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ABSTRACT In electric vehicle (EV) charging applications, maintaining high efficiency over a wide output
voltage range is considered the most challenging mission. Pulse width modulation (PWM) controlled
resonant converter can be a nice candidate, because its output voltage boosting capability is independent
to the resonant tank components. However, it reveals its limitation showing efficiency drop between two
resonant points. This paper proposes a resonant converter with ‘‘sequential PWM’’ achieving multiple
resonant points while doubling the output voltage. The proposed converter significantly reduces turnoff
loss and maximum resonant current by having multiple resonant points while doubling the output voltage.
Accordingly, proposed converter maintains competitive high efficiency over a wide output voltage range.

INDEX TERMS EV charger, resonant converter, wide voltage range.

I. INTRODUCTION
Resonant converter is a mainstream among various DC-DC
converter topologies due to its superior performance and cost
effectiveness [1], [2], [3], [4], [5], [6], [7], [8], [9], [10], [19].
In electrical vehicle (EV) charging applications, resonant
converter needs to cover wide output voltage range according
to the battery charging curve presented in Fig. 1. EV battery
charging can be divided into 3 regions according to the battery
voltage: constant voltage (CV), constant power (CP), and
constant current (CC) regions. Out of three operating regions,
achieving highest efficiency in CP region is critical due to
following reasons: 1. CP region has the highest power con-
sumption. 2. Users mostly manage the battery voltage level
in CP region to maintain sufficient driving distance.

Fig. 2(a) presents an LLC resonant converter. LLC con-
verter is the most popular resonant converter in EV chargers
due to a simple structure and inherent zero voltage switching.
The resonant frequency (FR) of LLC converter is determined
by the resonant inductor (LR) and capacitor (CR). LLC
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FIGURE 1. V-I curve of EV on-board charger with 3.3 kW/11 A output.

converter is usually controlled by pulse frequency modula-
tion (PFM) in order to adjust the voltage conversion ratio.
When the switching frequency (FS) is equal to the resonant
frequency, the voltage conversion ratio of LLC converter
becomes the turns ratio of the transformer. When a smaller
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FIGURE 2. (a) An LLC resonant converter, (b) resonant current waveform
when FS > FR, and (c) when FS < FR.

output voltage is required, the switching frequency becomes
larger than the resonant frequency as shown in Fig. 2(b), in
order to chop the resonant current delivered to the output side.
On the other hand, when a higher output voltage is required,
the switching frequency becomes smaller than the resonant
frequency as shown in Fig. 2(c). This is in order to accumulate
circulating current in the resonant capacitor. Accumulated
charges are delivered to the output side during the next
switching period. In a boosting region, the peak value of the
resonant current becomes large, causing a larger maximum
flux density in the resonant inductor. Also, the circulating
current needs to be large enough when a high output voltage
conversion ratio is required, causing a larger flux density in
the transformer core. Therefore, LLC converter with PFM
suffers from large magnetic component size and decreased
efficiency especially designed with a high boosting voltage
gain.

In order to provide a high boosting gain with LLC con-
verter, various approaches have been investigated. Among
those approaches, the most effective ways to improve boost-
ing capability are topology morphing and pulse width modu-
lation (PWM) techniques.

Topology morphing techniques [16], [17], [18] change
the configuration of primary and/or secondary side of LLC
converter. By doing so, primary side of LLC converter in
Fig. 2 can be either half bridge or full bridge inverter. Also,
secondary side rectifier can be either full bridge or voltage
doubler rectifier. By doing so, the voltage conversion ratio
can be wider than 4 times easily. However, most of topol-
ogy morphing techniques depend on PFM to cover the gain
between morphed topologies. In this case, the limitation of
LLC converter still remains because PFM still needs to cover
two times of gain.

