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Abstract—This paper presents the analysis and realization of a
topology suitable to realize a power factor correction (PFC) recti-
fier with a thickness of only a few millimeters. The low height of the
converter requires all components to be integrated into the printed
circuit board (PCB). Still reasonable dimensions of the converter
PCB are feasible (221 mm X 157 mm for a 200 W PFC recti-
fier), since PCB-integrated inductors and capacitors allow for high
energy densities due to their large surface area which facilitates
a low thermal resistance to ambient. A multicell totem-pole PFC
rectifier employing a soft-switching modulation scheme over the
complete mains period is identified as an adequate topology. The
mode of operation is entitled friangular current mode (TCM) due
to the triangular-shaped inductor currents. The modulation tech-
nique requires a reliable description of the switching transition
of a half-bridge in order to provide accurate timing parameters.
For this purpose, a simplified model of the nonlinear MOSFETSs’
output capacitances facilitates closed-form analytical expressions
for duty cycle and switching frequency. Furthermore, this paper
details the control of three interleaved converter cells which yields
a reduction of the input current ripple. A 200 W TCM PFC recti-
fier with a low height of 5 mm has been realized and measurement
results are provided in order to validate the theoretical considera-
tions. The presented TCM PFC rectifier achieves an efficiency of
94.6% and a power factor of 99.3% at nominal power.

Index Terms—Single-phase power factor correction (PFC) rec-
tifier, power sheet, printed circuit board (PCB)-integration, trian-
gular current mode (TCM).

1. INTRODUCTION

VER the past decades, the evolution of power electronic
O systems has shown a trend toward higher power densities,
either due to limited space requirements [1] or indirectly driven
by cost and/or weight reductions (aircraft applications [2], [3],
server farms [4]). In the systems presented in [1]-[4], the in-
crease of power density is accompanied by an increase of ef-
ficiency as the reduced volume provides less surface area for
power loss dissipation.
Over the past years, rising energy cost and increasing environ-
mental awareness have shifted the focus toward high-efficient
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TABLE I
SPECIFICATIONS OF THE PFC RECTIFIER OF THE POWER SHEET WITH
A THICKNESS OF 1 mm

Input voltage v, =230V
Output voltage Vout =400V

Output power Pout = 200 W
Amb. temperature Tppp = 45 °C

power systems. Converter systems with ultrahigh efficiency,
however, are large and expensive [5]. For that reason, the eco-
nomic realization requires a tradeoff between power density p
and efficiency 7 of a converter system for which the p-n-Pareto
front, e.g., presented in [6], is a vivid representation. The anal-
ysis in [4]-[6], however, is based on cubical-shaped converters
and needs to be modified for flat converters, since most of its
components, e.g., inductors and capacitors, are subject to par-
ticular limitations [7].

Cubical-shaped power converters applied to specific future
applications, as, e.g., flat screens [8], [9] or OLED lighting pan-
els [10]-[12], would determine the outline of the entire system,
and therefore, ultraflat power converters are highly demanded.
The thicknesses of the respective converter systems, which are
composed of a power factor correction (PFC) rectifier and a
series-connected dc—dc converter providing an output power of
up to 200 W, are typically limited to 1,...,2 cm [13].

In order to meet the demand of ultraflat power supplies,
topologies suitable to realize converter systems with a thick-
ness of only 1 mm and an output power of 200 W (cf., Table I)
are under investigation. The respective research project, entitled
the Power Sheet [7], analyzes the implications of the extreme
height limitation on the converter’s efficiency and its power den-
sity, i.e., its p-n-Pareto front, and compares it to conventional
cubical-shaped converter systems.

The extremely low thickness can only be achieved if each
component is integrated into the printed circuit board (PCB).
As a consequence, the dissipated heat has to be transferred to
the ambient through the PCB which can be beneficially achieved
with a multicell configuration as the power dissipation is divided
into several converter cells.

In order to facilitate reasonable dimensions of the converter
PCB, ultraflat converter systems employ a topology which fa-
cilitates comparably low magnetic and electric energy storage
requirements, i.e., small inductors and capacitors. Low energy
storage requirements are effectively achieved by increasing the
switching frequency. In a conventional hard switching topology,
however, an increased switching frequency causes increased
switching losses and the requirements put on the cooling sys-
tem increase [4]. Thus, a soft-switching topology is proposed in

0885-8993 © 2013 IEEE
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Fig. 1. (a) Bridgeless PFC rectifier with parasitic output capacitances of the
MOSFETs. D,, and S}, shape i,, for v,, > 0 whereas D,, and S,, shape i,, for
vy, < 0[16]. (b) Totem-pole bridgeless PFC boost rectifier [16].

order to realize a high switching frequency and low losses due
to the switching operation. Furthermore, the converter topology
needs to be selected with respect to the electromagnetic inter-
ference (EMI) filter requirements, since the EMI filter typically
allocates one third of the overall converter volume [6].

