Fig. 11.

The borderline between the capacitive mode and the inductive

mode, and the CMP charging profile are also shown in Fig. 11.

As shown in this figure, the CMP operating trajectory keeps a

reasonable safe distance from the ZVS/ZCS boundary, which

confirms the soft-switching operation for the whole operation

range.

The performance of the CMP charge is tested. An electronic

load is used to simulate the load characteristics of the lithium-

TABLE II
RESONANT TANK PARAMETER DESIGN RESULTS

TABLE III
COMPONENTS USED IN THE PROTOTYPE CONVERTER

Fig. 11. Verification of a design result by FHA analysis.

ion battery pack in the experiments. Experimental waveforms

of the voltage across resonant tank vAB , voltage across resonant

capacitor vCr, resonant tank current iLr, and magnetizing

current iLm are shown in Fig. 12 at Vin = 390 V and Pout =
Pout,max = 3.3 kW. In this figure, the capability for primary-

side ZVS turn-on is noted since the resonant tank current lags
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Fig. 12. Experimental waveforms. (a) CMP charge at Vout = 300 V, Iout = 11 A, and fs = 118.6 kHz. (b) CMP charge at Vout = 410 V, Iout = 8 A, and
fs = 86 kHz. (c) CMP charge at Vout = 450 V, Iout = 7.3 A, and fs = 81.69 kHz.

Fig. 13. Measured efficiency versus output voltage at Po = 3.3 kW and
Vin = 390 V.

the voltage across the resonant tank. It is also proven that

the desired DCMB2 mode operation is ensured for a wide

output range because the features of these waveforms match the

desired features discussed in Section IV. The efficiency of the

converter as a function of output voltage for the CMP charge

is shown in Fig. 13. It is observed that the efficiency increases

with the output voltage and achieves 98.2% at Vout = 450 V. In

addition, the charging profile shown in Fig. 8 is implemented in

the prototype. The efficiency curve of the bulk-charge stage is

provided in Fig. 14. It is shown that the efficiency is higher than

98% during the whole bulk-charge stage. Finally, the efficiency

curves of the CV charge stage at outputs of 250 and 410 V

are given in Figs. 15 and 16, respectively. The conversion

performance at light load condition can be evaluated according

to these two curves. It can be seen that the efficiency is mostly

above 95.5% during the CV charge stage. The light load effi-

ciency is about 90.5% when the charge current drops to 0.1 C.

VII. CONCLUSION

This paper analyzed the wide-adjustable-range LLC resonant

converter applied in lithium-ion battery charger systems and

proposed a step-by-step design methodology. The different

design requirements for resistive load and battery load are

investigated based on the FHA approach. Considering the

charging profiles, the worst-case scenarios for the primary-

side ZVS operation under full-load and no-load conditions are

identified, respectively. Then, the design constraints for achiev-

ing soft-switching operation under all working conditions are

Fig. 14. Measured efficiency versus output voltage of multiple CC charge
stage. CC1 stage: Io = 10 A and Vo = 300 ∼ 330 V. CC2 stage: Io = 8 A
and Vo = 330 ∼ 410 V.

Fig. 15. Measured efficiency versus output current at Vo = 250 V and Vin =

390 V.

Fig. 16. Measured efficiency versus output current at Vo = 410 V and Vin =

390 V.

analytically derived based on specific operating mode analysis.

Finally, all the discussion has led to the design procedure that

ensures soft-switching under all operating conditions, and the
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preferable boost operation mode under full load conditions.

A 3.3-kW 400-V-input 250–450-V-output LLC converter is

built using the proposed method, which achieves 98.2% peak

efficiency.

APPENDIX

MODEL ANALYSIS OF DCMB2 OPERATION IN

BOOST-MODE OPERATION

In a half switching period, the operation model of the LLC

converter presented in Section IV-B can be approximately

described by the following equations.