PWM techniques adapted duty ratio control to make LLC
converter as an isolated boost [8], [9], [10], [11], [12], [13],

[14], [15] or buck [19], [20], [21], [22], [23] converter. By
doing so, LLC converter reduces dependency on the circulat-
ing current to obtain a wide gain range, minimizing the cir-
culating current in the resonant components design. However,
it suffers from a large peak of the resonant current and turnoff
losses.

In order to overcome the limitations of the state-of-the-
art technologies, PWM morphing technology was proposed
in [10]. PWM morphing technology gradually increases the
duty cycle of secondary rectifier as higher output voltage is
needed. When it operates with full bridge rectifier, the duty
cycle of a rectifier switch is 0.5. When the output voltage
increases, the duty cycle increases. When the output voltage
is doubled, the duty ratio naturally increases to 1, forming a
voltage doubler rectifier at the secondary side. This method
can achieve high boosting gain without relying on circulating
current. Furthermore, it naturally achieves sinusoidal reso-
nant current waveform with doubled output voltage. How-
ever, it still has large peak current in a boosting region,
causing large resonant inductor and turnoff loss. Based on
the review of state-of-the-art technologies, we can recognize
unresolved missions in DC-DC converter for EV charger as
follows:

1) Both PFM and PWM control suffer from increased size
of magnetic components. PFM requires larger magnetic com-
ponents for enough circulating current, and PWM requires a
larger resonant inductor for smaller peak current and turnoff
losses.

2) Peak efficiency occurs only when the voltage conversion
ratio is the turns ratio times the powers of 2 (n·2k). Consid-
ering that the output voltage varies by around or less than
2 times in CP region, the efficiency profile is not optimal for
on-board charging applications.

This paper proposes a new PWM controlled resonant con-
verter achieving ‘multiple resonant points’ while doubling the
output voltage. The proposed converter utilizes series input
parallel output transformers, and applies PWM control to
each transformer in a sequence. By doing so, the proposed
converter can decrease both the maximum resonant current
and turnoff loss in a PWM resonant converter.

II. PROPOSED CONVERTER
Fig. 3 presents proposed PWM resonant converter. Two trans-
formers TR1 and TR2 are adapted. Secondary side windings
of transformers are connected in parallel, in order to reduce
current stress of each transformer. Primary side windings
of transformers are connected in series so that the resonant
currents are equally shared in two transformers.

Nowadays, EV chargers try to improve maximum power
capability. So, series input parallel output (SIPO) structure
is an appropriate structure, achieving both less current stress
and balanced current. The number of turns of a transformer
is NP1 and NP2 at the primary side and NS1 and NS2 at the
secondary side. n is the effective turns ratio of the proposed
converter, whichwill be discussed in detail later. The resonant
tank components are LR and CR in series. Assuming the
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FIGURE 3. Proposed converter.

FIGURE 4. ‘Sequential PWM’ control concept of the proposed converter.

magnetizing inductors of the transformers are much larger
than LR, the proposed converter can be considered a series
resonant converter. Blocking capacitors CB1 and CB2 are
implemented in series with the secondary side windings of
transformers.

Fig. 4 presents control concept of the proposed converter.
When the output voltage VOUT is smaller than VIN/n, the
proposed converter is controlled by the switching frequency
FS. When the gain increases, FS increases but smaller than
the resonant frequency FR(=1/2π

√
LRCR). When VOUT

becomes VIN/n, FS becomes FR and the proposed converter
has a sinusoidal resonant current waveform. Here, the pro-
posed converter achieves the first resonant point. When VOUT
becomes higher than VIN/n, FS is still FR but duty cycles of
the synchronous rectifier switches (DSR1 and DSR2) increase
in a sequence. First, DSR1 increases from 0.5 to 1 as VOUT
increases. When DSR1 reaches 1, the proposed converter
achieves the second resonant point. If VOUT further increases,

FIGURE 5. Primary side waveforms of the proposed converter at a
resonant point.

now DSR2 increases from 0.5 to 1. When DSR2 reaches 1,
the proposed converter achieves the third resonant point.
VOUT becomes 2VIN/n because the secondary side rectifier
becomes a pure voltage doubler. It can be noted that the
proposed converter achieves ‘‘multiple resonant points’’ with
sequential PWM control and SIPO structure.