A comparison of several PFC rectifier topologies presented
in [14] renders the bridgeless PFC rectifier [see Fig. 1(a)] to be
promising regarding high efficiency and high power density, as
the number of semiconductors in the conduction path is reduced
compared to conventional boost-type rectifiers which employ a
diode bridge in the input [15], [16]. The bridgeless topology,
however, suffers from considerable common-mode (CM) noise
as the output rails are floating during the negative mains half-
wave. As a consequence, arrangements with either capacitors
or diodes as CM return path have to be employed which cause
additional losses and increased circuit complexity [6], [16], [17],
[18].

A modification of the bridgeless PFC rectifier is the totem-
pole bridgeless PFC rectifier depicted in Fig. 1(b) and presented
in [16]. Compared to the basic bridgeless topology, a diode and
a switch are interchanged which allows the output bars to be
connected to the mains for the complete mains period through
one of the diodes. Thus, the CM noise is considerably reduced.
In continuous conduction mode (CCM) of operation, however,
the bridge-leg that is composed of the switches suffers from
significant reverse recovery losses. Low switching losses can
only be achieved operating in critical conduction mode (CrCM)
or in discontinuous conduction mode (DCM) which allow for a
resonant switching transition and thus reduced switching losses.

With the modulation technique proposed in [19], the operat-
ing range for soft-switching, i.e., zero-voltage switching (ZVS),
is limited to |v,| < Viu/2; for larger input voltages, valley-
switching has to be employed to reduce the switching losses.
Full-range ZVS over the entire mains period can be achieved
with an advanced modulation technique [20], [21], entitled
triangular current mode (TCM) due to the triangular-shaped
inductor currents, which require elaborate numerical calcula-
tions [20] or measurement results [21] to determine the timing
parameters needed to operate the converter. The conduction
losses of the converter can be reduced by replacing the diodes
Dy and Dy by switches. The resulting circuit, depicted in
Fig. 2(a), even enables bidirectional power flow.

A drawback of the totem-pole PFC rectifier is the large in-
put current ripple which requires for a large differential-mode
(DM) EMI filter. Since the proposed converter is operated with
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Fig. 2. (a) Single-cell and (b) three-cell configuration of a TCM PFC rectifier
system employing ZVS over the entire mains period.

a switching frequency greater than 150 kHz, an interleaved ar-
rangement of n converter cells facilitates a reduced filter size,
e.g., the setup with three interleaved converter cells depicted in
Fig. 2(b) cancels the first and the second harmonic component
of the inductor current 771 in the input current 7,,. A two-cell
configuration of this converter is discussed in [22]; however,
the interleaving control is not detailed and the applied modula-
tion does not allow for ZVS within the complete mains period.
Thus, a detailed analysis of the interleaving of three cells [cf.,
Fig. 2(b)] is shown in this paper.

The interleaved three-cell TCM PEC rectifier depicted in
Fig. 2(b) is considered to be the most appropriate topology
appropriate regarding the ultraflat converter system as it has the
following features:

1) low conduction loss due to synchronous rectification;

2) ZVS over the complete mains period;

3) distributed losses due to the multicell configuration;

4) areduced DM EMI filter effort due to interleaved inductor

currents;

5) low CM noise, and

6) bidirectional operation.

This paper presents a novel accurate and analytical descrip-
tion of the three-cell TCM PFC rectifier. Section II details the
full-range ZVS modulation scheme. In particular, the nonlinear
characteristic of the MOSFETS’ output capacitances has a strong
impact on the inductor current and, subsequently, on the tim-
ing parameters needed to operate the PFC rectifier. Therefore,
Section III proposes a simple analytical model of the nonlinear
MOSFET capacitances facilitating the derivation of closed-form
analytical expressions that directly enable the calculation of the
timing parameters needed to operate the converter and to achieve
full-range ZVS. Section IV discusses the control of the complete
converter system, i.e., the interleaving control of all inductor cur-
rents, an input current control, and an output voltage control.
Finally, Section V presents measurement results obtained from
a low-height 200 W TCM PFC rectifier prototype.
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Fig. 3. (a) Single-cell configuration during the positive half-line cycle. (b)
Current and voltage waveforms for valley switching. (c) Current and voltage
waveforms for the proposed ZVS strategy. A detailed view of the switching
transition in intervals 4 and 5 is given in Fig. 6. (d) V-Zi plot for valley switching.
(e) V-Zi plot employing ZVS.

II. BASIC OPERATION

This section presents the basic principle of the operation of
a TCM PFC rectifier and points out the difference between
valley switching and the proposed triangular mode modulation
technique which allows for ZVS during the complete mains
period.

Fig. 2(a) depicts the PFC rectifier circuit. There, for positive
input voltages v,,, S 2 is turned ON and Sy, is turned OFF. The
resulting simplified circuit is given in Fig. 3(a) and the converter
operation is explained based on this circuit. The explanation,
however, is similar for negative input voltages. There, only the
roles of the upper switch Sy, and the lower switch Sy are
interchanged.

