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ABSTRACT This paper presents evaluation of quasi-resonant flyback (QRF) dc-dc converter 57 W with
valley-switching in an emerging application. The QRF was supplied from an 800V variable dc-link and
was used as the auxiliary power-supply of a wireless inductive-charging system (ICS). Comparison of state-
of-the-art QRF control ICs is presented and suggestions for their improvements are given. Notes on the
power-supply architecture, design items specific for the ICS application, over-power protection, and key-
component choice are provided. During experiments several original and novel results are generated. The
QREF efficiency graphs in ICS power transfer, ICS stand-by, and constant-load operation are analyzed. The
maximum efficiency of 87.1% was reached at 620 V and rated load. Moreover, the unique analysis of QRF
losses at no-load, showed their quadratic dependency vs. input-voltage. The measured ““switching frequency
vs. load” graph is presented. It was changeable with load and input-voltage as expected. From Bode plots the
bandwidth, phase-margin, and gain-margin are extracted and plotted versus input-power—for the first time.
They were changeable with input-voltage and load as expected. Comparison of simulated and measured Bode
plots showed that, even when they were not matched, one can still design a Type-2 compensator that ensures
stable operation. Evaluation of cross-regulation, when output with 24.1% of total power was regulated,
showed that such approach—contrary to the more common of regulating the biggest one—is feasible too.
It is discovered that, for a QRF with variable switching frequency, choice of compensator’s zero or the
regulated output has influence on its efficiency. The power-thresholds, to ensure valley-switching operation,
represented as “‘input power vs. input voltage” are shown for the first time. Comparison of bandwidth, phase
margin, and gain margin vs. input power, between an active-clamped flyback (ACF) and the QRF converters,
were discussed. Conclusion is that QRF, for the same specification, cannot have the same compensator as
an ACF or conventional flyback dc-dc converter. The difference must be at least in a placement of a zero.

INDEX TERMS Active-clamped flyback, Bode plots, control, cross-regulation, dc-dc converter, efficiency
change, over-power protection, quasi-resonant flyback, switching-frequency change.

NOMENCLATURE IC Integrated circuit.
ACF Active-clamped flyback. ICS  Inductive charging-system.
APS Auxiliary-power supply. OPP  Over-power protection.
BEV Battery electric-vehicle. QRF  Quasi-resonant flyback.
DCM Discontinuous-conduction mode. RCD  Resistor-capacitor-diode.
HDCIV  Higher-dc-input-voltage. SiC  Silicon-carbide.
SMD  Surface-mounted device.
The associate editor coordinating the review of this manuscript and VSM  Valley-switching mode.
approving it for publication was Subrata Banerjee . ZCD  Zero-crossing detection.
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I. INTRODUCTION

As battery electric-vehicles (BEV) are becoming more pop-
ular [1] so it is research about wireless inductive-charging of
their batteries [2] or market studies [3]. By reviewing rele-
vant literature it was noticed that research focus was mainly
on power-conversion, efficiency improvements, compensa-
tion techniques, control, coil design, protection, etc. [2], [4].
To our best knowledge the auxiliary power-supplies (APS) of
such systems did not receive attention except in [4], [5], [6],
and [7]. In those papers the active-clamped flyback (ACF) dc-
dc converter was used as an APS of the primary (i.e. ground)
side of an inductive-charging system (ICS) for charging of
battery electric-vehicles.

In those papers the APS was supplied with higher-dc-input-
voltage (HDCIV) compared to a typical ACF application (i.e.
from rectified single-phase universal grid). Hence, the term
HDCIV was introduced in [4] referring to input dc voltages
higher than >450V and lower than 1500 V to avoid confusion
with term high-voltage (HV) defined per standard [8]. But,
in automotive-sector the term high-voltage denotes voltages
> 60V and < 1500V (dc) and > 30V and < 1000V (ac
rms) per [9]. Note that the term ICS is used in BRUSA
Elektronik AG, instead of (wireless) inductive power-transfer
(IPT) system. Hence, it will be used here too.

In this study we will investigate design, operation, and
challenges when the quasi-resonant flyback (QRF) dc-dc
converter 57 W, with valley-switching mode (VSM), is used
as an APS in an emerging HDCIV application, i.e. ICS. The
variable-frequency valley-switching QRF converter is a well-
known topology since a long time [10], [11]. In further text it
will be referred as QRF or QRF with VSM. Its typical applica-
tion is either as a power adapter [12] or auxiliary (i.e. house-
keeping) power supply [13], [14] of various products. The
QRF general analysis, operation, and design are explained
in [15], [16], [17], [18], [19], and [20]. Some methods for
noise-free and valley-locking operation are covered in [21]
and [22]. Hence, readers are advised to check those references
for more information.