III. OPERATION OF THE PROPOSED CONVERTER
A. OPERATION AT THREE RESONANT POINTS
Fig. 5 presents primary side waveforms of the proposed
converter at a resonant point. FS is FR. Resonant current
waveform iLR is sinusoidal. The total transformer voltage at
the primary side can be presented as follows:

vPRI1 + vPRI2 = nTR1vSEC1 + nTR2vSEC2, (1)

where vPRI1, vPRI2, vSEC1, vSEC2, nTR1, and nTR2 present
primary side voltage, secondary side voltage, and turns ratio
(NP1/NS1, NP2/NS2) of transformer 1 and 2.
From t = 0 to 0.5TS, Q1 and Q4 are turned on. Applying

KVL at the primary side of the proposed converter leads to
the following equation:

VIN = vLR + vCR + vPRI1 + vPRI2. (2)

Substituting (1) into (2) leads to the following equation:

VIN = vLR + vCR + nTR1vSEC1 + nTR2vSEC2. (3)

In Fig. 5, iLR(0) = iLR(0.5TS) = 0. Therefore, the average
voltage across LR during t = 0∼0.5TS becomes zero:

< vLR >0.5TS= 0. (4)

At a resonant point, vCR is sinusoidal and its average value is
also zero:

< vCR >0.5TS= 0. (5)
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FIGURE 6. Formation of the secondary side rectifier and current paths
when iLR > 0 at the (a) first resonant point (DSR1 = DSR2 = 0.5),
(b) second resonant point (DSR1 = 1, DSR2 = 0.5), and (c) third resonant
point (DSR1 = DSR2 = 1).

Averaging (3) during t = 0∼0.5TS leads to the following
equation:

VIN = nTR1 < vSEC1 >0.5TS +nTR2 < vSEC2 >0.5TS , (6)

VIN = nTR1(VO − VCB1) + nTR2(VO − VCB2). (7)

Based on (7), the voltage conversion ratio of the proposed
converter at three resonant points can be obtained in the
following paragraphs.

1) THE FIRST RESONANT POINT (DSR1 = DSR2 = 0.5)
Fig. 6(a) presents secondary side rectifier of the proposed
converter at the first resonant point. Two full bridge rectifiers
are connected in parallel, as all semiconductor devices are
operating as diodes. The average voltage across the blocking
capacitors CB1 and CB2 is zero by the voltage second balance
of the secondary side of the transformer:

VCB1 = VCB2 = 0. (8)

Combining (7) and (8) allows us to find the output voltage of
the proposed converter at the first resonant point as follows:

VO =
VIN

nTR1 + nTR2
. (9)

2) THE SECOND RESONANT POINT (DSR1 = 1, DSR2 = 0.5)
Fig. 6(b) presents secondary side rectifier of the proposed
converter at the second resonant point. A full bridge and a
voltage doubler rectifiers are connected in parallel because
SR1 is always turned on. The average voltages across the
blocking capacitors become VOUT/2 and zero respectively,
by the voltage second balance of the secondary side of the
transformers:

VCB1 = 0.5VO, (10)

VCB2 = 0. (11)

Combining (7), (10), and (11) allows us to find the output
voltage of the proposed converter at the second resonant point
as follows:

VO =
VIN

0.5nTR1 + nTR2
. (12)

3) THE THIRD RESONANT POINT (DSR1 = 1, DSR2 = 1)
Fig. 6(c) presents secondary side rectifier of the proposed
converter at the third resonant point. Two voltage doubler
rectifiers are connected in parallel because both SR1 and SR2
are always turned on. The average voltage across the blocking
capacitors becomes VOUT/2 for both, by the voltage second
balance of the secondary side of the transformers:

VCB1 = VCB2 = 0.5VO. (13)