A typical input current waveform for critical conduction mode
is depicted in Fig. 3(b) [19]. The switching period is split into
two main intervals and two short resonant transitions. The initial
conditions are

in(to) = 0, vg12(to) = 0. (D

Interval 1 [ty, ..., t1]: During interval 1, the switch Syo is
closed, v, is applied to the inductor L, and the inductor current
i, increases linearly. As soon as the current ¢g is reached or the
on-time of Sy2, Toy, defined by the controller (cf., Section IV)
has passed 52 is turned OFF

vsi2(t1) = 0. )

Interval 2 [ty, ..., t2]: During this interval, a switching tran-
sition takes place in which the nonlinear MOSFET output ca-
pacitance Cls9 is charged and C,g; is discharged. The voltages
applied to the switches vg;; and vgi, follow according to the
characteristic of the nonlinear capacitances. The switch voltages
and currents during this interval can only be evaluated using nu-
merical and iterative methods. Since i, is large, however, the
switching transition is very fast, and interval 2 can usually be
neglected

Z?’L(tl) = ZS’

in (t2) - iSS ~ Z.S’ USIQ(tZ) - V;)ut~ (3)

Interval 3 [to, ..., t3]: When Cggo is fully charged, the body
diode of 577 starts to conduct the inductor current 4,, and interval
3 starts. After an interlocking delay time (cf., Section IV), S11 is
turned ON at zero voltage. During interval 3, the voltage applied
to the inductor is negative and ¢,, decreases.

in(t3) =0, vs12(t3) = Vout- “4)

Interval 4 [ts, ..., t4]: Once i, reaches zero, Sy is turned OFF
and interval 4 begins. L, Cygs1, and Cygso form a resonant circuit
which starts to oscillate. The behavior of the oscillation depends
on the input to output voltage ratio v,, / Vout. For v, /Vous < 1/2,
vg11 rises to V¢ and vg19 declines to zero and ZVS is achieved
[19].

If v, /Vous exceeds 1/2, the instantaneous switch voltage
vg12(t) does not reach 0 and ZVS cannot be achieved. Instead,
the turn-on instant has to coincide with the instant when vg1o
is minimal in order to minimize the switching losses [cf., Figs.
3(b) and 4(a)]. This is pointed out in the V-Zi plot in Fig. 3(d).
The V-Zi plot shows a state graph of vg12 and ¢,, which are the
state variables of the system. If the system trajectory reaches
the ordinate after a switching cycle, ZVS can be achieved. Thus,
the V-Zi plot clearly shows whether or not ZVS can be achieved
[cf., Fig. 3(d)]

0, if v, /Vour < 1/2
vs12(ts) :{ if v [Vour / (6)

2v, — Vout, else.!

To overcome the drawback of losing ZVS during the mains
period, a modified modulation technique can be applied. Consid-
ering the current waveform shown in Fig. 3(c), it is obvious that
intervals 1-3 are similar to the waveforms depicted in Fig. 3(b).
However, Sy; is kept turned ON at the zero crossing of 4,, and
the current keeps decreasing linearly [cf., interval 4 in Fig. 3 (c)]

in, (t4) = iR, USIZ(t4) = ‘/out- (7)

! Equation (6) assumes that the output capacitance is linear. An analytical
expression that includes the nonlinearity of the capacitance is not feasible.
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Fig.4. Measurement results of a boost cell (a) without and (b) with an extended

reverse conduction time T [cf., Fig. 3(b) and (c)]. In order to minimize the
switching losses, (a) valley switching can be applied, whereas the extension
of T allows for (b) ZVS over the complete mains period. (Parameters: v,, =
328V, Vout =400V, and Ty,,, = 750ns).

Interval 5 [ty, ..., t5]:. As soon as a defined current ip is
reached or a given reverse conduction time 7y has passed (cf.,
Section IV) Sp; is turned OFF and an oscillation starts (inter-
val 5). Different to the previous situation shown in Fig. 3(b),
the energy stored in the inductor now is large enough to com-
pletely charge Cs1 and discharge C 4. Thus, vg12 reaches O
during interval 5. The negative current ig enlarges the elliptic
oscillation trajectory [cf., vo in the V-Zi diagram of Fig. 3(e)]
so that vg12 is able to decrease to 0. Consequently, ZVS can
be achieved over the complete mains period by controlling the
on-time of S1; and thus controlling the reverse current iy in the
inductor L

vs12(t5) = 0. (8)

Interval 6 [t .. .tg]: During interval 6, i,, commutates to the
body diode of Si5 and increases linearly. During this interval,
S12 can be turned ON at zero voltage

’in (tﬁ) = 0, U512(t6> =0. (9)

Fig. 4 presents measurement results which illustrate the dif-
ference between valley switching and the proposed TCM. As
can be clearly seen, applying an additional reverse current iy al-
lows for ZVS, which is particularly important for high switching
frequencies.

i (ts ) = iRy,

A. Converter design

A PFC rectifier shapes the input current ¢,, to be proportional
to the input voltage v,, . The average current ¢,, over a switching
period [cf., Fig. 3(c)] has thus to be controlled by adjusting the
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on-time 7Ty, and the reverse conduction time 7y during each
switching cycle. Knowing these timing parameters allows for
the determination of the switching frequency, the duty cycle, all
converter currents, and the losses of the converter.

