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Abstract— Boundary conduction mode (BCM) or critical 
conduction mode (CrM) is characterized by an inductor 
current that operates in the boundary between continuous 
(CCM) and discontinuous conduction modes (DCM), 
making the converter switching frequency dependent on 
the converter operating conditions. The advantage of this 
operation mode versus CCM is achieving zero current 
switching (ZCS) conditions for the converter rectifier, 
which makes it possible to use silicon (Si) diode rectifiers 
without having a penalty due to reverse recovery issues. 
Moreover, the main switch turn on loss is decreased due 
to ZCS conditions and valley switching operation. 
However, the penalty is an increased current stress in the 
circuit, and an increased main switch turn off energy loss. 
Implementation of synchronous rectifier in BCM 
converters makes it possible to achieve zero voltage 
switching (ZVS) conditions by extending the synchronous 
rectifier conduction time after zero current condition in the 
inductor. High power density, high efficiency MHz 
implementations have already been demonstrated in the 
literature; however, none of the proposed solutions solves 
the controllability issues of the synchronous rectifier 
switch. This work proposes and validates a ZVS self-
regulating control method for BCM converters operating in 
the MHz switching frequency range.  
 

Index Terms— Self-regulating control, boundary 
conduction mode (BCM), high efficiency, high switching 
frequency, zero voltage switching (ZVS). 

I. INTRODUCTION 

WITCHED-MODE mode power supplies (SMPS) 
technology has been an efficient solution for voltage and 

current conversion applications from the early 20th century. 
Compared to linear regulators, SMPS can ideally reach 
efficiencies up to η = 100 %. This technology, based on the 
combination of reactive elements with any type of switch, was 
initially developed employing mechanical switches, vacuum 

 
Manuscript received Month xx, 2xxx; revised Month xx, xxxx; 

accepted Month x, xxxx.   
Juan C. Hernandez and Lars P. Petersen are with ICE Power A/S., 

Vandtarnsvej 62A, 3B, 2860 Soeborg, Denmark, (jch@icepower.dk, 
lpp@icepower.dk).  

Maria C. Mira and Michael A. E. Andersen are with the Department 
of Electrical Engineering, Technical University of Denmark, 2800 
Kongens Lyngby, Denmark, (mariacarmen.mira@gmail.com, 
ma@elektro.dtu.dk).  

Niels H. Petersen is with Grundfos Holding A/S, Poul Due Jensens 
Vej 7, 8850 Bjerringbro, Denmark (nhpetersen@gundfos.dk). 

  

tubes, and finally semiconductor based switches such as 
thyristors, bipolar junction transistors (BJT), and Metal Oxide 
Semiconductor Field Effect Transistors (MOSFET) [1], [2], 
[3].  

The size and the cost of SMPS is heavily influenced by the 
size of reactive energy storage elements, which is inversely 
proportional to the converter operating frequency. Therefore, 
increasing the converter switching frequency allows for an 
increased converter power density and reduced cost. However, 
the switches, far from being ideal, present switching losses 
that put a practical limit on the maximum attainable converter 
switching frequency. Resonant SMPS topologies present an 
alternative solution for eliminating the converter switching 
losses and increasing the power density [4], at the penalty of 
an increased current stress due to the increased reactive energy 
circulation in the circuits. 