Combining (7) and (13) allows us to find the output voltage of
the proposed converter at the third resonant point as follows:

VO =
2VIN

nTR1 + nTR2
. (14)

From equations (9), (12), and (14), it can be noted that
the proposed converter has three resonant points while dou-
bling the output voltage, when VOUT is VIN/(nTR1 + nTR2),
VIN/(0.5nTR1 + nTR2), and 2VIN/(nTR1 + nTR2). This means
that the resonant current waveform of the proposed converter
is inherently close to the sinusoidal waveform over the wide
range of the output voltage. Accordingly, it can be inferred
that the proposed converter will maintain high efficiency.

B. OPERATION IN PWM REGION
In this section the operation in PWM region is discussed,
where the resonant current is not sinusoidal. In order to maxi-
mize the accuracy of the analysis, we are going to provide the
time domain analysis of the proposed converter. The proposed
converter operates based on the resonance between LR and
CR. Here we define characteristics impedance Z =

√
LR/CR

and resonant frequency ω =1/
√
LRCR for the following sec-

tions. It is assumed that LM is large enough to approximate
that LM is open.

1) PWM1 REGION (0.5 ≤ DSR1 ≤ 1, DSR2 = 0.5)
Fig. 7 and Fig. 8 present the operation of the proposed applied
to SR1, and SR2 still operates as synchronous rectifier. So,
DSR1 > 0.5 and DSR2 = 0.5 with FS = FR. The boosting duty
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FIGURE 7. Key waveforms of the proposed converter in PWM1 region (0.5
< DSR1 < 1).

FIGURE 8. Current paths in PWM1 region (0.5 < DSR1 < 1) during
(a) t0∼t1, (b) t1∼t2, (c) t2∼t3.

ratio applied to SR1 in PWM1 region is defined as DB1 =

DSR1 − 0.5.
Fig. 9 presents equivalent resonant circuits during t0∼t1,

t1∼t2, and t2∼t3, reflected to primary side. Analyzing three
equivalent circuits allows us to find the required DSR1 at a
specific operating point. During t3∼t0’, the resonant current
maintains zero and voltage across resonant capacitor remains
unchanged.

Q1 and Q4 are turned on at t0. At t0, iLR = 0. Q1 and
Q4 are turned on. The resonance between LR and CR begins.
Duration of t0∼t1 is 0.5TS. iLR waveform becomes positive
half cycle of sine wave. Input current of the converter flows

FIGURE 9. Equivalent resonant circuits in PWM1 region (0.5 < DSR1 < 1)
during (a) t0∼t1, (b) t1∼t2, (c) t2∼t3.

FIGURE 10. State plane in PWM k region (k = 1 or 2).

through CR, so 1vCR = IINTS/2CR = PTS/4CRVIN where P,
VIN, and IIN present operating power, input voltage, and input
current of the converter respectively. State equations during
t0∼t1 can be obtained from Fig. 9(a) as follows:

ZiLR(t − t0) = A0sin(ωt), (15)

vCR (t − t0) − vCR(t0) = A0 [1 − cos(ωt)] , (16)

[vCR (t − t0) − B0]2 +
[
ZiLR(t−t0)

]2
= A2

0 = R2
0, (17)

where

A0 = VIN + n1VCB1 + n2VCB2 (n1 + n2)VOUT − vCR(t0)

(18)

B0 = VIN + n1VCB1 + n2VCB2 − (n1 + n2)VOUT (19)

R0 = 1vCR/2 = PTS/4CRVIN. (20)

It can be noted that the state equation (17) forms a circle C0
located at the center (B0, 0) as shown in Fig. 10. At t1, iLR
becomes zero again and Q1 and Q4 are turned off.
Q2 and Q3 are turned on at t1. At t1, iLR = 0. Q2 and Q3

are turned on. iLR becomes negative. QSR1 signal is extended
to provide boosting period DB1TS. The resonant current is
boosted quickly through TR1 during this period. It should be
noted that the boosted resonant current is still being delivered
to the output capacitor through TR2, DR5, and DR6, because
SR2 is turned off. On the other hand, the resonant current is
not delivered to the output capacitor through TR1 because
SR1 is still turned on. State equations during t1∼t2 can be
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obtained from Fig. 9(b) as follows:

ZiLR(t − t1) = A1sin(ωt), (21)

vCR(t − t1) − vCR(t1) = A1[1 − cos(ωt)], (22)

[vCR (t − t1) − B1]2 + [ZiLR (t − t1)]2 = R2
1, (23)

where

A1 = − VIN + n1VCB1 + n2VCB2 + n2VOUT − vCR(t1),

(24)

B1 = − VIN + n1VCB1 + n2VCB2 + n2VOUT, (25)

The state equation (23) forms a circle C1 located at the center
(B1, 0) as shown in Fig. 10. At t2, SR1 is turned off. The radius
R1 = B0B1 + R0.

SR2 is turned off at t2. The boosted resonant current is
delivered to the output capacitor through both TR1 and TR2.
iLR decreases and the state equations during t2∼t3 can be
obtained from Fig. 9(c) as follows:

ZiLR(t − t2) = A2sin(ωt) + ZiLR(t2)cos(ωt), (26)

vCR(t − t2) − vCR(t2) = A2[1 − cos(ωt)] + ZiLR(t2)sin(ωt),

(27)

[vCR (t − t2) − B2]2 + [ZiLR (t − t2)]2 = R2
2, (28)

where

A2 = − VIN+n1VCB1+n2VCB2 + (n1+n2)VOUT − vCR(t2),

(29)

B2 = − VIN + n1VCB1 + n2VCB2 + (n1 + n2)VOUT,

(30)

R2 = B2 − B0 + R0. (31)

The state equation (28) forms a circle C2 located at the center
(B2, 0) as shown in Fig. 10. At t3, iLR becomes zero again and
the converter is in the idle state till the next switching period.

2) PWM2 REGION (DSR1 = 1, 0.5 ≤ DSR2 ≤ 1)
SR1 is fully turned on when DSR1 = 1, and the proposed
converter meets the second resonant point. The secondary
side rectifier having SR1 becomes voltage doubler rectifier,
and vCB1 becomes 0.5VO. Now DSR2 increases as output
voltage needs to be increased, and the proposed converter
operates in PWM2 region. DSR1 = 1 and DSR2 > 0.5 with
FS = FR. The boosting duty ratio applied to SR2 in PWM2
region is defined as DB2 = DSR2 − 0.5. Fig. 11, 12, and 13
present key waveforms, current paths, and resonant circuits of
the proposed converter in PWM2 region respectively. It can
be noted that the operation of the proposed converter in
PWM2 region is similar with that of PWM1 region, having
the same equations and state planes for ZiLR(t) and vCR(t)
except for the coefficients A0, A1, A2, B0, B1, and B2. We can
just summarize the coefficients as follows:

A0 = VIN + n1VCB1 + n2VCB2 (n1 + n2)VOUT − vCR (t0) ,

(32)

FIGURE 11. Key waveforms of the proposed converter in PWM 2 region
(DSR1 = 1, 0.5 < DSR2 < 1).

FIGURE 12. Current paths in PWM2 region (DSR1 = 1, 0.5 < DSR2 < 1)
during (a) t0∼t1, (b) t1∼t2, (c) t2∼t3.

FIGURE 13. Equivalent resonant circuits in PWM2 region (DSR1 = 1, 0.5 <

DSR2 < 1) during (a) t0∼t1, (b) t1∼t2, (c) t2∼t3.

