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Abstract: This paper proposes an active-clamp forward-flyback (ACFF) converter with an integrated
planar transformer for wide-input voltage and high-output current applications, such as low-voltage
direct-current (LDC) converters in electric vehicles. An integrated planar transformer that consists
of a forward-flyback transformer, single primary winding, and efficient structure of secondary
windings is adopted for the proposed converter, and since this transformer is implemented with a
common four-layer printed circuit board (PCB) winding, a high power density and low cost of the
proposed converter can be achieved. In addition, due to the low leakage inductance induced by the
planar transformer, a reduced commutation period can be achieved, and it is possible to increase
the switching frequency resulting in low volume of transformer. Although the integrated planar
transformer has relatively high conduction loss, the active-clamp topology can significantly reduce
the conduction loss on switches compared with widely used full-bridge (FB) converters because it
only utilizes two switches and shows the low circulating current. As a result, the proposed converter
with an integrated planar transformer has strengths in high power density and cost competitiveness
without degraded efficiency, and it is a very attractive topology for LDC converters and other
applications that require wide-input voltage and high-output current.

Keywords: active-clamp converter; DC/DC converter; electrical vehicle; forward-flyback converter;
integrated transformer; planar transformer; wide input and output voltage range

1. Introduction

Increasing demands for reducing CO; emissions to comply with strict CO, regulations
have dramatically accelerated the development of the high fuel economy or zero CO,
emissions vehicles, such as hybrid and electric vehicles [1,2]. In accordance with this
tendency, most vehicle manufacturers have recently invested trillions of dollars in research
and development for electric vehicles [3]. These electric vehicles consist of various electrical
power conversion systems since not only the conventional fossil-fuel engine and generator
systems are replaced by motor, inverter, and low-voltage direct-current (LDC) converter,
but also a high-voltage battery, on-board charger (OBC), or fuel-cell systems are used to
substitute for the fuel tank [4,5]. This means that high-efficiency power conversion systems
must be required to achieve a high fuel economy and extend the driving range. In addition,
since these power conversion systems are installed in a limited space inside the vehicles
and have a relatively high cost, achieving a high power density as well as being highly
cost-competitive is a key design factor for power conversion systems in electric vehicles.

In the electric vehicle system, as shown in Figure 1, an LDC converter is applied not
only to charge the low-voltage (LV) battery but also to provide power to electric devices,
e.g., ignition (IG) systems, infotainment system, advanced driver assistance system (ADAS),
autonomous driving system (ADS), traction control system (TCS), etc., by utilizing the
high-voltage (HV) battery as an input source. In order to provide stable electrical power, the
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LDC is usually developed for 1.8 kW-2.4 kW /130-170 A output specifications. Moreover,
LDC converters have to cover wide input and output voltage variations since both input
and output consist of batteries. For instance, a hybrid electric vehicle (HEV) usually adopts
a 150-350 V range HV battery, a plug-in hybrid electric vehicle (PHEV) uses a 200400 V
range HV battery, and a 200400 V or 400-800 V HV battery is applied in an electric vehicle
(EV). Moreover, although the nominal output voltage specification is 13.9 V, a 7-15.1 V
output voltage range must be supported by the LDC converter to ensure stable operation
under adverse conditions.

Main battery Inverter Motor Engine
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Figure 1. Low-voltage system of xEVs.

In general, in order to supply electrical power, the conventional phase-shifted full-
bridge (PSFB) converter shown in Figure 2a has been widely applied to the LDC converter
due to its ZVS characteristic and small output filter size. However, due to the wide
input and output voltage specifications, the low nominal operating duty ratio of the
PSFB converter causes an expansion of the freewheeling period and a large circulating
current. Thus, the PSFB converter has trouble with high conduction loss. In addition,
as shown in Figure 2c, the two magnetic components in conventional LDC converters
require a complex structure. As a result, there are limitations to reducing the volume of the
PSFB LDC converter. In order to compensate for drawbacks of the PSFB converter, many
DC/DC converters have been studied for a low circulating current and a small volume of
the magnetic components [6-11]. However, most of these converters still suffer from an
increased volume and cost because of auxiliary components, such as additional switches,
drive circuits, and additional inductors.

Besides PSFB converters, the conventional active-clamp forward (ACF) converter
shown in Figure 2b is a promising candidate for LDC converters due to its low circulating
current and low number of primary switches. However, the conventional ACF converter is
also troubled with several disadvantages, such as high-voltage stress on switches and a
complex secondary structure caused by the magnetic components. In order to restrain the
high-voltage stress on switches, three-switch and three-level ACF converters that can utilize
the common 600 V rating silicon (Si) metal-oxide—semiconductor field-effect transistor
(MOSFET) are presented [12-14]. However, as the high-performance and high-voltage-
rating silicon-carbide (S5iC) MOSFET has been commercialized and mass-produced, the cost
of the SiC MOSFET has gradually declined. As a result, the high price of the SiC MOSFET is
no longer a drawback, so the SiC MOSFET has been rapidly applied to vehicle applications,
replacing the Si MOSFET.
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Figure 2. Conventional converters: (a) Phase-shifted full-bridge (PSFB) converter. (b) Active-clamp
forward (ACF) converter. (¢) Complex structure of transformer and secondary rectifier. (d) Conven-
tional commercial planar transformer with about 2 kW output power.

