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Abstract: This paper presents a modified power factor correction (PFC) ON/OFF control and three-
dimensional (3D) printed circuit board (PCB) design for a high-efficiency and high-power density
onboard charger (OBC). By alternately operating one of two boost modules of the PFC stage at
a 50% or less load condition, the proposed PFC control can reduce the load-independent power
loss of the PFC stage, such as core loss and capacitor charging loss of switches. It enables OBCs
to have high efficiency across a wide output power range and better thermal performance. The
3D-PCB design decouples a trade-off relationship of the PCB trace design and heat spreader design,
increasing the power density of OBCs. A 3.3 kW prototype composed of an interleaved totem-pole
bridgeless boost PFC converter and full-bridge (FB) LLC converter has been built and tested to verify
the proposed PFC control and 3D-PCB effectiveness design. The prototype has 95.7% full power
efficiency (98.2% PFC stage efficiency) and 52 W/in3 power density.

Keywords: electrical vehicle; interleaved PFC converter; onboard charger (OBC); totem-pole bridge-
less boost converter; wide power range

1. Introduction

Global warming issues, strict CO2 emission regulation, and high fuel economy de-
mands are accelerating the transition from the automotive industry to electrified vehicles
such as hybrid electric vehicles and electric vehicles [1–3]. In electrified vehicles, a high-
voltage battery, i.e., the electric power source of the vehicle, is an essential part and is
charged by off-board chargers or onboard chargers. The off-board charger, meaning the
charger is exterior to the vehicle, achieves super-fast charging with over 50 kW high power
capability. However, since particular infrastructure, such as a three-phase alternating
current (AC) system and direct current (DC) system, is required for high power capability,
the off-board charger is rarely able to be installed at the private consumer side. On the
other hand, the onboard charger (OBC), meaning the charger is interior to the vehicle, has
a slower charging time than the off-board charger due to lower power capability (e.g.,
6.6 kW). Despite slow charging time, since the onboard charger enables private customers
to charge vehicles at their home without high infrastructure cost, the OBC is also an es-
sential part of electrified vehicles. In developing the OBC, high efficiency is essential to
improve the fuel economy and reduce CO2 emissions. Moreover, high power density is
also important, as the OBC is built into the engine and trunk rooms of electrified vehicles.

In general, the OBC consists of a power factor correction (PFC) stage and an isolated
DC-DC stage to recharge the high-voltage battery from the AC grid [4–9]. Many topology
and control studies have been conducted to improve the efficiency and power density
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of the OBC. For the PFC stage, boost-type topologies have been usually adopted [6–9].
Bridgeless boost-type topologies are preferred these days because they can eliminate
large conduction loss of the bridge rectifier. Among bridgeless topologies, a totem-pole
bridgeless boost PFC converter is becoming increasingly popular because of its simple
structure, small conduction loss, low number of circuit elements, and low common mode
noise problem [10–16]. Moreover, wide bandgap semiconductors, such as silicon-carbide
(SiC) and gallium nitride (GaN), enable the totem-pole bridgeless converter to operate at
high switching frequency in continuous current mode (CCM) operation. In applications
above 3 kW, an interleaved structure is widely used to relieve a burden of semiconductor
devices and input filter design [14–16]. The isolated DC-DC stage is typically implemented
with soft switching topologies such as LLC converter, phase-shifted-full-bridge converter,
and dual active bridge converter.

One of the important features of the OBC is that it should be able to cover a wide output
power range because the charge capacity, i.e., maximum output power, of the OBC varies
according to the input source such as dedicated electric vehicle supply equipment (EVSE)
(e.g., dedicated charging station) and common household standard power outlet [17,18].
For instance, assuming that a 6.6 kW OBC is built in an electrified vehicle, the OBC can
charge a battery with its maximum output power of 6.6 kW when the input source is
dedicated EVSE. Here, the OBC should be designed to achieve high efficiency at 6.6 kW
output. Meanwhile, when the input power comes from a household outlet, such as 220
VAC, the output power of the OBC should be degraded to 3.3 kW due to the power
capacity limitation of the household outlet. Thus, the OBC should achieve high efficiency
at both 3.3 kW and 6.6 kW output conditions. However, since semiconductor devices and
passive components of the OBC are designed for achieving high efficiency at 6.6 kW output
conditions, it is difficult to achieve high efficiency at 3.3 kW output conditions. This means
that the OBC can achieve high efficiency with dedicated EVSE but has low efficiency at
standard power outlet.