From Fig. 3(c) it can be concluded that there is an infinite
set of combinations {7, Tr } which lead to a required average
current ¢,, since an increase of 7T, can be compensated by a
respective increase of TR so that the average value of the input
current i, over the switching period keeps constant. The infinite
set of applicable parameters {7, Tr } can be used to adjust the
switching period, 7y . This can be beneficially used to interleave
several boost cells (cf., Section IV). Large values of ig and iy,
however, result in an increased rms value of 7,, and in a higher
flux density swing in the boost inductor which increases copper
and core losses, respectively. As a consequence, it is beneficial
to keep the switching period as short as possible.

The average current 4,, can be calculated numerically by
integrating the inductor current [cf., Fig. 3(c)] over a switch-
ing period for a given input voltage v, (t) (v, (t) ~ constant is
assumed during a single switching period)

(10)

Due to the nonlinearity of the MOSFETSs’ output capacitances
intervals 2 and 5 can only be described by solving a nonlinear
differential equation of the charge ¢(¢) in the capacitances

d*q(t)

L-
dt?

+ vc (Q(t)) = Un (11)
where vc(g(t)) represents the voltage applied to the parallel
connection of the output capacitances Cpgs1 and Clgso.

This results in a considerable calculation effort as (11) can
only be solved iteratively [20]. In order to simplify the calcula-
tion, an adequate model of the capacitance during the switching
transition is detailed in the next section.

III. CLOSED-FORM ANALYTICAL CONVERTER MODEL

In order to obtain a sinusoidal input current of the TCM
PFC rectifier i,,, it is crucial to determine the average current
over a switching period [cf., (10)]. However, a switching period
consists of switching transitions which depend on the nonlinear
output capacitances of the applied MOSFETSs. The respective
current waveforms can only be solved numerically with iterative
methods. This section presents a simple and accurate model
that allows for closed-form solutions of the inductor current
within a switching period in a TCM PFC rectifier. These closed-
form expressions enable the calculation of the timing parameters
needed for the control and the converter design, i.e., the loss
evaluation of each component.

The derivation of the timing parameters has to be carried out
for two cases: the first case considers v, > Vou:/2 where an
additional time Ty is required to achieve ZVS. In the second
case, v, < Vout/2, Tr is not required to achieve ZVS but the
oscillation needs to be modeled accurately in order to determine
the timing values needed for the design and the control. For the
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Fig. 5. (a) Bridge-leg for positive input voltage v,, during interval 4 [cf.,

Fig. 3(c)]. The output capacitance of S1; is discharged, whereas the capacitance
of S19 is charged to the output voltage V1 . (b) During the switching transition
[interval 5 in Fig. 3(c)], both capacitors are connected in parallel. (c) Proposed
model of the parallel connected nonlinear output capacitances of the switches
for v, > Voyut /2 which assumes a triangular-shaped current waveform. The

peak current ir is assumed to occur when the output voltage v decreased to
half of the initial value.

sake of brevity, only the first case is discussed in the following.
However, the second case is derived analogously [23].

Considering a positive input voltage v,, and starting at inter-
val 4 in Fig. 3(c), the equivalent circuit shown in Fig. 5(a) is
obtained. There, the inductor current i,, is decreasing, Cygs1 1S
discharged, and Cosso is charged. Fig. 5(a) shows the typical
characteristic of the MOSFET’s output capacitance.

As soon as S7; is turned OFF, C,.s1 and C, 4o are connected
in parallel and the equivalent circuit illustrated in Fig. 5(b) is
obtained. In order to discharge Cl,2, the charge Q¢

Vout

Qc = gc (Vour) = /0 Coalve)doe  (12)
has to be removed and, assuming identical switches, the same
charge Q¢ is needed to charge Css1 to Viyui. Consequently,
as soon as the time integral of the current ¢,, during interval 5
exceeds 2 Q¢, ZVS can be achieved as v declines to zero.

The most simple capacitance model reduces the voltage vc
applied to the parallel connected capacitances Cogg1 || Coss2 to

‘/0117
ve(gqe) = {0 ‘

where as g¢ is the charge in the capacitance Cogs1||Coss2-
Fig. 5(c) illustrates the waveforms obtained with the proposed
model and it can be seen that a triangular-shaped current i,,
results and the derivation of an analytical expression becomes
feasible. The proposed model (13) is based on the condition that

if gc > Qc

else (13)

[ o=z Qe (14)
Intervalb
which can be assured by controlling the reverse current iy .