Contrary to the high-voltage stress on switches, the large volume and complex struc-
ture of the secondary side make it difficult to increase power density and cost competi-
tiveness. Thus, to improve the power density and simplify the secondary side structure,
ACF and active-clamp forward-flyback (ACFF) converters with an integrated transformer
are proposed [15-20] as shown in Figure 3. However, despite the integrated transformer,
such converters as shown in Figure 3a,b utilize a multi-winding structure that increases
its complexity. Moreover, the windings of the integrated transformer in these converters
are wound outside the core, making it vulnerable to electromagnetic interference (EMI).
The full-bridge active-clamp forward-flyback (FBACFF) converter shown in Figure 3c com-
plements theses drawbacks and shows a simple structure. The integrated transformer of
this converter has a minimized winding number and turns as well as those that are wound
inside the core. Meanwhile, it still uses the conventional winding method adopting litz wire
and a busbar. In addition, the full-bridge structure of the primary side shows a relatively
lower power density than the active-clamp structure, so it is hard to achieve a high power
density, which is one of the most important design factors in vehicle applications.

In order to achieve high power density by reducing the volume of the magnetic
component, various types of planar magnetics have been developed and sold on the
market [21]. However, the conventional planar magnetics simply alternate enameled
copper or litz wires to a complex multi-layer PCB winding and busbar, as shown in
Figure 2d, so the cost of the planar magnetics is also expensive, and the secondary rectifier
still shows a complex structure. Thus, planar magnetics have been rarely adopted for
vehicle converters, and most manufacturers of vehicle converters still utilize a conventional
winding transformer rather than adopting planar magnetics.
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Figure 3. Conventional converters with integrated transformer: (a) Integration of a transformer

and an output inductor. (b) Integration of two transformers and windings wound outside the core.
(c) Integration of two transformers sharing primary windings.

To maximize power density, high-frequency converters with a planar transformer,
e.g., over 500 kHz, have been studied and researched [22,23]. These high-frequency con-
verters are very susceptible to the parasitic components of the planar transformer, switch,
and diode, so it is hard to ensure stable operation. In addition, provided that the resonant
converter is applied to the high-frequency converter due to low switching loss, it is diffi-
cult for this converter to cover a wide input and output voltage range, and an auxiliary
converter for output voltage regulation must be required, resulting in low power density
and high cost. Furthermore, these converters utilize a high-cost multi-layer PCB for the
planar transformer and a metal PCB for heat dissipation. Because of these limitations,
conventional high-frequency converters with a planar transformer are not suitable for LDC
converters that require cost competitiveness and high reliability.

To produce a highly competitive LDC converter, characteristics of high power density,
low cost, and wide voltage range should be required, and in order to develop an attractive
converter for manufacture, research should be conducted based on several research hy-
potheses as follows. (1) The active-clamp structure shows low conduction loss on primary
switches and a high-power-density characteristic. (2) Planar magnetics can achieve a high
power density, but it results in relatively high conduction loss. (3) To cover a wide input
and output voltage range, utilizing two magnetic components, such as a transformer and
output inductor, for isolation and output voltage regulation is recommended rather than
adopting a single isolation transformer. (4) The integration of two magnetic components is
possible by configuring and redesigning the windings and core structure, and it can result
in a high power density.

In this paper, considering the above-mentioned hypotheses, an ultrahigh-power-
density ACFF converter with an integrated planar transformer for an LDC converter in an
electric vehicle is presented, as shown in Figure 4. The proposed converter is derived from
the conventional active-clamp forward-flyback converter, and only two SiC MOSFETs are
used on the primary side of the converter, inducing a minimized volume on the primary
side. In addition, the integrated planar transformer reduces the volume of the magnetics
and provides a simple structure of the secondary rectifier by merging the forward and
flyback transformers, as shown in Figure 4c, which are similar to the transformer and
output inductor of conventional PWM converters. Moreover, although the power density
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of the converter is maximized by the PCB windings, the PCB winding of the integrated
planar transformer, as shown in Figure 4d, can be implemented without any cost because it
is composed of a commonly used 30z, four-layer PCB, which is used for the power stage
of the converter. As a result, the proposed converter can achieve the advantages of both a
high-frequency converter and a general PWM converter at the same time, such as a high
power density, low cost, and wide input and output voltage range. Therefore, the proposed
converter in this paper is a very valuable converter, especially in vehicle applications, since
the strict requirements for vehicle applications can be satisfied by the proposed converter.
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Figure 4. Proposed ACFF converter with integrated planar transformer: (a) Circuit diagram. (b) Cir-
cuit diagram with integrated transformer. (c) Structure of two conventional transformers with wire
and busbar. (d) Structure of integrated planar transformer with PCB windings.