B0 = VIN + n1VCB1 + n2VCB2 − (n1 + n2)VOUT, (33)

A1 = − VIN + n1VCB1 + n2VCB2 − vCR(t1), (34)

B1 = − VIN + n1VCB1 + n2VCB2, (35)
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A2 = − VIN + n1VCB1 + n2VCB2 + n2VOUT − vCR(t2),

(36)

B2 = − VIN + n1VCB1 + n2VCB2 + n2VOUT, (37)

C. REQUIRED BOOSTING DUTY RATIO
Required boosting duty ratio in PWM k region (DBk, k =

1 or 2) can be presented by a single equation in both PWM1
and PWM2 regions, because both regions have identical state
plane as shown in Fig. 10. DBk under a specific operating
point can be obtained by applying the cosine law to the angle
AB1B2 in Fig. 10, given operating conditions (P, TS, VIN,
VOUT, LR, CR, nTR1, nTR2, and P) as follows:

R2
2 = R2

1 + (B2 − B1)
2 2R1(B2 − B1)cos(ωDBkTS). (38)

Rearranging (28) leads to the following equation regarding
DBk:

DBk =
1
2π

cos−1

[
R21 + (B2 − B1)2 − R22

2R1(B2 − B1)

]
. (39)

The only difference between PWM 1 and 2 regions is the
coefficient values R1, R2, B1, and B2. From (39) and previous
analysis, it can be noted that the only unknown variables VCB1
and VCB2 are cancelled out in (B2–B1) so that all variables for
DBk calculation are known, related to the operating condition
of the proposed converter. Additionally, if we define the time
duration t3–t2 as D’BkTS, D’Bk can be obtained by applying
the cosine law to the angle AB2B1 as follows:

D′
Bk =

1
2π

cos−1

[
R22 + (B2 − B1)2 − R21

2R2(B2 − B1)

]
. (40)

D. VOLTAGE ACROSS THE BLOCKING CAPACITORS
As the output voltage increases by twice, it can be intuitively
seen that the voltage across the blocking capacitors VCB1
and VCB2 increase from zero to VO/2. This is because the
secondary side rectifier morphs from full bridge rectifier to
voltage doubler as VO increases. VCB1 and VCB2 in PWM
1 region can be obtained by applying the volt-sec balance to
the secondary side of two transformers as follows:

VCB1 =
0.5 − D′

B1

0.5 + DB1 + D′

B1
VO, (41)

VCB2 =
0.5 − (DB1 + D′

B1)
0.5 + DB1 + D′

B1
VO. (42)

In the same manner, VCB1 and VCB2 in PWM 2 region can be
obtained by applying the volt-sec balance to the secondary
side of two transformers as follows:

VCB1 =
0.5

0.5 + DB2 + D′

B2
VO, (43)

VCB2 =
0.5 − D′

B2

0.5 + DB2 + D′

B2
VO. (44)

FIGURE 14. Control concept comparison (a) proposed sequential PWM
and (b) PWM without sequence.

FIGURE 15. IOFF comparison in PWM regions at full load condition.

Finally, we have all the expressions for the variables required
to obtain explicit form of iLR(t) and vCR(t) during a switch-
ing period. Based on the equations, design and comparative
analysis will be provided in the following section.

IV. DESIGN AND COMPARATIVE ANALYSIS
In order to discuss effectiveness of the sequential PWM
with the proposed converter, comparison with PWM without
sequence will be provided in this section. Fig. 15 presents
control concept of two methods. The proposed ‘‘sequential
PWM’’ increases DSR1 first and then increases DSR2 when
the output voltage increases from VIN/n to 2VIN/n, whereas
‘‘PWMwithout sequence’’ increases DSR1 and DSR2 simulta-
neously. Since the analysis for PWMwithout sequence is very
similar to that of the proposed control, detailed equations are
not shown.

Prototype converter has been designed for 3.3 kW/500∼
150 V/11 A EV on-board charger (OBC) with 400 V input
voltage. Battery charging V-I curve is shown in Fig. 1. The
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input voltage is 400 V.FS and FR are selected to be 100 kHz
as an example.