The resonant tank current is
{

iLr(t) =
Is

sin θ1
sin(2πfr1t− θ1), 0 ≤ t ≤ Tr1

2

iLr(t) = Is,
Tr1

2 ≤ t ≤ Ts

2 .
(1A)

The magnetizing current is

{

iLm(t) = Is(4fr1t− 1), 0 ≤ t ≤ Tr1

2

iLm(t) = Is,
Tr1

2 ≤ t ≤ Ts

2 .
(2A)

The voltage across the resonant capacitor is
⎧

⎪

⎨

⎪

⎩

vCr(t) = vCr(0) +
1
Cr

t
∫

0

iLr(t)dt, 0 ≤ t ≤ Tr1

2

vCr(t) = vCr

(

Tr1

2

)

+ Is
Cr

(

t− Tr1

2

)

, Tr1

2 ≤ t ≤ Ts

2 .

(3A)

The secondary current, flowing through rectifier D1 is

iD1(t) = n [iLr(t)− iLm(t)] . (4A)

It is now necessary to relate the unknown quantities in (1A),

(2A), θ1, Is, and fs to the operating conditions Vin,min, Iin, and

Iout.
The converter’s dc output current is

Iout =
2

Ts

Tr1/2
∫

0

iD1(t)dt. (5A)

Substituting (4A) in (5A), taking (1A) and (2A) into consid-

eration and developing the integral, we have

Iout =
2nIs

π tan θ1

Tr1

Ts
. (6A)

The converter’s dc input current is expressed as

Iin =
2

Ts

Ts/2
∫

0

iLr(t)dt = Is

[(

2

π tan θ1
− 1

)

Tr1

Ts
+ 1

]

.

(7A)

The simultaneous solution of (6A) and (7A) provides

fs =

(

1 −
nIin − Iout

nIs

)

fr1 (8A)

tan θ1 =
2

π

(

1 − n
Iin − Is
Iout

)

. (9A)

The value of vCr(Ts/2) is given by

vCr

(

Ts

2

)

= vCr(0) +
1

Cr

Ts/2
∫

0

iLr(t)dt = vCr(0) +
IinTs

2Cr
.

(10A)

By symmetry, we have

vCr

(

Ts

2

)

= −vCr(0). (11A)

Substituting (11A) in (10A), we find

vCr(0) = −
TsIin
4Cr

. (12A)

By substituting (12A) in (3A), it is possible to find

vCr

(

Tr1

2

)

=
Is
Cr

(

Tr1

2π tan θ1
+

Tr1 − Ts

4

)

. (13A)

Considering (27), (24) can be rewritten

Tx =
1

4
(Tr1 + Ts). (14A)

By combining (3A), (13A), and (14A), the expression of

vCr(Tx) becomes

vCr(Tx) =
Is
Cr

Tr1

2π tan θ1
. (15A)

Substituting (25) and (9A) in (15A) and solving for Is

Is =
4CrVin,min(Iout − nIin)

Tr1Iout − 4nCrVin,min
. (16A)

From the definition of inductance ratio and resonant fre-

quency, we have

Lr = lLm (17A)

Cr =
1

Lr(2πfr1)2
=

1

lLm(2πfr1)2
. (18A)

By substituting (18A) into (16A), Is can be rewritten as

Is =
Vin,min(Iout − nIin)

π2lLmfr1Iout − nVin,min
. (19A)

Note that, in the interval (0, TZ), when the secondary rec-

tifiers are conducting, the magnetizing inductor is clamped by

the output voltage; therefore, the switching current Is can be

also expressed by

Is = Im =
nVout

4Lmfr1
. (20A)

Finally, solving for Lm from (19A) and (20A) and introduc-

ing the critical voltage gain discussed in Section III, a constraint

may be found on the magnetizing inductance for the converter

operating in this targeted mode

Lm =
n2

fr1

Vout,crit

4nIin,crit + (π2lMcrit − 4)Iout,crit
. (21A)
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