In this paper, a modified PFC ON/OFF control and effective printed circuit board
(PCB) design method is presented to improve the efficiency and power density of OBCs
comprising a PFC stage of the interleaved structure and a DC-DC stage. The modified
PFC ON/OFF control enables the OBC to improve efficiency at 50% or less load condition.
It makes only one of the interleaved PFC stage modules operate during a half line cycle
of the AC input voltage. Namely, each phase of the interleaved PFC stage alternatively
operates for every half-line cycle, which allows the PFC stage to have as high efficiency
at half-load condition, as the full load efficiency is designed to be the highest efficiency.
The thermal performance and lifetime of the OBC can also be improved with the proposed
control. An effective three-dimensional (3D) PCB design method that uses top and bottom
PCB design instead of a general single PCB design is also presented in this paper. Active
and magnetic components that require a cooling system due to high power loss are placed
on the bottom PCB with a heat spreader underneath. On the other hand, other components
such as the large size of output capacitors and relay that do not need heat spreaders are
put on the top PCB to reduce the board area. Consequently, this design method enables not
only higher power density but also the optimal design of a cooling system that is related to
fuel economy. The proposed methods can be applied to any interleaved PFC topologies
and DC-DC topologies. In this paper, they are applied to a promising 3.3 kW OBC structure
as an example, which comprises an interleaved totem-pole bridgeless boost PFC converter
and LLC converter, to verify their effectiveness.

2. Modified PFC ON/OFF Control
2.1. Conventional Interleaved Totem-Pole Bridgeless Boost PFC Converter

A circuit diagram of the conventional interleaved totem-pole bridgeless boost PFC
converter with its control block diagram is shown in Figure 1. The interleaved totem-pole
bridgeless boost converter is composed of two parallel connected boost modules. One
boost module comprises a boost inductor (LB1) and two switches (QH1 and QL1), while
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subscript 2 indicates the second module. Since the role of the high side switch (QH) and
low side switch (QL) is different according to positive and negative AC line cycles, the
totem-pole bridgeless boost converter has to detect a direction of AC voltage (AC detection
circuit), which is shown in Figure 1a. General control methods such as critical conduction
mode (CRM) control and CCM control can be adopted according to the specifications
of applications. In this paper, a CCM control with the average current control method,
which regulates the average inductor current to follow the shape of AC input voltage, is
used to reduce not only the conduction loss but also the burden of the electromagnetic
interference (EMI) filter, as shown in Figure 1b. Each module is controlled to provide
half of the total power during the AC line cycle (e.g., 50 Hz) and designed to achieve the
highest efficiency at the full-load condition (PO-max), i.e., PO-max/2 for each module, by
minimizing the conduction loss. In this design, the interleaved totem-pole bridgeless boost
PFC converter can achieve its maximum efficiency at the full-load condition. However, at
the half-load condition, each module transfers PO-max/4 and has a lower efficiency than
the full load efficiency due to large load-independent loss such as core loss and capacitor
charging loss of switches.

Energies 2021, 14, x FOR PEER REVIEW 3 of 14 
 

 

2. Modified PFC ON/OFF Control 
2.1. Conventional Interleaved Totem-Pole Bridgeless Boost PFC Converter 

A circuit diagram of the conventional interleaved totem-pole bridgeless boost PFC 
converter with its control block diagram is shown in Figure 1. The interleaved totem-pole 
bridgeless boost converter is composed of two parallel connected boost modules. One 
boost module comprises a boost inductor (LB1) and two switches (QH1 and QL1), while sub-
script 2 indicates the second module. Since the role of the high side switch (QH) and low 
side switch (QL) is different according to positive and negative AC line cycles, the totem-
pole bridgeless boost converter has to detect a direction of AC voltage (AC detection cir-
cuit), which is shown in Figure 1a. General control methods such as critical conduction 
mode (CRM) control and CCM control can be adopted according to the specifications of 
applications. In this paper, a CCM control with the average current control method, which 
regulates the average inductor current to follow the shape of AC input voltage, is used to 
reduce not only the conduction loss but also the burden of the electromagnetic interfer-
ence (EMI) filter, as shown in Figure 1b. Each module is controlled to provide half of the 
total power during the AC line cycle (e.g., 50 Hz) and designed to achieve the highest 
efficiency at the full-load condition (PO-max), i.e., PO-max/2 for each module, by minimizing 
the conduction loss. In this design, the interleaved totem-pole bridgeless boost PFC con-
verter can achieve its maximum efficiency at the full-load condition. However, at the half-
load condition, each module transfers PO-max/4 and has a lower efficiency than the full load 
efficiency due to large load-independent loss such as core loss and capacitor charging loss 
of switches. 