A simulation is used to validate the model and to compare it
to other conventionally used models for nonlinear output capac-
itances, i.e., the (linear) energy-equivalent capacitance C, and
the (linear) charge-equivalent capacitance Cy. [24]

2 Vout
Cee(Vout) = VT/O Coss(vps) vps dups — (15)

out

V) = — : e
400 [ ‘ ‘ ‘ I P ::ICOSS I | “v‘ ‘ flﬁ tri
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Fig. 6. Comparison between different capacitor models used to describe the
nonlinear output capacitances of the MOSFETSs. In simulations, each model is
compared to the nonlinear capacitance given in the datasheet of the switch. (a)
Energy equivalent linear capacitance, (b) charge equivalent linear capacitance,
and (c) proposed charge model (13) of the capacitance. For each model, the
corresponding current value 7R is calculated in order to achieve ZVS.

1 Vout
qu(%m) =315 Coss (UDS) dups.

Vout 0

Fig. 6 presents the simulation results. For each model, the re-
quired negative current ¢, is calculated in order to achieve ZVS
and compared to the nonlinear capacitance model specified in
the datasheet of the applied MOSFET. Fig. 6(a) shows that the
energy-equivalent model yields a poor approximation of the in-
ductor current, the model even fails to predict whether ZVS
can be achieved. The charge-equivalent model achieves a better
approximation [cf., Fig. 6(b)]; however, resonant states need to
be considered during intervals 2 and 5. The proposed model,
finally, achieves a very good approximation of the inductor cur-
rent without the need for resonant states [cf., Fig. 6(c)], which
renders this model most suitable with respect to an analytical
investigation of the TCM PFC rectifier.

The required negative current 7y is independent of the output
power but only depends on V,;, v,, and the selected switch
which defines ()¢. Considering Fig. 5(c),ir can be calculated

with
—ig T, . [2Q
Qc=% = IR = — chn

where as L di/dt = L (—ig)/T, = v, has been substituted.
With (17), ig can be calculated with the same approach which
yields

2
iR = _\/ %C (2'071, - ‘/out)a

0, else

(16)

7)

if v, > ‘/out/2 (18)

i.e., no additional reverse current i is required forv,, < Vi,(/2.

Applying the presented model of the nonlinear capacitances
to interval 5 allows for the analytical description of each inter-
val and a closed-form converter model is obtained. As already
mentioned, interval 2 is also determined by a switching transi-
tion including nonlinear MOSFET capacitances but due to the
large inductor current ¢,,, the switching transition is very fast
and interval 2 can be neglected.
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Fig. 7. (a) Inductor current waveform for v, > V4 /2 and (b) for v, <
Vout /2. (¢) Resulting switching timings and the switching frequency fg over a
half mains period. (d) Current values whereas i1, g is the local rms value and
1av 1s the local average value of the inductor current. Parameters: V,, = 230V,
Vout =400V, L = 150 uH, Q¢ = 75.2nC, and P,y; = 200 W/3. The out-
put power is divided because three converter cells are considered.

Considering Fig. 7(a), the average current in the inductor over
a switching period is
1 (I Ton is - Toff
( 2 + 2

) iR - TR
lav = Tip

P gl),

19)
The relation between inductor current and inductor voltage ap-
plied to each interval results in

. Un L . is L . (—Z'R)
? :7'Tons To =1 > Tzi
5 L i Vout — vy, f Vout — v
(20)
The switching period is defined by
TP = Ton + Toﬁ + TR, + T82 (21)
with
T,—p. —RZW) (22)
Vout — vy Un

Substitution of (20)—(22) into (19) and solving for a desired
average current ,, yields the on-time 75, [cf., (23)] and con-
sequently all timing and current values. Fig. 7(c) presents the
timing values and the switching frequency over a half mains
period for the parameters listed in Fig. 7(b). Fig. 7(d) shows
the respective current values. As can be seen, the required i is
very high compared to ig which is particularly pronounced for
low power converters as the required input current is inherently
small. For high power converters, this ratio decreases so that the
additional rms current caused by the modulation has almost no
impact [25] (23), as shown at the bottom of the page.

The determination of the required negative current ig can
also be easily implemented in a DSP which is needed for the
rectifier’s control presented in the following section.
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Fig. 8. (a) Schematic and simplified control structure of a single-cell TCM
PFC rectifier which shows all required measurements. (b) State machine goes
through each stage. It requires 7, and TR which are determined in the DSP
and the zero-crossing signal of the inductor current. A constant interlock delay
T is considered.