In order to support the effectiveness of the proposed converter, the detailed design
procedure and design considerations are explained, and a prototype with 200-310 V input
and 1.8 kW (13.9 V/130 A) output was constructed following the design procedure and
considerations. Moreover, the experimental results compared with a conventional FBACFF
converter are presented to verify the validity of the proposed LDC converter.

2. Features of the Proposed Converter
2.1. Descriptions of the Proposed Converter

The proposed converter is derived from the conventional active-clamp forward-flyback
converter, and as presented in Figure 4, it shows a similar circuit diagram compared with the
conventional one except for an integrated planar transformer. The integrated transformer
of the proposed converter contains series-connected forward-flyback transformers based
on [20], and it is implemented by utilizing two separate Ul cores, as shown in Figure 4d.
The windings of the integrated transformer are wound inside the cores, so not only low
EMI noise but also an optimized PCB layout can be achieved. In addition, since the two Ul
cores of the integrated transformer share the primary winding, the applied voltage on the
magnetizing inductance of each core is much less than that of the conventional converters,
e.g., PSFB and ACF converters. As a result, the low turns ratio and low number of primary
turns, which are almost half compared with those of conventional converters, can be
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achieved. In terms of secondary windings, these secondary windings penetrate through
each Ul core, so those are easily constructed in parallel to reduce the current density and
conduction loss. In addition, the low volume of the transformer without a high-operating
frequency can be achieved due to the concise structure of the integrated transformer and
PCB winding, so the proposed converter is able to maximize power density as much as the
700 kHz switching frequency converter presented in [22]. Moreover, the proposed converter
is highly cost-competitive since it can be produced without an auxiliary multi-winding PCB
and busbar, or additional fixing equipment used in common planar transformers. Although
the PCB windings of the planar transformer cause relatively large conduction loss, it shows
an efficiency as high as the efficiency of conventional PSFB converters adopting a general
transformer [20], since low conduction losses on the primary switches can compensate the
relatively high conduction loss on the PCB windings. Furthermore, unlike the other usual
high-frequency resonant converters with a single magnetic component, the proposed ACFF
converter with an integrated planar transformer can provide the wide input and output
voltage range in spite of using a single magnetic component for high power density. Thus,
major features of the proposed converter can be summarized as follows:

(1) The power density of the proposed converter is similar to that of high-frequency
converters, which have over 500 kHz operating frequency.

(2) Input/output voltage range characteristics of the proposed converter are similar to
conventional PWM isolated converters with an output inductor.

(38) The high price competitiveness and low cost can be achieved by eliminating the output
inductor, reducing the winding configuration cost, and simplifying the structure of
the rectifier structure.

As a result, the proposed converter has the advantages of both a high-frequency
converter and a general PWM converter at the same time, and these features make it very
attractive as an LDC converter in HEV and EV applications.

2.2. Operational Principles

Figure 5 describes the key waveforms of the proposed converter. The operation of the
proposed converter is equal to the conventional forward-flyback converter because the only
difference between the conventional and the proposed converters is the integrated planar
transformer. For the simplicity of the analysis, several assumptions are defined as follows:

(1) All parasitic components are ignored except for parasitic components in Figure 4;

(2) A clamp capacitor (Cc) is large enough to be considered as a constant voltage source
(Veo)

(38) The output voltage (V) is constant since the output is connected to the LV battery;

(4)  The transformer turns ratio (1) of the forward and flyback transformers (T, and Tg,)
is N/1, where N is a number of the primary winding.

There are six operational modes for one switching period. Through the topological
state shown in Figure 6, each operational mode can be explained as follows:

Mode 1 (tp—t1): When the commutation of secondary diodes completes, and the leakage
inductor current (if k) becomes equal to the magnetizing current of Tgy, (iLm g,) at tp, mode
1 starts. During this mode, nV is applied to the magnetizing inductance of Tor (iLm for)-
On the other hand, the applied voltage across the magnetizing inductance of Ty, (Lm g) is
approximately Vs — nV. The power is transferred from input to the output through Qum
and D;. During this period, irm for and if,, Ay linearly increase, and the diodel (D7) current
(ip1) can be represented as follows:
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Figure 5. Key waveforms of ACFF LDC converter with integrated planar transformer.
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. ) nV,
le,for(t) = le,for(tO) + ﬁ(t - tO)/ 1
) ) . Vg —nV,
T iy () = ippg (8) = iy g1, (f0) + SLTqyo(t —to), 2
iDl(t) = n(iLm,fly(t) - iLm,for(t))' (3)

Mode 2 (t1—tp): After Qp is turned off, mode 2 starts. During this mode, not only is
output current reflected, but the stored energy in Ly, also charges an output capacitance of
Qum (Cossm) to Vs + V. and discharges an output capacitance of Q4 (Cossa) to 0 V. The
voltage across Ly g, reaches to —nVp, and the voltage on Ly, then starts to decrease to
-V, inducing the commutation of secondary diodes.