  
(a) (b) 

Figure 1. Conventional interleaved totem-pole bridgeless boost power factor correction (PFC) con-
verter. (a) Circuit diagram with control blocks. (b) Key waveforms. 

2.2. Concept of Modified PFC ON/OFF Control 
This paper proposes a modified PFC ON/OFF control to maximize the OBC efficiency 

both at full and half-load conditions without any additional component. Figure 2 shows 
the key control block diagram and waveforms of the modified PFC ON/OFF control. As 
shown in Figure 2a, the modified ON/OFF control can be easily implemented using an 
already existing AC voltage detection circuit. When the output power is over PO-max/2, the 
modified ON/OFF control is inactive, and the PFC stage operates with the conventional 
interleaving control to maximize full load efficiency. While the ON/OFF control is acti-
vated at PO-max/2, it enables each module to operate alternately during the half AC line 
cycle to maximize half-load efficiency. Namely, as shown in Figure 2b, assuming half-load 
condition, each module delivers the average power of PO-max/2 during the active half cycle 
but zero during the other idle half cycle. Thus, each module delivers the average power 

Figure 1. Conventional interleaved totem-pole bridgeless boost power factor correction (PFC) converter. (a) Circuit diagram
with control blocks. (b) Key waveforms.

2.2. Concept of Modified PFC ON/OFF Control

This paper proposes a modified PFC ON/OFF control to maximize the OBC efficiency
both at full and half-load conditions without any additional component. Figure 2 shows
the key control block diagram and waveforms of the modified PFC ON/OFF control. As
shown in Figure 2a, the modified ON/OFF control can be easily implemented using an
already existing AC voltage detection circuit. When the output power is over PO-max/2, the
modified ON/OFF control is inactive, and the PFC stage operates with the conventional
interleaving control to maximize full load efficiency. While the ON/OFF control is activated
at PO-max/2, it enables each module to operate alternately during the half AC line cycle
to maximize half-load efficiency. Namely, as shown in Figure 2b, assuming half-load
condition, each module delivers the average power of PO-max/2 during the active half cycle
but zero during the other idle half cycle. Thus, each module delivers the average power
of PO-max/4 during one AC line cycle such as the conventional control case. Since each
module achieves the highest efficiency at PO-max/2, the modified PFC ON/OFF control
allows the PFC stage to maximize half-load efficiency. Moreover, it can have the same
maximum current stress as the conventional control, because the modified PFC ON/OFF
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control is only active at half or less load conditions. The modified PFC ON/OFF controller
includes an enhanced duty ratio feed-forward technique [19] and dead-zone technique to
minimize the zero-crossing current distortion and reset accumulated current control errors
causing overshoots right after the zero-crossing. The current reference (iLB−REF) is set to be
zero, and all switches are turned off during the dead-zone. Therefore, there is no inductor
current near zero-crossing, and the modified PFC ON/OFF method enables each module
to operate alternatively without any current distortion problem.
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2.3. Analysis of Modifed PFC ON/OFF Control

This part presents power loss and power quality analysis of the modified PFC
ON/OFF control. Since the modified PFC ON/OFF control operates similar to the con-
ventional interleaving control when the power is over PO-max/2, this part only focuses on
comparing two methods when the output power is half or less.