High frequency BCM based implementations have been 
demonstrated in the literature, where the increased conduction 
loss due to the increased current stress in BCM 
implementations is compensated by the reduction in switching 
loss [5]. In [6], a 5 MHz ZVS boost BCM implementation 
with efficiency figures up to η = 98% is demonstrated. As 
presented in [7] and [8], MHz implementations allow for a 
large reduction of the converter input inductor and filter, 
which heavily affects the converter power density. However, 
pushing the converter switching frequency in BCM 
implementations is only possible when the converter operates 
under ZVS conditions, which depend on the converter input to 
output voltage ratio and the non-linear switching node 
parasitic capacitance. In [9] a ZVS extension method for BCM 
converters with synchronous rectification is presented. In this 
solution, the synchronous rectifier time is increased to create a 
negative inductor current to discharge the switching node 
capacitance, achieving ZVS independently of the converter 
input to output voltage ratio. A MHz BCM boost derived 
power factor correction circuit with ZVS extension is 
demonstrated in [10]. However, both of the proposed 
prototypes, rely on measurements and characterization to map 
the necessary negative inductor current to achieve ZVS as a 
function of the converter input and output voltage conditions. 
This is a time consuming procedure, where components 
tolerance will create errors that will result in loss of ZVS 
conditions or increased components current stress. This paper 
presents a self-regulating control method for ZVS extension 
where the switching node voltage is regulated in close loop 
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control by controlling the synchronous rectifier conduction 
time. The proposed method is demonstrated in a GaN based 
MHz boost Power Factor Correction (PFC) BCM 
implementation, however this solution can be applied to 
different topologies and applications. 

The document is organized into five sections: after the 
introduction presented in Section I, Section II presents the 
BCM operation both under valley and extended zero voltage 
switching mode operation, and the equations that define the 
converter operation under these modes. Section III presents 
the proposed self-regulating control method for ZVS extension 
operation, and Section IV shows the implemented prototype. 
Finally, the conclusion is presented in Section V. 

II. BOUNDARY CONDUCTION MODE OPERATION 

Boundary conduction mode corresponds to an operation 
mode where the converter inductor current operates between 
the continuous and the discontinuous conduction modes. The 
ideal switching node voltage and the inductor current 
waveform are shown in Fig. 1. In this operation mode, the 
converter switching frequency varies according to (1), as 
presented in [11]. The parameter M is defined as the converter 
input to output voltage ratio for a conventional boost 
converter, as in (2). 
   2 1 1 2insw outf V M LP    (1) 
  out inVM V   (2) 

 However, during boundary conduction mode, valley 
switching or ZVS at the turn on of the main switch are 
preferred to reduce the semiconductor switching losses. As the 
converter switching frequency is increased, the valley 
switching or ZVS time and the switching node rise time need 
to be taking into account to accurately predict the converter 
switching frequency [12], [7], [8]. 

A. Valley Switching Operation 

A conventional boost converter with the typical valley 
switching waveforms under boundary conduction mode 
operation is depicted in Fig. 1. When the inductor current 
decreases to zero at t3, the rectifier becomes reverse biased, 
and the parasitic capacitances attached to the switching node 
resonate with the input inductor. The equivalent circuit during 
the resonant period, can be simplified to an ideal LC circuit, 
where the MOSFET output parasitic capacitance (COSS) 
appears in parallel with the diode junction capacitance (Cj), 
and resonate with the converter input inductance with angular 

frequency 0 , as in  0 1 OSS jL C C    . 

In conventional BCM boost implementations, if the 
switching node capacitance is assumed to be ideal, the boost 
switch will lose its ability to soft switch when the converter 
input voltage Vin is higher than Vout /2 or M <2. 

B. Natural Zero Voltage Switching Operation 

When the converter input voltage Vin is smaller than Vout /2 
or M >2, the boost switch will operate under ZVS conditions 
as shown in Fig. 2. During this operation mode, all the energy 
stored in the switching node parasitic capacitance is recovered 
before the boost switch turn on event. 

Fig. 1.  Conventional boost with BCM valley switching operating 
waveforms (M < 2).  
 

 
Fig. 2.  Key operating waveforms under natural ZVS conditions (M > 2).  
 

C. Natural Zero Voltage Switching Operation 

If the rectifier diode is replaced with a synchronous 
rectifier, it is possible to extend the zero voltage switching 
range of the converter. This can be achieved, as previously 
presented in [9], [10], by extending the conduction time of the 
rectifier beyond zero current condition in the inductor. The 
schematic and the converter operating waveforms under 
extended ZVS conditions are depicted in Fig. 3. 