Mode 3 (t,~t3): After vos decreases to zero, modes 3 begins. In this mode, iLikg flows
through the anti-parallel diode of Qy4, so it is possible to achieve the zero-voltage switching
(ZVS) turn-on of Q4. Since the sum of voltages across Ly, for and Ly gy is zero, —Vc. is
applied to Ly,. As a result, ipj, linearly decreases to iy sor, as presented in (4), while the
commutation of D; and D, simultaneously occurs.

. . V
i (F) = i (B) — 755 (= £y). 4)
g g Lie

Mode 4 (t3—t4): After the completion of the commutation between D; and Dj,
—(Vce—nVo) is applied to Ly for, and the reset of T, begins. At the same time, the voltage
stress on D; (vpj) increases to V./n. The energy stored in Ly, Ay discharges, and it is
transferred to the output through D,. Thus, the magnetizing and leakage currents of the
transformers and D, current are expressed as follows:

Vee — 1V,

iLm,for(t) = ileg(t) = iLm,for(t3) - T(t - t3)r (5)
g
nVv
T iy (8) = i g1, (B3) = 7= (t = 15), 6)
Lm,fly Lm,fly\*3 Lm,fly 3
ipa(t) = n<iLm,fly(t) - iLm,for(t))' @)

Mode 5 (t4-t5): In this mode, Q4 is turned off, and the stored energies in Ly, f,, and Lyxg
charge and discharge Cossy and Cossa, respectively. As a result, vga increases to Vs + Vi,
while reducing vy to zero. In addition, since vy, fr gradually increases to nVo, the sum
of voltages across L, for and L, fly becomes zero, and the commutation of D1 and D, starts.

Mode 6 (t5—ty): After vgy becomes zero, ipj, flows through the anti-parallel diode
of Qum, s0 ZVS of Q can be achieved. Since the sum of voltages across Ly, f,, and Ly, fy 18
zero, Vs is applied to Lyg. As a result, i, linearly increases, as in (8), and finally matches
iLm fiy s below:

. . V.
i1k (F) = i (t5) + —(t — t5). 8)
g g Lig

During this period, the commutation of D; and D, simultaneously occurs, and after
the commutation, Mode 1 begins again at f.

3. Analysis of Proposed Converter
3.1. DC Conversion Ratio

The operation of the proposed converter with an integrated planar transformer is equal
to a conventional active-clamp forward-flyback converter. Thus, considering the voltage-
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second balance of the flyback transformer and duty loss induced by the commutation of the
secondary diode, the DC conversion ratio of the proposed converter can be derived as (9):

1% 1 L 1 L D

O _ 2 (D-D,)—2" _Z(p,)—mr 2 )
L1 ’

VS n Lm,for + leg n ( Eff> Lm,for + leg n

where Dy is Lig-lo fs/(n-Vs), which represents duty loss resulting from the commutation
period that occurs when Q) is turned on, and D, represents effective duty ratio. For
concise analysis, provided that Ly, and Dy are small enough to be ignored, the DC
conversion ratio can be simplified as D/n.

From the voltage-second balance of the forward transformer, the clamp capacitor
voltage and maximum voltage stress on the primary switches can be expressed as below:

D 1
Thus, as previously mentioned, the DC conversion of the proposed converter is equal
to the conventional ACF and ACFF converters.

3.2. Design Consideration of Transformer

The conventional PSFB and ACF converters utilize two magnetic components, i.e., the
transformer and the output inductor, and each magnetic component can be individually
designed. For instance, the current ripple of the secondary side is solely determined by
the inductance of the output inductor. On the other hand, the ACFF converter with an
integrated planar transformer should be designed considering both Ly, ,r and L g, to meet
the current ripple and voltage ripple requirements. Based on the magnetizing inductances,
output current variation according to switching states can be derived as below and shown
in Figure 7:

AL, = ‘ (kVS - 2nVO) kn2V, T

, (D

L Vs L V.

m Cc

m

2nVy —kV, \ kn?V, T
’ Aloz - - <

where Al represents the output current variation when Q) is turned on, Al,, is also the
current ripple when Q4 is turned on, and k is Ly for / (Lm for + Lig). Provided that the cores
of the transformer are symmetric, L;, is the same as L, for and L, fly- From (11) and the
current ripple conditions, the magnetizing inductance of the integrated planar transformer
can be obtained.