A. TURNS RATIO OF THE TRANSFORMER
The proposed converter provides doubled output voltage
without varying the switching frequency according to Fig. 14.
When the proposed converter provides 500 V output volt-
age at the third resonant point, the proposed converter can
decrease the output voltage down to 250 V at the first reso-
nant point, without switching frequency control. In EV OBC
applications, 500 V to 250 V range is much wider than
the voltage range where the efficiency is critical, because
users usually manage the battery voltage in a much narrower
range. Therefore, it is reasonable to let PWM regions cover
500∼250 V range and focus on maximizing efficiency in
PWM regions. According to (2), the effective turns ratio n
can be obtained as follows:

n = nTR1 + nTR2 =
VIN

VO
=

400
250

= 1.6, (45)

For simplicity, nTR1 and nTR2 are selected to be 0.8 each.

B. RESONANT TANK
The proposed converter does not rely on the circulating mag-
netizing current of the transformer to achieve a boosting
gain. Therefore, selection of the resonant tank values LR
and CR does not rely on the gain range. We may mini-
mize LR in order to have a smaller size of LR. However,
there is a tradeoff between LR size and loss. According
to previous researches regarding PWM resonant convert-
ers [4], [5], [6], [7], [8], [9], [10], smaller LR results in a
larger turnoff current in the boosting switch and a larger LR
current swing, resulting in larger turnoff switching loss and
also larger LR loss. Considering the tradeoff, LR is selected
to be 38 µH as an example.

C. TURNOFF CURRENT COMPARISON
From the state plane analysis in Fig. 10, turnoff current of a
boosting switch IOFF in PWM k region can be obtained as
follows:

IOFF =
nTRkR1sin (ωDBkTS)

Z
, (46)

Fig. 15 presents IOFF comparison in PWM regions according
to VO at full load condition. With the proposed sequen-
tial PWM, IOFF becomes zero three times as VO increases
from 250 to 500 V because it has three resonant points in
VO range. On the other hand, PWM without sequence has
only two resonant points resulting in a high peak value of
IOFF around 330 V, where the proposed method achieves the
second resonant point. Furthermore, the proposedmethod has
only single SR switch suffering from the turnoff switching
loss in each PWM region. In PWM k region, only SRk has
turnoff switching loss. On the other hand, PWM without
sequence has both SR switches producing turnoff switching
loss with larger IOFF. Accordingly, the proposed sequential

TABLE 1. Parts list for prototype converter (Fig. 3).

FIGURE 16. ILRPtoP comparison in PWM regions at full load condition.

PWM can reduce the turnoff switching loss dramatically in
the entire PWM regions.

D. PEAK-TO-PEAK VALUE OF iLR COMPARISON
Another important variable in PWM resonant converter is
peak-to-peak value of the resonant current ILRPtoP. This is
because ILR_PTOP is directly proportional to the maximum
flux swing of LR. Utilizing iLR(t) from the previous chapter,
Fig. 16 presents ILRPtoP comparison in PWM regions accord-
ing to VO at full load condition. It can be also seen that the
proposed method reduces the flux swing of LR by up to 25 %
having three resonant points in the operating voltage range.

V. EXPERIMENTAL RESULTS
Prototype converter has been built to verify the effectiveness
of the proposed converter with sequential boosting PWM
control. Table 1 presents parts list for the prototype con-
verter. Synchronous rectifiers are used instead of diodes for
DR1∼6. Fig. 17 presents VO versus total boosting duty ratio
DB(=DB1 + DB2) in different loading conditions. It can
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FIGURE 17. VO versus DB(=DB1 + DB2) in 3.3 kW and 660 W conditions.

FIGURE 18. Key waveforms of prototype at 255 V/11 A output (DB = 0).

FIGURE 19. Key waveforms of prototype at 303 V/11 A output (DB = 0.25).

be noted that the proposed converter has steadily increasing
VO with respect to DB, allowing us to control the proposed
converter.