The time to achieve ZVS can be calculated as shown in (3). 
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Fig. 3.  Conventional boost converter with synchronous rectifier under 
extended ZVS conditions. 

 
Where the initial current condition and the extra conduction 
time te after zero current condition to achieve ZVS conditions, 
can be calculated by solving for the inductor initial current 
condition iL (0) or by evaluating the energy transfer in the ideal 
resonant circuit.  

Fig. 4 shows the switching node voltage waveform under 
valley switching conditions (M<2) and the corrected extended 
ZVS waveform. Initially, under valley switching conditions, 
all the energy in the resonant circuit is stored in the switching 
node capacitance. At time instant 1/4ꞏtvalley/2πω0, all the 
resonant energy in the circuit is stored in the converter input 
inductor. This energy will be transferred back to the switching 
node capacitance, producing the switching node voltage to 
resonate around Vin ± (Vout – Vin). In order to calculate the 
extra amount of energy that needs to be inserted in to the 
system to reach ZVS conditions, or to resonate around Vin ± 
(Vin) (4) can be used. This expression can be simplified as 
shown in (5), where C = 2ꞏCOSS. 

   221 1

2 2in out inCV C V VE      (4) 

   21
2 1

2 out ME CV     (5) 

 

Using (5) it is possible to calculate the input inductor initial 
current condition, iL (0) =iL (t4), which satisfies ZVS condition 
at the switching node as shown in (6) and (7). In the same 
way, the necessary extra conduction time for the synchronous 
rectifier, can be calculated by using (7), as shown in (8).  

 

      4 4

2 21 1
2 1

2 2L outLE t tL i C V M      (6) 

 
Fig. 4.  Switching node voltage waveform under valley switching and 
extended ZVS conditions.    

  
Fig. 5.  Extra synchronous rectifier conduction time (𝑡 ), initial inductor 
current condition (iL(t4)), and inductor charge increment (∆QL) vs. 
converter input to output voltage ratio (M). 
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Fig. 5 presents the normalized synchronous rectifier extra 
conduction time (te), the initial inductor current condition (iL 

(0) = iL(t4)), and the inductor extra charge (∆QL) required for 
ZVS operation vs. the converter input to output voltage ratio 
M. All the variables in this figure are controllable quantities by 
using synchronous rectifier zero current detection in the first 
case, or by detecting peak current or integrating the current in 
the other two cases. 

The work presented in [9], [10], [13], [14], [15] and [16] 
use the time after zero current detection,

  01 2 1 1 1et M M   , as the control variable. A 

curve fitting based on characterization data is used in order to 
achieve ZVS based on the converter input and output voltage. 
However, controlling ZVS operation using characterization 
data, requires computational   power and more importantly, is 
sensitive to components tolerance and variations in the 
propagation delay times.  These tolerances, will produce 
deviations from the approximated values, which will result in 
failure to achieve ZVS conditions or an increased circulating 
reactive energy. These situations will lead to an increased 

1 1.2 1.4 1.6 1.8 2 2.2 2.4 2.6 2.8 3
0

0.2

0.4

0.6

0.8

1

M

no
rm

al
iz

ed
 v

al
ue

 

 

    t
e

    I
L
(0)

    Q
L

vGS-M  

vDS  

iL  

t1 t2 t3 t4 t5

Vout

t 

t 

t 

Vin

vGS-SR  

t 

TS  

ton  
trise

tdis  
tZVS

te  

RLCout

 L

M Vout

+

-

Vin
+
- Cin Coss

Coss

SR

+

-

vDS

Rshunt

0 0.05 0.1 0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
0

0.2

0.4

0.6

0.8

1

v D
S /V

ou
t

 

 

  v
DS-ZVS

 /V
out

  v
DS-valley

/V
out

tvalley /2πω0 

(Vout -Vin )/Vout

Vin /Vout



IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 
capacitive switching loss, or an increased current stress in the 
converter components resulting in a negative effect on the 
converter efficiency figures. The proposed control method can 
regulate the switching node voltage to achieve ZVS conditions 
regardless of components tolerances. 