3 DT, X
Dy1Ts DesTs D oTs !
i Qum : Qa | Qum

Ip2

iDl
Figure 7. Primary and secondary current waveforms of the proposed converter without dead-time.

The integrated planar transformer, as shown in Figures 4d and 8, utilizes two separate
UI cores. These two Ul cores share the primary winding, and this primary winding
is wound inside the cores to induce low EMI noise. One of Ul cores operates like a
forward transformer, which is a common transformer, and the other UI core acts as a
flyback transformer, which is similar to an output inductor. Since the two UI cores are
connected in a series, voltages applied to each magnetizing inductance of the transformers
are distributed, enabling a low turn number of the primary side winding. Because of
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iDl

iDZ

(a)

this, the number of primary windings of the integrated transformer is almost half that of
conventional PSFB and ACF converters, and with this feature, a relatively low conduction
loss can be achieved, making the integrated transformer suitable for a planar transformer.
In addition, due to the simple secondary winding structure that passes through each Ul
core, it is easy to configure secondary windings in parallel, resulting in a reduced current
density. Figure 8 shows the layout of the integrated planar transformer, and this integrated
planar transformer is constructed with a four-layer PCB that is used for the power stage of
the converter. The top and bottom layers consist of secondary windings in parallel, and the
primary windings are wound through the second and third layer. In order to design and
implement the integrated transformer, the maximum flux density (Bx) and flux density
variation (AB) of each core should be analyzed, and those can be derived as below:

—— -« 'D1_>
liikg ' .
lo
. —
| ) i
B _’L»Ikg =
Ipz
(b) () (d)
Figure 8. Layout of integrated planar transformer: (a) Top layer. (b) Second layer. (c) Third layer.
(d) Bottom layer.
(D + Dyp)nVpTs BB or
ABfor = N-A 7 = for,max ~ 2 (12)
P e, for
AB, — (1-D+Dy)nVpTs o e Lupylo BBy (13)
fly NpA, g, flymax ™ N, A, Ty 2

where Dy is LigIo -fs/(n-Vc), which represents the commutation period after Q4 is turned
on. Based on (12) and (13), the core loss of the integrated transformer can be estimated by
utilizing the improved generalized Steinmetz equation (IGSE) as shown in (14):

1 /T
Pcore:f/o ki

where k, &, and B are the same parameters as in the conventional Steinmetz equation [24].
The core loss of the planar integrated transformer is similar to the conventional integrated
transformer with litz wire [20]. Meanwhile, the conduction loss of the planar transformer
is considerably different from the conventional transformers because of the high wire
resistance and high current density of the PCB windings. Based on Figure 9, the resistance
of the primary and secondary windings can be derived as below:

14
(AB)F~%dt, k; = - mk ,
(2m)* " [ |cos 6] 26— df

dB
ar (14)

Pcopper{l + 0'00393(Tcopper —20)}MLT - N]ﬂ
Rw,pri = A 7 (15)
W,pri
pcopper{l + 0'00393(Tcoppgr —20)}MLT
Ry sec = A , (16)

W,sec

where MLT is the mean length turn, which can be represented as MLT =a + b + c + d.
Pcopper is the conductivity of copper, and Teopper is the temperature of copper. As previously
mentioned, due to the reduced turn number of the primary windings, the PCB winding
for the integrated planar transformer can be constructed through the second and third
layers. In addition, because of the simple structure of the secondary winding, the secondary
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winding can be designed in parallel by assigning the top and bottom layers. As a result, the
PCB windings can reduce the current density and the burden of the secondary wire. Despite
the relatively high conduction loss of the planar transformer, the proposed integrated planar
transformer provides a better structure without a high-cost metal PCB and increasing PCB
layers compared with other planar transformers [21-23].

b
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H
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—
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i|31+ iDZ
| =
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Figure 9. Winding parameters of the integrated planar transformer.

Table 1 shows the design results and loss analysis of the integrated planar transformer.
The magnetizing and leakage inductances that are represented in Table 1 were acquired
through Finite Element Method (FEM) analysis simulation, and core and conduction losses
were derived based on (13)—(16). For the analysis, this converter and transformer were
designed for 270 V input and 13.9 V /1.8 kW output specifications. As shown in Table 1, the
total equivalent leakage inductance of the planar transformer is approximately 2 pH due to
the highly coupled PCB windings, and it is relatively smaller than that of the conventional
integrated transformer with litz wire and a busbar [20]. As a result, the integrated planar
transformer can be designed with a high switching frequency, which results in a reduced
volume of the transformer since the low leakage inductance leads to a small commutation
period. Contrary to the volume of the transformer, the current density of the planar
transformer, which is closely related to conduction loss, is much higher than that of the
conventional transformer. Thus, almost five or six times more conduction loss of the planar
transformer occurs. Despite the large conduction loss, the integrated planar transformer
shows a significantly high power density and cost reduction; these characteristics have
great strengths in mass production and make them very attractive to industrial providers.
In order to support the consistency of the design results, additional FEM simulation was
also conducted, and the simulation specifications and results are represented in Figure 10.