IV. CoNTROL OF THE TCM PFC RECTIFIER

Based on the switching cycle discussed in Section II
and the simplified model of the switching transition detailed
in Section III, the converter control is described in this section.
Contrary to control presented in [20], the proposed control does
not need any lookup tables or interpolations which simplifies
the implementation considerably. Fig. 8(a) depicts a single-cell
TCM rectifier including a simplified control structure. The in-
put quantities required for the control are the input voltage, the
output voltage, the input current, and the sign of the inductor cur-
rent which is determined using a shunt resistor and a high-speed
comparator in each inductor path [20]. For high-power convert-
ers (up to several kilowatts), a current transformer with saturable
core may be employed to reduce the conduction losses [25].

The DSP calculates the required on-time 75, and the reverse
conduction time 7Ty according to the current values of v,,, Vo4,
and i,. With T;,, Ty, and the sign of the inductor current
being known, a state machine residing in an field-programmable
gate array (FPGA) generates the switching pattern illustrated in
Fig. 8(b). The transitions between the five states are determined
by either the specified timing value (States I, IL, IV, and V) or
the zero-crossing detection (State III — State IV). A constant
interlocking delay time 7j; is assumed for States Il and V (T3} =
400 ns for the realized prototype).

L iy L
= +

Ton
Un Vz)ut "V

n

5 (ngv Vour + LZ%{ Up + 47]71‘/0th(7 - 47]% QC + 2%, Vour V LU?LQC)

(23)
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Fig. 9. Simulation results for a 200 W three-cell PFC rectifier system [cf.,

Fig. 2(b)]. (a) Mains voltage v,,, input current %, , and first-order low-pass
filtered input current i, (f. = 16kHz). (b) Inductor currents including a mag-
nified view which shows the smoothing effect of the superposition on the input
current %, . (c) Gate signals of the low frequency switching bridge-leg.

Contrary to the analysis of Section II, State I starts before the
zero crossing of the 4,, [cf., Fig. 8(b)] as the triggering of State I
using the zero-current signal would be slightly time delayed and
S12 would be turned ON without ZVS. Therefore, State I follows
directly State V, while 7,, is still negative and the parameter T
has to be calculated including this additional time before the zero
crossing of ¢,, which has been implemented in a feed-forward
control Ky of the current controller. The time delay of the zero-
crossing signal triggering State IV is not critical as there is no
switching transition involved which could lose ZVS.

A drawback of the presented topology in Fig. 8(a) is the
large ripple of the inductor current ¢, which results in a re-
duced power factor PF, a large total harmonic distortion (THD)
value, and hence a large DM EMI filter size. In order to obtain
a smooth input current, a multicell configuration can be ap-
plied [cf., Fig. 2(b)] where the superposition of several inductor
currents results in a smooth input current ,, .

Fig. 9 depicts the simulation results of a 200 W three-cell
TCM PFC rectifier system. The magnified part shows the input
current ¢,, and the three inductor currents 1,
trates the input current ripple reduction achieved by means of
interleaving the inductor currents. Applying a first-order low-
pass filter with a cutoff frequency of f. = 16kHz, the input
current ¢, can be achieved which has a THD value of 6.9%
and a power factor of PF = 99.6% (v,, = 230V, V,,; =400V,
Py =200 W).

Fig. 10 presents the basic idea of the implemented interleav-
ing control for two boost cells with the corresponding inductor
currents ir; and i79. There, the boost cell conducting i is
considered as master cell to which several other cells are syn-
chronized. The only required input signal is the zero-crossing
signal of each inductor current. For each boost cell, the end of a
period (EoP) is characterized with a zero-crossing signal which
changes from negative to positive.> A counter is reset on every

2This is valid for positive input voltages v,, . For negative input voltages, the
sign changes accordingly.
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Fig. 10.  Evaluation of the control signal for the interleaving control which is
based on the EoP signals of each inductor current iz, 1—iy 3. A counter is reset
at EoP of each current and the values are then compared to each other.

DSP——— . FPGA Gate
12
, J o T, Ma;ter cell Gate Sy,
R — State :
K Tonse | | sgn(in,)Jmachine kEOPY Trter-
V., sgn(vy) =~ leaving
Control
+1.7 on
b T, Slave cell 1 EoP, Gate S,
T State Gate Sy;
l_ sgn(iLo)machine| [AT, :
Vi Ki(s) SEn(v) 2
N on,fb sl 12 L Inter-
ave ce i
T, EoP; lcea";ngl 7| | Gate Sy,
Tk —| State OHio Gate S;;
. sgn(ir3)~|machine["AT; 2
sgn(iL1.3) | 4 | sgn(v,)~
Sgn(vn)

Fig. 11.  Schematic of the control structure of the converter system which is
subdivided into the state machine of each HF bridge-leg and the interleaving
control of the inductor currents which are implemented in an FPGA and a
superimposed input current and output voltage control realized in a DSP.