III. SELF-REGULATING CONTROL FOR ZVS EXTENSION 

This work proposes the implementation of a closed loop 
control to ensure ZVS conditions under any circumstances. 
The implemented control loop is based on sampled 
information from the converter switching node voltage. 
Conventional BCM controllers operating under valley 
switching conditions, use information of the instantaneous 
switching node voltage in order to determine the turn on 
instant of the main switch, and minimize the energy stored in 
the parasitic capacitance. In high voltage, and more 
specifically in PFC applications, this voltage is sensed through 
an auxiliary winding in the input inductor (Waux), as shown in 
Fig. 6. The use of this auxiliary winding makes it possible to 
scale down the switching node voltage, without using resistor 
divider networks, which are lossy and have bandwidth 
limitation problems.   

The proposed control method in this work is similar to a 
conventional valley switching control scheme, where the 
derivative of the switching node (vDS_der) is used in order to 
determine the turn on instant of the main switch. The ZVS 
control block diagram is presented in Fig. 7. Fig. 8 shows the 
key operating waveforms of the ZVS boost converter with 
extended synchronous rectifier conduction time. As can be 
observed in Fig. 8, at t4 the synchronous rectifier is turned off. 
After t4 the resonant interval tZVS begins, and after the 
switching node derivative has reached zero volts at t5, two 
events take place. First, the scaled down switching node 
voltage vDS_div, obtained from the auxiliary winding voltage 
(vaux=(vDS–Vin)/n), is retained in the sampling capacitor CS&H-1. 
Second, the main switch M is turned on. 

Turning on the main switch at zero switching node voltage 
derivative,  means that the switching node voltage has reached  

 
Fig. 6.  Boost converter with synchronous rectifier and inductor with 
auxiliary winding. 
 
its minimum value, and therefore, the main switch can be 
turned on under minimum switching loss condition. When the 
main switch M is turned on, the sampled value, which is stored 
in the sampling capacitor CS&H-1, is transferred to the second 
sampling capacitor CS&H-2. Therefore, the voltage vsample in this 
sampling capacitor is a continuous voltage waveform 
representing the switching node voltage under valley 
switching conditions (or at zero switching node voltage 
derivative). This sampled voltage is used as the control 
variable for controlling the extra conduction time te of the 
synchronous rectifier by means of a PI regulator. The 
implemented control scheme also includes a low speed loop, 
which ensures constant on time of the converter main switch 
M across the line cycle, and regulates the converter output 
voltage. 

Fig. 9 shows a Spice based simulation of the implemented 
control scheme in a conventional boost PFC converter.  This 
simulation demonstrates the ability of the control loop to 
regulate the extra conduction time of the synchronous rectifier 
under a fast changing converter input voltage. In this 
simulation, the parasitic switching node capacitance is 
assumed to be ideal. The output capacitance (Cout) and load 
(RL) are replaced with an ideal voltage source with voltage 
value Vout  and  the  main switch on time (ton)  is  inserted  as  a  

 

                 
 

Fig. 7.  Proposed ZVS control block diagram. 
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fixed value. Table I shows the values used in this simulation. 
The simulated converter input voltage vin (top waveform), 
inductor current iL  (middle waveform), and the synchronous 
rectifier error voltage verror_SR  (dotted line waveform at the 
bottom), are plotted across half period of the input line. The 
simulated error signal is compared to the calculated extra 
conduction time te. The calculated extra conduction time te 
(continuous line waveform at the bottom) is scaled by the gain 
of the comparator that controls the on time of the synchronous 
rectifier as in (9). In this simulation, the time base for control 
of the synchronous rectifier is modeled by an ideal current 
source and a capacitor with a dv/dt slope of k = 10 V/µs. As it 
can be observed, the control scheme accurately predicts the 
necessary extra conduction time to operate under ZVS 
conditions across the input line cycle. 
 
 

 
Fig. 8.  Key operating waveforms of the ZVS boost converter with 
extended synchronous rectifier conduction time.  