Table 1. Design results of the integrated planar transformer.

Parameter Conventional Integrated Transformer  Proposed Integrated Planar Transformer
V/Vo, Po 270 V/13.9V, 1.8 kW
Switching frequency 150 kHz 200 kHz
Core PQ6640 custom UI3323 x 2EA
Flux variation (ABg, / ABgy) 016T 0.157T/0.143 T
Core volume 71,396 mm?* 42,268 mm?*
Primary Wmd“}is /acr;%; current density 0.1 250 strands /559 A /cm? 0.105 mm x 2.6 mm/4046 A/cm?
Resistance of primary winding 0.014 O 010
Secondary Wmd&%jﬁf{ current density 2mm x 10 mm/456 A/cm? 0.105mm x 11.3 mm x 2/3737 A/cm?
Resistance of primary winding 0.1 mQ) 0.6 mQ)

Magnetizing inductance (L fr /L Ay) 50 uH/40 uH 30 uH/30 uH
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Table 1. Cont.

Parameter

Conventional Integrated Transformer = Proposed Integrated Planar Transformer

Leakage inductance 5uH 2 uH
Core loss 428 W 2.66 W
Primary winding loss 1.34 W 13.76 W
Secondary winding loss 327 W 13.33 W
Total loss of transformer 8.89 W 29.75W
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Figure 10. Planar transformer core and conduction loss simulation at 270 V input and full load
conditions.

The high conduction loss of the PCB winding increases the PCB temperature, which
can lead to the failure of the system. In order to prevent excessive temperature rise on
the PCB, the PCB windings must be in direct contact with the heat sink to dissipate heat.
Figure 11 illustrates the heat sink design for the PCB winding and presents the simulation
result at full load conditions while water cooling at 9 £/min and 25 °C ambient temperature
are applied. As shown in Figure 11, although the planar transformer causes approximately
30 W power dissipation, the temperature rise is only below 30 °C. As a result, it can be seen
that the PCB winding and integrated planar transformer are stable irrespective of the large
conduction loss.

Generally, it is difficult to design planar magnetics when the magnetics require a high
number of turns or turns ratio to prevent the flux saturation of the core. Meanwhile, the
integrated planar transformer, which consists of the forward-flyback transformer, utilizes
a low number of primary turns and turns ratio. This is because the series-connected
transformer and the shared primary winding reduce the applied voltage on forward-
flyback transformers as much as one-half those of conventional converters. Moreover, the
simple structure of the secondary winding, paralleling of secondary windings though the
top and bottom layers, possibly reduces the current density. Thus, it is possible to design a
planar transformer with only four-layer PCB, which results in the minimized volume and
cost of the transformer.

Figure 11. Temperature rise according to the conduction loss of PCB winding at 270 V input and
100% load conditions.
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3.3. Loss Analysis of Proposed Converter

The RMS currents and voltage stresses on switches and diodes can be easily derived,
as in Table 2, through the following assumptions:

@

The magnetizing inductances of the transformer are large enough, so the magnetizing

current ripples of the transformer are small enough to be ignorable.

@)

The leakage inductance of the transformer is small enough to be negligible, and

because of that, the commutation periods can be ignorable.

Because of the PCB winding of the integrated planar transformer, the conduction loss
of the transformer is much higher than conventional converters. However, the proposed
converter with an integrated planar transformer can achieve considerably low conduction
loss on switches compared with the conventional PSFB and FBACFF converters because it
derived from a conventional two-switch active-clamp structure. Figure 12 presents the loss
analysis and comparison of the primary switches and the transformer, and for this analysis,
IPW65R080CFDA and IPW65R190CFA were applied to the conventional FBACFF converter,
C3M0120090D and C3M0280090D were used for the proposed converter, and the junction
temperature was assumed to be 150 °C. As presented in Figure 12, the proposed converter
with an integrated planar transformer can achieve similar or slightly higher efficiency
compared with conventional converters even though it has a significantly improved power
density. In addition, although the proposed LDC converter consists of the high-cost SiC
MOSFET, due to the two switches and the planar transformer with four-layer PCB winding,
the total cost of the converter is lower than that of other converters, and it is also highly
cost competitive, as shown in Table 3. Furthermore, the proposed LDC converter can
maximize the power density by eliminating the complex bobbin, reducing the height of the
transformer, and obtaining the optimized structure of secondary rectifiers. Consequently,
the proposed integrated planar transformer is suitable for mass production, and it is very

attractive to manufacturers.

Table 2. Stress comparison of primary switches.