The power loss of a converter can be generally classified into two types: (1) load-
dependent loss and (2) load-independent loss. The load-dependent loss, such as conduction
loss, occupies the major portion of the power loss at full power conditions. Thus, the inter-
leaved totem-pole bridgeless converter should reduce the load-dependent loss by using
a lower resistance of inductor windings and lower channel resistance of semiconductor
devices to maximize the full-load efficiency. However, these designs increase the load-
independent loss, such as capacitor charging losses (Eoss and Eqoss) of switches [20] and
core loss, constituting a large portion of the power loss at half-load conditions, as shown
in Figure 3. Consequently, the interleaved totem-pole bridgeless converter with the con-
ventional interleaving control method is difficult to maximize both full-load and half-load
efficiencies. The modified PFC ON/OFF control enables the converter to reduce the load-
independent loss by half and maximize the half-load efficiency. The detail loss comparison
is presented in this part based on a 3.3 kW prototype, which is a reduced scale prototype of
the interleaved totem-pole bridgeless converter that is used for experimental verification.
Detailed specifications and designed parameters are shown in Table 1.
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Table 1. Designed parameters of 3.3 kW interleaved totem-pole bridgeless boost PFC converter.

Items Parameters

Input voltage, vAC 220 Vrms
PFC output voltage, VO-PFC 400 V

Output power, PO 1.65 kW per module
Switching frequency, fS-PFC 100 kHz

Switch, QH and QL GS66516T
Diode, DH and DL LL25XB60
Boost inductor, LB 113 µH and EI4322 (KP50)

Conduction loss of two diodes (DH and DL) is calculated as follows:

PCond,D = IIN−Avg·VF·2, (1)

where VF is the forward voltage drop of a diode, and IIN−Avg is the average input cur-
rent, which is the same in the modified PFC ON/OFF and conventional control methods
assuming the same efficiency.

MOSFET and inductor conduction losses related to resistances are

PCond,R =
R

TAC

∫ TAC

0
i2LB(t)·D(t)dt, (2)

where TAC is a period of the AC line cycle, D(t) is the duty ratio of semiconductor devices
(D(t) is 1 for inductor conduction loss), and R is the parasitic resistance such as channel
resistance and inductor winding resistance. Since the modified PFC ON/OFF control and
conventional control are adopted to the same prototype, they have the same R and D(t).
Thus, the modified ON/OFF control has two times higher total conduction loss than the
conventional scheme due to two times higher iLB.

The boost converter suffers from a typical hard-switching transition when a switch
building up the inductor current is turned on. Thus, the output capacitor of the switch is
self-discharged, generating Eoss loss. Meanwhile, a current charging the output capacitor
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of the other switch generates a current bump, which results in the Eqoss. Eoss and Eqoss can
be calculated as follows:

Eoss =
∫ VO−PFC

0
Vds·Coss(Vds)dVds, (3)

Eqoss =
∫ VO−PFC

0
(VO−PFC −Vds)·Coss(Vds)dVds (4)

where Vds is the drain-to-source voltage of the switch building up the inductor current
and Coss is the output capacitance of the switch depending on Vds. From (3) and (4),
since the power losses of Eoss and Eqoss are only a function of Vds and Coss, they are the
load-independent loss.

The boost inductor core loss can be calculated by the Improved Generalized Steinmetz
Equation (IGSE) [21]. Since two half-line cycles are symmetric, the core loss based on the
IGSE can be expressed as follows:

PCore =
2VC
TAC

∫ TAC/2

0
ki

∣∣∣∣dB(t)
dt

∣∣∣∣α(∆B)β−αdt, (5)

where VC is the volume of a magnetic core, dB(t)/dt is the rate of change of flux density, α
and β are original Steinmetz equation coefficients determined by the material characteristics,
and ki is the coefficient shown below

ki =
K

(2π)α−1 ∫ 2π
0 |cosθ|α2β−αdθ

, (6)

where K is an original Steinmetz equation coefficient.
Figure 4 shows the power loss comparison between the modified PFC ON/OFF control

and conventional interleaving control based on (1)–(5) and the designed parameters of
Table 1. The modified PFC ON/OFF control alternatively uses one of two modules during
the half AC line cycle, which makes both advantages and disadvantages in terms of the
power loss. Since only one module handles total output power, the modified PFC ON/OFF
control increases the output current of each module by two times of the conventional
interleaving control. Thus, as the output power increases, the load-dependent loss is
increased compared to the conventional interleaving control. On the other hand, the
modified PFC ON/OFF control reduces the load-independent loss by half (9 W). When the
converter is designed with lower channel resistance and winding resistance to maximize
the full-load efficiency, the modified PFC ON/OFF control can improve the efficiency up to
80% load condition. However, since the maximum output current of each module should
be designed to be the same with the conventional control, the modified PFC ON/OFF
control can be applied to a 50% or less load condition.