EoP signal no matter from which cell it is generated. The result-
ing counter values y; and ys are thus proportional to 7p — AT
and to AT, respectively, and the desired delay between the two
phases can be adjusted by selecting the ratio between y; and y».
For example, a delay of Tp /3 requires y; to be twice the value
of 2. Any deviation from this ratio is used as control parameter
AT,,, and added to the slave cell as an extension or a reduc-
tion of its on-time. The input current can be kept constant by
compensating AT, with a corresponding ATy as explained in
Section II. Other interleaving control techniques can be found
in [26]-[28].

The interleaving control and the state machines for each boost
cell are implemented in an FPGA. Fig. 11 presents the imple-
mented control of the multicell TCM PFC rectifier. The sign of
the input voltage sgn(v,, ) defines which switch of a bridge-leg
is considered as boost switch and which is the free-wheeling
switch. For example, for positive v,,, S;1 is the free-wheeling
switch and S5 is the boost switch where = corresponds to the
bridge-legs x = 1,...,3.

The bridge-leg composed of Sy; and Syo switches syn-
chronously to the mains frequency [cf., Fig. 9(c)]. For positive
input voltages v,,, Sy1 is OFF, while Sy is turned ON and
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TABLE II
CIRCUIT PARAMETERS OF THE 200 W TCM PFC RECTIFIER

Size: 221 mm X 157 mm X 5 mm

Inductors EIR 23/5/13 [30] DSP and FPGA
L 150 pH DSP TMS320C2808 [31]
N 20 FPGA  LCMXO02280C [32]
Isat 1.85 A
Material N49
MOSFETs IPR60R385CP [33] Output capacitor [34]
Rpg(on) 385 mQ @ 25°C C 220 nF
Vbs 650 V Vinax 630 V
Qg typ 17 nC Package 2220
Package  D?PAK 230 in parallel

vice versa. This bridge-leg is hard-switched and considerable
charging currents occur during the switching transitions which
are detrimental for the THD value of the mains current. In order
to prevent high peak currents during the switching operation of
Sn1 and Syo, the switching speed of the low-frequency (LF)
bridge-leg is decreased by selecting a very high gate resistance of
several kiloohms. Since the modulation of the converter system
is only active if the input voltage is larger than a threshold volt-
age (|v,, | > 22V for the realized prototype), the slow switching
speed of the LF bridge-leg has no effect on the converter opera-
tion if the LF bridge-leg is switched during the zero-crossing of
v,,. With this modification, the current spikes reported in [22]
are avoided and a smooth zero-voltage crossing is achieved
without the need for a special gate signal pattern applied to the
high-frequency (HF) bridge-legs as proposed in [21].

The control structure resides in the DSP and is composed of a
feed-forward controller K¢ (s), a current controller K (s), and
a superimposed output voltage controller Ky (s). The current
controller and the output voltage controller are conventionally
designed PI-controllers (e.g., [29]). The feed-forward controller
Ky calculates T, ¢ and T according to (18). As already men-
tioned, 75, # is determined in order to consider the difference
between T,,, and T, [cf., Figs. 3(c) and 8(b), respectively).

on?

V. LABORATORY SETUP

In order to validate the proposed model and the simulation
results, a 200 W TCM PFC rectifier has been designed and real-
ized. The design of the prototype aims for an ultraflat shape of
the converter outline, and therefore, all components are selected
with respect to a low thickness.

Table II lists the circuit parameters of the prototype fea-
turing an overall thickness of 5 mm and Fig. 12(a) and (b)
presents the measured inductor currents and the switch volt-
age vg19 for the prototype being operated as dc—dc converter at
two different operating points. Obviously, vg;2 declines to 0V
and ZVS is achieved. Furthermore, the interleaving control of
the inductor currents works properly. The negative current iy
is slightly less than the calculated value (ig calc = —570mA,
1R, meas = —/50mA at v,, = 325V) due to the time delay im-
posed by the zero-current detection, the signal processing in the
FPGA, and the turn-off delay of the switch.

Fig. 12 further depicts the measured efficiencies for both dc—
dc operating points, and Table III lists the calculated loss contri-
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Fig. 12. Measurement results of converter system operating in dc—dc mode.
The figure shows that each bridge-leg operates in ZVS mode and that the
interleaving of the inductor currents is properly achieved with the presented in-
terleaving control method. (a) v, = 230V, Vout = 400V, and Pyt = 200 W.
(b) v, =325V, Vouiy =400V, and Py, = 400 W.