Parameter PSFB FBACFF Proposed ACFF
RMS currents on switches (A) 01-Qs: 170\@ Q1, Qu: 170\/5, Q,, Q3 : - Owm: %0\@, Qu:-
n
Voltage stress on switches (V) Q1-Q4 : Vg Q1, Q2: Vg, Q3, Qs : %Vs QOm: ﬁVS, Qa: ﬁVS
: 2V, v, |2
Voltage stresses on diodes (V) Dy, Dy: 55 D;: —2Vs, Dy: - Dy: PVs, Dy =5

n(1-D)

n(1-D) n

- [

46.6

20.7 8.4 13.3

Proposed
ACFF

0.0 20.0

" Qcong ™ QSwitching

72.9 6.5

7.4

3.3
I 63W

40.0

Loss[W]
TRCore

60.0

80.0

4.1 55
94.2W

0.04

100.0

TRPricond = TRSeccond. LCore u Lcond

Figure 12. Loss analysis of primary switches and magnetics at 270 V input and full load conditions.
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Table 3. Components and cost comparisons.
Parameter PSFB FBACFF Proposed ACFF
Primary switch 01-Qy4: Q1, Q4: IPW65R115/4.636, Qpn: C3M0120090/7.47
Part number /Price ($) IPW65R115/4.636 Qa, Q3: IPW65R190/2.69 Qa: C3M0280090/4.03
Total price of primary switches ($) 18.544 14.652 11.5
. EER4730
Transformer/inductor JEER6025 EE6630 UI3323 x 2 EA
Price of magnetics ($) 20 12 5
Total Price ($) 38.544 26.625 16.5
4. Experimental Results
In order to support the effectiveness of the proposed converter with an integrated
planar transformer, a prototype converter with the specifications of Vg = 200-310 V,
Vo =139V, and fs = 200 kHz was designed and implemented. In addition, a conven-
tional FBACFF converter was also constructed to compare efficiency and power density. As
shown in Figure 13, the proposed converter showed considerably higher power density, i.e.,
4.9 kW//, compared with that of the conventional converter, and this high power density
is similar to the 700 kHz PSFB converter with a planar transformer presented in [22]. The
detailed design parameters of the converters are represented and summarized in Table 4.
Primary Integrated
EMI Filter Switch Transformer

Primary Integrated
Switch Transformer

.......

. 175mm
EMI Filter

120 x 150 x 40.5 mm = 0.729 ¢, 2.57 kW/¢ 175 x 83 x 25 mm = 0.363 ¢, 4.9 kW/t

(@) (b)

Figure 13. Prototypes of conventional and proposed converters: (a) Conventional FBACFF converter
with integrated transformer. (b) Proposed ACF converter with integrated planar transformer.

To confirm the consistency of design and provide high-accuracy measurements, an
IDRC DSP1500WS series was used as the input source, and the output electronic load
was a Chroma DC Electronic load 63203. In addition, the efficiency was measured by
a YOKOGAWA WT5000 series, and a Lecroy Waverunner8000 was utilized to capture
experimental waveforms.

Figure 14 shows the experimental waveforms at nominal input voltage conditions. As
shown in Figure 14, the experimental waveforms of the proposed ACFF LDC converter
were almost equal to the conventional ACF converter. The voltage stresses on the primary
switches were up to 500 V, which was higher than the conventional FBACFF converter [20].
Although, the voltages stresses on switches were high, the proposed ACFF only adopts two
switches and shows a reduced circulating current, inducing a relatively low conduction
loss. Moreover, due to the significantly reduced conduction loss of the primary switches, it
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is able to achieve a high efficiency regardless of the increased conduction loss from the PCB
windings of the planar transformer.

The other key experimental waveforms at the minimum and maximum input voltage
and 100% load conditions are represented as shown in Figures 15 and 16. At the minimum
input voltage conditions, the high-voltage stresses on the primary switches, which were
approximately 580 V, can be shown. This is because the large duty ratio for the output
voltage regulation causes a high voltage on the clamp capacitor, which leads to high-voltage
stresses on the primary switches. However, this high-voltage stress is far below the rating
voltage of the SiC MOFSET, and the stability of the operation can be ensured. Because of
the low leakage inductance of the integrated planar transformer, the small commutation
period can be achieved, so it is possible to increase the switching frequency up to 200 kHz.

Table 4. Parameters of Prototype Hardware.