  
Fig 9.  Simulated error output voltage vs. calculated extra conduction 
time te across half line cycle.  
 

 

A. Controllability of the Switching Node Voltage 

This section presents a modelling approach of the 
controllability of the sampled switching node voltage  vsample = 
vDS (t5). An accurate model makes it possible to maximize the 
control loop error suppression and bandwidth. The 
controllability can be modelled by obtaining the control-to-
sampled switching node voltage transfer function 

_ˆ ˆv sample error SRG v v . Since the extra synchronous rectifier 

time te controls the negative peak inductor current on each 
cycle, the dynamics of the inductor current will not have any 
effect on the final switching node voltage. The plant transfer 
function Gv can be approximated as a gain multiplied by a zero 
order hold ZOH transfer function, and a delay time t5 - t4= tZVS 

from the moment the extra conduction time is refreshed until 
the next sample is taken as shown in (10). 
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Where Ts is the sampling period, which is equal to the 

converter switching period. The gain ˆ esamplev t , can be 

calculated by particularizing (4) and (6) as in (11) and solving 
for vDS (t5). 
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TABLE I 

SIMULATION PARAMETERS 

Vac 230 Vrms 

Vout 400 V 

L 100 μH 

C = 2 ꞏ Coss 100 pF 

Cin 1 μF 

v
DS

 (t5) 10 V 

k 10 V/μs 

ton 0.8 μs 
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Finally, this gain can be obtained, according to [13], by 
linearizing around the steady state operating conditions by 
calculating the derivative of (12) respect to te as in (13).   
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Fig. 10 shows the calculated and the simulated 

_ˆ ˆsample error SRv v transfer function for the set of conditions 

shown in Table II. As it can be observed, the proposed model 
composed by a gain and a ZOH transfer function with a delay, 
shows very good match with the simulated results.   

However, the proposed model, assumes _ˆ ˆsample error SRv v

perturbation is not affected by the dynamics of the converter 
output voltage, which is a valid assumption as long as the 
relation in (14) is fulfilled. Otherwise, the complete transfer 
function needs to be derived as shown in (15).  
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Where ˆ ˆsample outv v  can be obtained by deriving (12) respect to 

Vout  as in (16). 
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And where the effect of the extra conduction time on the 
converter output voltage can be calculated by knowing that the 
system will behave as a first order system. This is due to the 
fact that the inductor current is not a state-variable, since the 
extra conduction time is determined after the zero current 
detection in each cycle. Therefore, this transfer function can 
be calculated as the effect of the time perturbation on the 
average output capacitor and output load current multiplied by 
their impedances as in (17).  

Where the average output current circulating through the load 
and the output capacitor can be derived from Fig. 5 by 
obtaining the part of the charge of the inductor current that 
will flow to the output as in (18).  

However, as it can be seen in Fig. 11, the proposed 
simplified  model  with   assumption  (14)   produces  accurate  

 
Fig. 10.  Simulated vs. calculated control-to-sampled switching node 
voltage _ˆ ˆsample error SRv v  transfer function. 

 
Fig. 11.  Simulated control-to-sampled switching node voltage

_ˆ ˆsample error SRv v , output voltage-to-sampled switching node voltage 

ˆ ˆsample outv v  and control-to-output voltage _ˆ ˆout error SRv v  transfer functions. 

 

  
 
results due to large ratio between the equivalent switching 
node parasitic capacitance and the converter output 
capacitance. This is due to the fact that the perturbations on 
the extended conduction time te, will result in a much larger 
effect on the sampled switching node voltage than on the 
converter output voltage. Fig. 11 shows the simulated 

_ˆ ˆout error SRv v  and ˆ ˆsample outv v , whose product is at least two 

orders of magnitude smaller than the error to sample plant 
transfer function Gv.  