Meanwhile, a simple control, which always turns off one of two modules at 50% or
less load condition, can be considered to optimize both the half and full-load efficiencies.
However, since this control only uses a module to deliver total power, the operating
module suffers from its highest temperature stress even at the half-load condition. Due to
the module, more cooling energy is required, and the lifetime of the OBC can be shortened.
The modified PFC ON/OFF control enables two modules not only to operate at their
optimized load condition in the same manner as the simple control but also to share the
output power in the same manner as the conventional interleaving control. As a result,
the modified PFC ON/OFF control can achieve higher efficiency than the conventional
interleaving control and achieve better thermal performance than the simple one module
operation control.



Energies 2021, 14, 605 7 of 15

Energies 2021, 14, x FOR PEER REVIEW 6 of 14 
 

 

𝐸௢௦௦ = ׬ 𝑉ௗ௦௏ೀషುಷ಴଴ ∙ 𝐶௢௦௦(𝑉ௗ௦)𝑑𝑉ௗ௦, (3)𝐸௤௢௦௦ = න (𝑉ைି௉ி஼ − 𝑉ௗ௦) ∙௏ೀషುಷ಴଴ 𝐶௢௦௦(𝑉ௗ௦)𝑑𝑉ௗ௦ (4)

where Vds is the drain-to-source voltage of the switch building up the inductor current and 
Coss is the output capacitance of the switch depending on Vds. From (3) and (4), since the 
power losses of Eoss and Eqoss are only a function of Vds and Coss, they are the load-independ-
ent loss. 

The boost inductor core loss can be calculated by the Improved Generalized 
Steinmetz Equation (IGSE) [21]. Since two half-line cycles are symmetric, the core loss 
based on the IGSE can be expressed as follows: 𝑃஼௢௥௘ = ଶ௏಴்ಲ಴ ׬ 𝑘௜ ቚௗ஻(௧)ௗ௧ ቚఈ (∆𝐵)ఉିఈ்ಲ಴/ଶ଴ 𝑑𝑡, (5)

where VC is the volume of a magnetic core, dB(t)/dt is the rate of change of flux density, α 
and β are original Steinmetz equation coefficients determined by the material characteris-
tics, and ki is the coefficient shown below 𝑘௜ = ௄(ଶగ)ഀషభ ׬ |௖௢௦ఏ|ഀଶഁషഀௗఏమഏబ , (6)

where K is an original Steinmetz equation coefficient. 
Figure 4 shows the power loss comparison between the modified PFC ON/OFF con-

trol and conventional interleaving control based on (1)–(5) and the designed parameters 
of Table 1. The modified PFC ON/OFF control alternatively uses one of two modules dur-
ing the half AC line cycle, which makes both advantages and disadvantages in terms of 
the power loss. Since only one module handles total output power, the modified PFC 
ON/OFF control increases the output current of each module by two times of the conven-
tional interleaving control. Thus, as the output power increases, the load-dependent loss 
is increased compared to the conventional interleaving control. On the other hand, the 
modified PFC ON/OFF control reduces the load-independent loss by half (9 W). When the 
converter is designed with lower channel resistance and winding resistance to maximize 
the full-load efficiency, the modified PFC ON/OFF control can improve the efficiency up 
to 80% load condition. However, since the maximum output current of each module 
should be designed to be the same with the conventional control, the modified PFC 
ON/OFF control can be applied to a 50% or less load condition. 

 
Figure 4. Loss comparison of the modified PFC ON/OFF control and conventional interleaving 
control at 400 V and 3.3 kW maximum PFC output. 
Figure 4. Loss comparison of the modified PFC ON/OFF control and conventional interleaving
control at 400 V and 3.3 kW maximum PFC output.

The modified PFC ON/OFF control can also improve the power quality, such as power
factor (PF) and total harmonic distortion (THD), compared to the conventional interleaving
control at 50% or less load condition. When the average current control is applied to
the boost PFC converter, the PF and THD are degraded as the load decreases. This is
because the boost PFC converter operates under the DCM (discontinuous conduction
mode) region in the light load condition, resulting in current distortion in the DCM region
and DCM–CCM transition instant [22]. Based on this characteristic, since the conventional
interleaving control makes the PFC converter operate in relatively low load conditions
by sharing the load current, it shows a relatively large current distortion in the light load
conditions causing low PF and high THD. This tendency appears more and more as the load
decreases. Meanwhile, the PFC converter adopting the single phase control and modified
PFC ON/OFF control operates more heavy load conditions than the PFC adopting the
interleaving control, which can reduce the current distortion resulting from the operation
at the DCM and DCM–CCM transition instant. As a result, the modified PFC ON/OFF
control can provide low current distortion with high PF and low THD compared to the
conventional interleaving control.