Conventional FBACFF
with Integrated Transformer

Q1, Qu: IPW60R080
Qz, Q3 : IPW60R190

Proposed ACF with Integrated
Planar Transformer

Qu: C3M0120090
Qu: C3M0280090

Components

Primary switch

Secondary diode M80QZ12N, 2 EA VS-63CPQ100, 4 EA
Clamp cap Film: 630V, 1 uF MLCC: 150 nF, 4 EA
Core: PQ6640, Core: UI3323,2 EA,
Transformer Lm,for =50 uH, Lm,ﬂy =40 uH Lm,for = Lm,ﬂy =30 uH,
Ly =5 uH, Ly =2 uH,
Np:N;s = 8:1 Np:N; = 8:1
Output cap MLCC: 22 uF x 6 EA MLCC: 10 uE, 8 EA

e s e e

. - 5 L i kg (10 A/div) /
I"' r L ‘*v L nl k lﬁj , L l“,“y‘;\‘,\v» \L :‘;}3""‘"" L
(20 Vv/div)

Voa

QA Vb1
(200 V/div)

{ B> 713V

[2 ps/div] [2 |ps/div]

ol . k

Figure 14. Key experimental waveforms at 270 V input and 100% load conditions: (a) Primary side
key experimental waveforms. (b) Secondary side key experimental waveforms.
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Figure 15. Key experimental waveforms at 200 V input and 100% load conditions: (a) Primary side
key experimental waveforms. (b) Secondary side key experimental waveforms.
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Figure 16. Key experimental waveforms at 310 V input and 100% load conditions: (a) Primary side
key experimental waveforms. (b) Secondary side key experimental waveforms.

Figure 17 shows the soft-switching waveforms of the proposed converter. In 200 V
input conditions, since the commutation period is relatively longer than that under other
conditions, ZVS of Qs can be achieved. Meanwhile, in high-input voltage conditions, as
shown in Figure 17b, due to the small Ly, ~ 2 pH and commutation periods, ZVS of Qu
cannot be accomplished. However, since Vo is reduced under 200 V at the instant of
switch turn-on, the switching loss of Qs is small enough to be ignorable. This is because
the proposed converter not only adopts low-switching-loss SiC MOFSETs but also operates
under 200 kHz switching frequency, unlike other over 500 kHz high-frequency converters
utilizing a planar transformer, which are hugely affected by switching loss.

Figure 18 shows the measured efficiency of the proposed ACFF converter and the
conventional FBACFF with an integrated transformer. As shown in these Figures, despite
the large conduction loss of the integrated transformer, the proposed converter can achieve
similar or slightly higher efficiency than the conventional converter. This is because the ACF
converter has considerably low conduction loss resulting from the two-switch structure,
which can make up for the large conduction loss of the integrated transformer. This is a very
important characteristic of the proposed converter because conventional converters using
planar magnetics suffer from degraded efficiency and narrow input and output voltage
conditions. In addition, the proposed converter with an integrated planar transformer is
very competitive in volume and cost. Consequently, the proposed converter adopting an
integrated planar transformer is a very attractive solution, especially for LDC converters in
automotive applications.

o

Q4 (30 V/div) Q, (30 V/div)

iL1g(20A/div) iL1ig (20 A/div)

y "‘\\ Voa (200 V/div) Vo (200 V/div) P Vga (200 V/div)
3 ANy
\ 1 ] . .
I Vally switching
:: ZVS of Qy » 1 l.' ofQ _
/ [100 ns/div] \ J M [100 ns/div]
x4 - \\ ’/
(a) (b)

Figure 17. Soft-switching waveforms at full load conditions: (a) 200 V input. (b) 310 V input.
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Figure 18. Measured efficiency according to input voltage: (a) Minimum input (Vs = 200 V). (b) Nom-
inal input (Vs =270 V). (c¢) Maximum input (Vg = 310 V).

5. Conclusions

In this paper, a high-power-density active-clamp converter with an integrated planar
transformer is presented. The integrated planar transformer for this converter makes it
possible to achieve the maximized power density by magnetics integration, eliminating
additional components for transformer winding, and simplifying the structure of the
secondary rectifier. In addition, the proposed integrated planar transformer is considerably,
highly cost-competitive because the PCB windings for the integrated planar transformer
can be constructed through a 30z and four-layer power stage PCB without any additional
cost. Although there is still relatively high conduction loss of the transformer compared
with that of a common copper wire transformer, the low primary conduction loss on the
switches resulting from the active-clamp structure can compensate for the high conduction
loss of the transformer, as well as lead to almost the same or a slightly higher efficiency
than that of full-bridge converters. Furthermore, despite the high power density induced
by a single transformer, the proposed converter can provide wide input and output voltage
characteristics. Although it is difficult to increase the output power over 2 kW because of
the relatively high current density of the PCB windings and high conduction loss of the
proposed integrated transformer, under 2 kW output power, the proposed converter is a
very promising converter due to the major features, such as its high power density, low
cost, and wide voltage range. As a result, the proposed converter is not only suitable as an
LDC converter in HEV and EV vehicles but is also a considerably attractive solution for
various electric vehicle converter manufacturers, such as Vitesco, Hyundai, LG, and Denso.

In order to extend the applications and enhance the value of the proposed converter,
research about increasing the output power up to 4 kW to supply stable power to an
autonomous driving system should be conducted, and the bidirectional operation of the
proposed converter should be researched for increasing its stability at the instant of ignition
of the vehicle.
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