It is also important to notice, on the one hand, that 

_ˆ ˆout error SRv v   behaves  as   a   first   order   system   with    no   
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SIMULATION PARAMETERS 

Vin 250 V 
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inductor dynamics as predicted; and on the other hand, that the 
simplified model will be valid unless the converter output to 
switching node capacitance ratio is drastically reduced and the 
converter operates under light load conditions. Under these 
situation, _ˆ ˆout error SRv v will increase in the low frequency range 

making assumption (14) no longer valid. However, in any 
case, due to the low order and fast dynamics of the plant 
transfer function _ˆ ˆsample error SRv v , it is possible to implement a 

regulation loop capable of regulating the switching node 
voltage under fast converter operating conditions. 

IV. PROTOTYPE IMPLEMENTATION 

The proposed control method is implemented using discrete 
components in a four layer printed circuit board (PCB). Fig. 
12 shows the top and bottom views of the implemented ZVS 
PFC control board. Fig. 13 presents the integration of the ZVS 
control board and the power stage. As it can be seen, the 
implemented control board includes a bridge rectifier and 
output electrolytic capacitors to test the control in a PFC 
application. Discrete isolated gate drive circuitry is included 
for both switches. Current mode controllers are used to drive 
two low inter-winding capacitance transformers to minimize 
current injection from fast switching node voltage derivatives 
(dv/dt). Low propagation delay time capacitive couplers are 
used for gate signal isolation. The converter power stage is 
implemented using two Transphorm TPH30002 (VDS = 600 V, 
RDS = 290 mΩ) cascode GaN devices, in power quad flat no-
lead   (PQFN)   packages.   GaN   devices   are   used   in   this  

  

 
 

 
 

Fig. 12.  Top and bottom views of the designed ZVS control PCB. 
 

 
Fig. 13. Integration of the proposed ZVS control and power stage 
PCBs. 

implementation because in this voltage range Si based 
Superjunction devices suffer from a very large QOSS charge, 
which makes them not a suitable choice for very high 
switching frequency operation.  A flat current shunt structure, 
as presented in [14], [15], [16], is used for zero current 
detection purposes. This structure allows to maximize the 
current measurement bandwidth without resulting in large 
resistive losses or having a large effect on the loop inductance. 

Fig.14 shows the converter switching node voltage vDS, the 
derivative of the switching node voltage vDSder and the 
inductor current iL.  The  switching  node  voltage  derivative, 
which, is obtained from the auxiliary winding voltage, is used 
to determine the main MOSFET turn on instant, and the 
sampling instant for the ZVS regulation loop. 

Fig. 15 shows the converter operating waveforms under 
extended ZVS operation for vin = 75 V and vout =110 V. The 
reference for regulating the switching node voltage under 
valley switching conditions is adjusted to produce a value 
higher than zero, which is set intentionally to make the 
retained sampled value more visible compared to the vDS 
waveform.  The bottom trace shows the voltage in the first 
sample and hold cell capacitor vCS&H-1. When the synchronous 
rectifier is turned on, the first sample and hold switch is turned 
on and the sampling capacitor voltage is equal to the 
reconstructed switching node voltage. When the converter 
switching node derivative reaches zero after the synchronous 
rectifier is turned off, the first sampling cell will retain the 
sampled voltage until the next switching cycle. As it can be 
observed, after the inductor current reaches zero, the 
implemented control scheme extends the synchronous rectifier 
conduction time to regulate the switching node voltage based 
on the stored sample. 

Fig. 16 shows the measured control-to-sample plant transfer 
function _ˆ ˆsample error SRv v  under the conditions depicted in Fig. 

15. As it can be observed the plant transfer function behaves 
accordingly to the proposed gain with ZOH model.   

Fig. 17 shows the converter operating waveforms operating 
in voltage mode control or constant on time, under a 50 Hz 
input ac voltage. As it can be observed, the converter  operates  
 

 
 

Fig. 14.  Converter operating waveforms under extended ZVS 
operation. C1: switch drain to source signal vDS (65 V/div), C2: 
switching node voltage derivative  vDSder  (200 mV/div), C3: inductor 
current iL  (1 A/div). Time scale: 200 ns/div. 