3. D-PCB Design for High-Power Density OBC

In order to develop a high-power density OBC, not only good topology and control
but also well designed PCB is critical. An inappropriate PCB design easily deteriorates the
power density and efficiency. It is general to place all components on a two-dimensional
(2D) top and bottom area of a PCB board [23,24]. The 2D-PCB design is simple because
it has only one PCB board. However, the 2D-PCB design has a limitation in achieving
higher power density. Figure 5 shows the volume and power loss distribution of main
components of the 3.3 kW prototype presented in this paper. The prototype is composed of
an interleaved totem-pole bridgeless boost PFC converter and full-bridge LLC resonant
converter. Tables 1 and 2 show designed parameters. From Figure 5, electrolytic output
capacitors of the PFC and DC-DC stages occupy around 50% of total volume while causing
almost 0% power loss. On the other hand, semiconductor devices such as a switch and
diode occupy about 3% volume but cause over 60% power loss. To cover high power
loss with small volume, semiconductor devices necessarily need heat spreaders. Magnetic
components such as boost inductors and transformers also generate large power loss and
require heat spreaders. In 2D design, since all components are on the same board, there is a
trade-off relationship between the PCB trace design and heat spreader design. If devices
causing large power loss, such as semiconductor devices and magnetic components, are
placed close to each other to design heat spreaders effectively, it increases the length of
PCB power traces from semiconductor devices to other components, resulting in large PCB
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conduction loss. On the other hand, if the PCB power trace is designed for the shortest
path, the heat spreader design cannot be optimized and requires a special shape and high
cost. Above all, putting all the components in a PCB board increases the PCB area, thereby
resulting in low power density due to a high height of electrolytic capacitors.
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Table 2. Designed parameters of 3.3 kW full-bridge (FB) LLC resonant converter.

Items Parameters

Input voltage, VO-PFC 400 V
Output voltage, VO 360 V
Output power, PO 3.3 kW

Resonant frequency, fR-LLC 500 kHz
Switch, Q1–Q4 GS66508T

Diode, DS1–DS4 SCS220AM
Transformer 53 µH (Lm) and PQ3535 (KP50)

Transformer turns ratio 19:16
Resonant inductor, LR 9.32 µH and PQI3520 (KP50)

This paper presents a three-dimensional (3D) PCB design not only to improve the
power density of the OBC but also simplify the heat spreader design for semiconductor
devices and magnetics. The 3D-PCB design is composed of two PCB boards shown in
Figure 6. One PCB board (bottom board) is for components generating larger power loss
and requiring heat spreaders. In Figure 6a, all semiconductor devices are on the bottom
layer of the board to directly transfer heat to the heat spreader, which is located underneath
the bottom board. The magnetics of the OBC can also dissipate their heat to the heat
spreader directly. The heat spreader connectors link the bottom PCB and heat spreader
mechanically. Figure 6b shows the top board of the 3D-PCB design. This board (top board)
is over the bottom board and consists of components with a large size but nearly small
power loss, such as a relay, output capacitors, and EMI filter. Power connectors link the
bottom and top boards electrically through conductive copper rods, and the copper rods
and supporters shore up the weight of the top board. All connectors should be designed
to use a screw for meeting the vibration requirements of the OBC. The 3D-PCB design
can decouple the relationship between the PCB trace design and heat spreader design
by separating the lossy and bulky parts. The height of the prototype is determined by
electrolytic capacitors such as the 2D-PCB design. However, since a 3D design can have
a smaller 2D area of the PCB board than a 2D design, it can improve the power density
compared to a 2D-PCB design. Figure 7 shows a 3D assembly drawing of the 3.3 kW
prototype with a heat spreader.
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4. Experimental Results