Fig. 18. presents the key waveforms of the prototype
at 254 V/11 A output condition. The proposed converter oper-
ates at the first resonant point, having a sinusoidal resonant
current waveform. DB = DB1 = DB2 = 0.

FIGURE 20. Key waveforms of prototype at 340 V/3.3 kW output (DB =

0.5).

TABLE 2. Comparison with previous prior arts for 3.3 kW EV chargers.

FIGURE 21. Key waveforms of prototype at 375 V/3.3 kW output (DB =

0.75).

Fig. 19 presents the key waveforms of the prototype
at 303 V/11 A output condition. The proposed converter
increasesDB to 0.25 to obtain a boosted gain. DB1 is increased
for a larger DB. The proposed converter operates in PWM1
region.

Fig. 20 presents the key waveforms of the prototype at
340 V/3.3 kW output condition. DB is increased to 0.5 and
SR1 is fully turned on. The proposed converter operates at the
second resonant point, having a sinusoidal resonant current
waveform again.
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FIGURE 22. Key waveforms of prototype at 507 V/3.3 kW output (DB = 1).

FIGURE 23. Key waveforms of prototype using ‘‘PWM w/o sequence’’
at 360 V/3.3 kW condition.

Fig. 21 presents the key waveforms of the prototype
at 375 V/3.3 kW output condition. The proposed converter
increases DB to 0.75 to obtain a boosted gain. Now DB2 is
increased for a larger DB. The proposed converter operates in
PWM2 region.

Fig. 22 presents the key waveforms of the prototype at
507 V/3.3 kW output condition. DB is increased to 1 and
both SR1 and SR2 are fully turned on. The proposed converter
operates at the third resonant point, having a sinusoidal reso-
nant current waveform again.

Fig. 23 presents the key waveforms of the prototype using
PWM without sequence at 360 V/3.3 kW output condition.
DB1 and DB2 are increased simultaneously to obtain a boost-
ing gain. As analyzed in the previous chapter, the resonant
current has much larger peak to peak value because PWM
without sequence has only two resonant points in the operat-
ing voltage range. In order to reduce the peak to peak current,
LR needs to be increased, resulting in a larger size of LR.
Furthermore, it can be noted that both SR1 and SR2 are
suffering a large switching turnoff loss at the secondary side.

Fig. 24 presents the efficiency of the prototype converter.
Over 250∼500 V output voltage range, the proposed sequen-
tial PWM achieves 98.82 % peak and 98.25 % valley effi-
ciency. By having three resonant points, the proposed method
effectively limits efficiency drop. On the other hand, PWM

FIGURE 24. Measured efficiency of the prototype at full load conditions.

without sequence fails to maintain high efficiency due to a
large LR current swing and turnoff losses from two boost-
ing switches. Prototype converter utilizes variable frequency
control when the output voltage is lower than 250 V. The
efficiency drops to 96.4 % and 93.7 % when the output
voltage is 200 V and 150 V respectively, but the efficiency
is not important in this region.

Table 2 presents comparison with the previous state-of-the-
art technologies for 3.3 kW EV chargers. As shown in the
table, it can be noted that the proposed converter improves
efficiency in the maximum output power region compared to
prior works, with the help of SIPO structure and sequential
PWM technique.

VI. CONCLUSION
This paper proposed sequential PWM control for a resonant
converter with series input parallel output transformer struc-
ture. Series input parallel output structure effectively achieves
current sharing and reduced current stress at the output side,
which is well in accordance with the recent requirements for
higher charging power in EV charging applications. By adapt-
ing sequential PWM control, the proposed converter achieves
multiple resonant points while doubling the output voltage.
The efficiency drop is limited by placingmore resonant points
in the same output voltage range, compared to PWMwithout
sequence. Both peak to peak current and switching turnoff
loss have been significantly reduced. As a result, the proposed
methodmaintains high-competitive efficiencywith small size
of the resonant inductor, which is desirable characteristic for
EV charging applications.
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