 

C3: iL (1 A/div) 

C1: vDS  (65 V/div) 

C2: vDS_der (200 mV/div) 
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Fig. 15.  Converter operating waveforms under extended ZVS 
operation. Top digital channels: D1: main switch gate signal vGS_M and 
D2: synchronous rectifier gate signal vGS_SR . Bottom analog channels: 
C1: converter input voltage Vin (20 V/div), C2: converter switching node 
voltage vDS (20V/div), C3: first sample and hold cell capacitor voltage 
vCS&H-1  (24 mV/div), and C4: inductor current iL (200 mA/div). Time 
scale: 200 ns/div. 

 

  
 

Fig. 16.  Measured control-to-sampled switching node voltage 

_ˆ ˆsample error SRv v transfer function. 

 

 
 

Fig. 17.  ZVS converter operating waveforms across the line cycle in 
voltage mode control. C1: converter input voltage after the rectifier vin 
(65 V/div), C2: switch drain to source signal vDS (65 V/div), C3: 
converter input current iin (500 mA/div), C4: inductor current iL (1 A/div), 
F1: converter switching frequency fsw (500 kHz/div).  Time scale: 2 
ms/div. 

with a low power factor due to the large amount of reactive 
energy. As it can be seen, the converter operates with a 
switching frequency range fsw = [1 - 2.8 MHz] for Pout = 200 W 
and Vac_rms = 230 V.  

Fig. 18 shows a detail of the converter operating waveforms 
under ZVS conditions at Vac_rms = 230 V ac line input, when the 
rectified input voltage is maximum. In this figure it can be 
observed how the synchronous rectifier extra conduction time 
te is controlled to reach a negative inductor current value iL 
that ensures ZVS operation of the converter. As it can be 
observed, ZVS is also achieved when the converter input 
voltage (C1) is higher than half of the output voltage (whose 
value corresponds to the switching node voltage (C2) during 
the synchronous rectifier conduction time), which is the 
condition for losing the ZVS under conventional valley 
switching operation.  However, a slight rise of the switching 
node voltage can be observed after the minimum switching 
node voltage is reached.  This behavior is caused by the 
MOSFET gate driver UCC27511 propagation delay and rise 
time (≈20 ns). 

On the other hand, by looking into Fig. 19, it can be 
observed, that under this operating mode, as in any 
conventional BCM implementation with valley switching 
operation and constant main switch on time, the obtained 
power factor will be degraded as the converter switching 
frequency is increased. The reason is that control schemes for 
valley switching with constant on time, rely on the fact that 
the average input inductor current will be proportional to the 
converter input voltage, as long as a constant on time duration 
is kept for the main switch across the input line cycle. This is a 
valid assumption, as long as an ideal BCM conduction mode is 
maintained for the inductor current (meaning the boost switch 
will be turned on at the next cycle, exactly when the inductor 
current discharges down to zero). However, as soon as valley 
switching operation, or extended ZVS operation are 
introduced, the negative part of the inductor current resulting 
from the resonant interval, will make this average inductor 
current value no longer proportional to the input voltage value. 
The power  factor  values  will  be  decreased,  as  the  reactive   
 

 
 

Fig. 18.  Detail of the ZVS operation for maximum converter input 
voltage across the line cycle. C1: converter input voltage after the 
rectifier vin (65 V/div), C2: switch drain to source signal vDS (65 V/div), 
C3: converter input current iin (500 mA/div), C4: inductor current iL (1 
A/div). Time scale: 200 ns/div.  
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power from the resonant periods is increased (increased 
switching node capacitance and switching frequency) 
compared to the processed active power. As can be seen from 
the converter operating waveforms in Fig. 16, under constant 
on time control, and at these operating frequencies, the large 
amount of negative inductor current, results in a poor power 
factor. A different scheme with a variable turn on time, or an 
inner average current loop, can be implemented in order to 
improve the circuit power factor. The fast dynamics involved 
in the proposed ZVS control method makes it possible to 
implement this approach, while using control schemes with 
more demanding bandwidth requirements compared to the 
constant on time regulation. In order to demonstrate this, the 
proposed control scheme shown in Fig. 7, is modified with a 
multiplier and an inner current loop to implement an average 
current control. Fig. 19 shows the converter operating 
waveforms in average current mode control with a 50 Hz input 
ac voltage. As it can be observed, under this operating scheme, 
the converter power factor is greatly improved. In this case, 
the input current amplifier compensates for the main switch on 
time ton (C1) across the line cycle, while the ZVS control 
adjust the synchronous rectifier extra conduction time te (C2) 
without any visible interactions between both control loops. 