To verify the effectiveness of the modified PFC ON/OFF control and 3D-PCB design,
a 3.3 kW prototype with 220 Vrms AC input and 360 V/9.17 A output was built and tested.
The topology and control block diagram of the prototype is shown in Figure 8. Tables 1
and 2 summarize the details of the prototype. Figure 9 shows a picture of conventional
commercial OBC and proposed prototype. The power density of the prototype is 2.3 kW/`
without a liquid cooling system and case, and this power density is almost 20% higher
than that of the conventional commercial 3.3 kW OBC (1.9 kw/`). Figure 10 shows the
experimental platform and temperature test point of the PFC switch and inductors.
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Figure 11 shows the captured waveforms of the prototype at full-load condition where
the modified PFC ON/OFF control is inactive and conventional interleaving control is
used. The PFC stage regulates the input current shape and its output voltage. The full-
bridge (FB) LLC converter regulates the output voltage as 360 V. Figure 12 shows the
captured waveforms of the PFC stage with different control methods at 50% load condition.
The conventional interleaving control enables two boost modules to share the output
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power. Thus, it has the lowest inductor current. The single phase control only uses one
module. Thus, it has two times higher inductor current than the interleaving control. In
the modified PFC ON/OFF control, two boost modules operate alternately without any
current distortion, and inductor current stress is the same as the single-phase control case.
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control uses two boost modules alternately. All controls have a similar PFC output voltage ripple.

Figure 13 presents the experimental waveforms in 10% load conditions. The conven-
tional interleaving control method operates almost in DCM in 10% load condition, and
large current distortion is induced by dynamic change between CCM and DCM operations.
Meanwhile, single-phase control and modified PFC ON/OFF control show relatively low
current distortion, since those control methods have two times higher inductor currents
than the conventional interleaving method. In addition, single-phase control and modified
PFC ON/OFF control mostly operate in CCM. Thus, the modified PFC ON/OFF control
can provide lower THD than that of the conventional interleaving control method.
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control. (b) Single phase control. (c) Modified PFC ON/OFF control.

Figure 14 shows the measured efficiency of the PFC stage at 220 Vrms AC input and
400 V PFC output voltage. The efficiency was measured with a Yokogawa WT 1800. The
modified PFC ON/OFF control is activated at 50% or less load condition. Thus, it has
the same efficiency as the conventional interleaving control over 50% load condition, i.e.,
1650 W. From 50% load condition, the modified control is active and improves the efficiency
by reducing the load-independent losses, such as the capacitor charging loss of switches
and core loss, as discussed in Section 2.3. Figure 15 shows the increased temperature of
the PFC switch and inductor in three different PFC stage controls at 50% load condition.
By alternately operating one of two modules, the modified PFC ON/OFF control much
improves thermal performance, which can reduce the energy for cooling of the system. The
prototype system efficiency, including the FB LLC converter, is 95.74% at full-load condition
and 96.23% at half-load condition.
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Figure 16 shows the power quality of the PFC stage. The proposed modified PFC
ON/OFF control provides higher PF and lower THD than the conventional interleaving
control. Since the proposed modified control operates under twice lager load conditions
than the conventional interleaving control method, the PFC converter with the proposed
control operates in CCM even under light load conditions, which minimizes the current
distortion resulting from the dynamics change between CCM and DCM and current
oscillation in DCM [21]. As a result, the modified PFC ON/OFF control efficiently reduces
the current distortion and achieves higher power quality.
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Figure 16. Measured power quality of the PFC stage with two controls. The measured condition is
the same with the efficiency case.

5. Conclusions

This paper presents the modified PFC ON/OFF control and 3D-PCB design to im-
prove the efficiency and power density of OBCs without any additional components and
complex control schemes. The modified PFC ON/OFF control uses one of two boost PFC
modules alternately at 50% or less load condition to reduce load-independent power loss. It
allows the OBC to maintain high efficiency both at full load and half-load conditions. More-
over, it can improve power quality and thermal performance compared to conventional
interleaving control and single phase control. The 3D-PCB design that uses two PCBs to
decouple the relationship between the PCB trace optimization design and the heat spreader
design is presented. The 3D-PCB design can decrease the PCB area and improve power
density effectively. These methods can be applied to any OBC comprising interleaved PFC
topologies and DC-DC topologies. A 3.3 kW prototype was built and tested to verify the
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effectiveness of the proposed methods, but the proposed methods can also be applied to
higher power level.
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