TABLE III
CALCULATED LOSS DISTRIBUTION OF THE PROTOTYPE OPERATED
IN DC-DC MODE

vn =230V vp =325V
Pout =200 W | Pout =400 W

Peore 77TW 5.3 W
Puyind 1.5 W 22W
Pcond 0.7W 0.9 W
Pgate 0.5 W 0.3 W
Paux 20W 20W
Piot 124 W 10.7 W
Tlcalc 94.2 % 97.4 %
Tmeas 94.1 % 96.8 %

V) T ' @) )

] e PFf 99.3%
200 i 94.6% 5 95 —PF

90
0 0
85 d
PF = 99.3%
200 V 2 sl n =04,
-400 A 4 75 -
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(a) (b)

Fig. 13.  (a) Input voltage v, and input current ¢,, of the TCM PFC recti-
fier (V,, = 230V, Vout = 400V, Pyt = 200 W). (b) Efficiency 1 and power
factor PF as a function of the output power P

bution of each component. As can be seen, the core losses of the
boost inductor determine the overall efficiency, and hence, the
core losses have to be reduced for a further efficiency improve-
ment. It is interesting to note that the core losses at v,, = 230V
are higher than at 325V because the switching frequency is
higher at 230 V, whereas the flux density swing in the core re-
mains approximately constant (fg = 325kHz, AB = 266mT
at 230V, fg¢ = 178kHz, and AB = 300mT at 325 V).

For PFC rectifier operation, the prototype achieves an effi-
ciency of ) = 94.6% and a power factor PF = 99.3% at full load
of P,y = 200 W (measured with a Precision Power Analyzer
WT3000 [35]). Fig. 13(a) presents the measurement result of in-
put voltage v,, and input current ¢,, and Fig. 13(b) illustrates the



MARXGUT et al.: ULTRAFLAT INTERLEAVED TRIANGULAR CURRENT MODE (TCM) SINGLE-PHASE PFC RECTIFIER 881

1 (%)

95} .
90
85t

80
75} ot
70 [ :‘:;M

0 1 2 3 4 a(Wem)
(a) (b)

PCB-integrated core

Fig. 14.  (a) a-n-Pareto front of a PCB-integrated boost inductor, which al-
lows for an ultraflat realization of the converter system. A detailed description
of the design procedure is given in [37]. (b)Three-dimensional sketch of a
PCB-integrated boost inductor. The dimensions are given with respect to the
two optima indicated in (a). Due to the large winding window, several compo-
nents could be placed within the boost inductor in order to increase the power
density a.

measured efficiency 77 and power factor PF as a function of the
load. In order to analyze the benefit of the TCM modulation over
the conventional valley switching, the switching losses of valley
switching have been calculated which results in Py = 2 W per
switch. All six HF switches would thus cause 12W additional
losses and the overall converter losses would double. There-
fore, the TCM modulation achieves a considerably benefit over
conventional employed modulation methods.

The presented topology is also applicable to higher power
levels, e.g., [36] reports a 3.3kW TCM PFC rectifier which
achieves an efficiency of more than 99% over the entire load
range at a power density of 1.1 kW/dm?®.

All components of the realized 200 W prototype are surface
mounted in order to simplify the manufacturing, tests, and mea-
surements which results in a converter height of 5mm. A con-
verter thickness of 1 mm would be feasible with all components
being integrated into the PCB. It becomes apparent in [37] that
the main challenge is the realization of PCB-integrated mag-
netic components, and thus, a comprehensive design procedure
for PCB-integrated magnetic components is presented there.
Applying this design procedure to the boost inductor of the
TCM PFC rectifier yields the o-n-Pareto front presented in
Fig. 14(a) which depicts several inductor designs. The Pareto
front, indicated in Fig. 14(a), shows the tradeoff between in-
ductor efficiency 7 and its area-related power density «. The
optimal designs with respect to 77 or o are indicated in the figure
and an illustration of the PCB-integrated inductor with magnetic
core and with the windings realized as tracks and vias is shown
in Fig. 14(b); there, the dimensions for both optima are given.

VI. CONCLUSION

This paper presented the analysis and the modeling of a
single-phase multicell TCM PFC rectifier and discussed the
implications on the design of an extremely thin converter with a
targeted thickness of 1 mm. In order to achieve this low height,
all components have to be integrated into the PCB. Due to the
resulting stringent converter requirements, a modified multicell
totem-pole PFC rectifier is considered to be most appropriate
for the specified ultraflat PFC rectifier, since this topology en-

ables low conduction losses, low switching losses, and reduced
EMI filter requirements. It is shown that full-range ZVS can be
achieved with a specific modulation technique entitled TCM.
However, the nonlinear output capacitances of the MOSFETS
need to be considered, since they have a strong impact on the
inductor current waveform and on the timing parameters. The
proposed simplified capacitance model facilitated the derivation
of closed-form expressions which allows for a straightforward
design of each component and an accurate loss estimation. Fur-
thermore, it is implemented in a DSP to calculate the timing val-
ues which would not be possible with a more complex model due
to the required calculation effort. This paper further detailed the
implemented control structure including interleaving control,
input current control, and output voltage control. All theoretical
considerations were validated using measurement results on a
prototype of a 200 W three-cell TCM PFC rectifier. The realized
PFC rectifier achieved an efficiency of = 94.6% and a power
factor of PF = 99.3% at a footprint size of 221 mm x 157 mm
and a thickness of h = 5 mm.
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