Fig. 20 presents the measured converter efficiency as a 
function of the output power with the following operating 
conditions: Tamb = 25 ℃, Vout = 380 V, Vac_rms = 230 V. European 
mains input voltage is selected in this application, because no 
advantage would be obtained under US mains input voltage in 
this specific application. As presented in [9], and as it can be 
derived from Section II, the efficiency improvement will 
depend on the converter input to output voltage ratio, and it 
will be more advantageous under high ac mains input voltage.  
In order to observe the benefits of the ZVS scheme, a 
comparison of ZVS  and  non  ZVS  control  is  performed  by  
modifying  the control circuitry.  As it can be seen, the 
difference in efficiency at low power levels is clear due to the 
increased converter operating frequencies and the ratio 
between active and reactive power in the circuit. The 
converter switching frequency largely increases  near  the zero 

 

 
 

Fig. 19.  ZVS converter operating waveforms across the line cycle in 
current mode control. C1: main MOSFET turn on time ton  (500 mV/div), 
C2: synchronous rectifier extra conduction time te (1 V/div), C3: 
converter input current iin (500 mA/div), C4: inductor current iL (1 A/div). 
Time scale: 2 ms/div.  

 
Fig. 20. Converter efficiency vs. output power including the bridge 
rectifier @ Tamb = 25 ℃, Pout = 300 W, Vac_rms = 230 V and Vout = 395 V.  
 

crossings of the input line voltage waveform, as it can be 
observed in Fig. 17, making the ZVS control crucial to 
achieve high efficiency operation.  

V. CONCLUSION 

BCM or CrM mode implementations are gaining popularity 
due to the integration of wide band-gap GaN semiconductors. 
Various GaN based BCM converters have been reported in the 
literature operating in the MHz switching frequency range. It 
is proven that the increased current stress in BCM 
implementations using GaN devices is compensated by the 
reduction in switching losses at the main switch turn on event 
due to ZCS and ZVS or valley switching conditions. However, 
the ability of the converter to operate under ZVS conditions, 
or the amount of energy recovered under valley switching 
conditions, is determined by the switching node capacitance 
and the converter input to output voltage ratio M. On the other 
hand, extension of the ZVS range is possible in 
implementations using synchronous rectification, which is 
achieved by extending the synchronous rectifier conduction 
time after zero current condition at the inductor. This 
operation mode enables high efficiency MHz implementations 
independently of the converter operating conditions. However, 
no previous research has addressed an adaptive control 
method for this operating mode. As discussed before, 
previously proposed solutions are based on experimental 
characterization data making this operation mode non feasible 
due to component tolerances and variations in the propagation 
delay times. This work presents and validates a self-regulating 
control method capable of regulating the synchronous rectifier 
conduction time based on a regulation loop of the switching 
node conditions. The proposed method is validated through 
simulation and experimental results. Moreover, a model is 
derived to analyze the controllability of the switching node 
voltage switching conditions. The proposed model is verified 
and proves the feasibility of the presented control method to 
achieve ZVS under fast perturbations of the converter 
operating conditions. Experimental efficiency measurements 
demonstrate the improvement of using the proposed control 
method, especially under light load conditions. This solution is 
demonstrated on a boost PFC circuit, however, this 
implementation can be employed in other topologies and 
applications.  
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