General advantages of any variant of flyback converter,
except for an ACF, are simplicity, low-cost, ease of isolation,
and having multiple-outputs. General disadvantages, except
for an ACF, are that they have poor efficiency and high
electro-magnetic interference.

The generic schematic of a QRF with valley-switching
is shown in Fig. 1. We see that, from topology viewpoint
it is not different from the conventional flyback dc-dc con-
verter. A QRF with VSM is different in a sense that a
circuit, which senses voltage of auxiliary primary-winding
(Vaux), is introduced. Purpose of that circuit is to detect
zero-crossing of the switch Q drain-voltage, i.e. the instant
when energy from transformer is depleted. After that, a signal
for turn-on of the switch Q is given ensuring valley-switching
thus reducing switching losses and improving efficiency.
The SN in Fig. 1 denotes switching node which is equal
to the drain-source voltage of the switch Q. A typical
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FIGURE 1. The QRF generic schematics with one output.

QRF application circuit is shown in [23] (Figure 2 on the
page 2).

Motivation of writing this paper was to share theoreti-
cal considerations, simulation, and experimental results for
the 57 W QRF in ICS application and compare it with the
previous work for an ACF with the same specification and
application. A comprehensive study of the S7W ACF in
an 800V ICS was presented in [4] and its companion [7].
Note that this paper introduces neither a new topology nor
a control strategy but presents usage of the known topology
(QRF with VSM) in an emerging HDCIV application (i.e.
ICS for BEV). However, the conclusions presented here are
valid for a QRF in any application. Moreover, a balance
between practical and academic contributions is tried to be
achieved in this paper thus making it useful for both industry
and academia.

Note that critical analysis of many references will be done
on-the-fly throughout the paper—not in this section. In addi-
tion, this study is part of a commercial project hence not
all technical details will be revealed—only minimum will be
provided to support the claims and key-contributions.

A. PAPER CONTRIBUTIONS

During literature review (> 70 papers) several gaps were
identified. The original or novel contributions are listed
below.

e Comparison of state-of-the-art QRF analog control ICs
presented. Suggestions for improvements are given
and are supposed to motivate vendors to develop new
devices that are targeting HDCIV applications.

e Power-supply architecture of an APS in ICS analyzed.
It was shown that single-stage approach requires less
space and is much cheaper—although higher efficiency
might be achieved with two dc-dc stages in cascade.

e The converter and transformer data are presented. Short
notes given on items that are specific for the ICS appli-
cation and key-component choice is explained.

e Over-power protection (OPP) was analyzed, and guide
given for the key-part choice in its circuit.

e Operational waveforms are simulated and measured
showing that voltages and primary currents had some
acceptable deviations. For example, at 850 V operation
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there was mismatch between simulated and measured
switching-valley for the switch turn-on.

e The QRF efficiency graphs in ICS power transfer,
ICS stand-by, and constant-load operation presented
and analyzed. The maximum efficiency of 87.1%
was reached at 620V and rated load. The efficien-
cies of QRF are higher than ACF, as expected, due
to absence of circulation-energy losses, and a lower
switching-frequency for the same load and input
voltage.

e Unique graph of QRF losses at no-load is analyzed
showing quadratic dependency of losses vs. input dc
voltage.

e The “switching-frequency vs. load” and “‘drain-source
voltage of switch vs. load” graphs are presented for the
first time for a QRF in an 800 V system. As expected,
both were changeable with load and input-voltage.

e Bode plots are measured for two input-voltages and at
10 different loads. Then bandwidth (f.), phase-margin
(PM), and gain-margin (GM) are extracted and plot-
ted versus input-power—for the first time. They were
changeable with input-voltage and load as expected.
In addition, from those plots one can confirm that
with only Type-2 compensator (integrator, one pole,
and one zero) the QRF converter can be stabilized.
In other words, there was no need to go for Type-3
compensator (i.e. dc gain, two poles, two zeros, and
integrator). The simulated and measured dynamic-load
(i.e. step-load) change graphs are shown to verify this
approach.

e Comparison of simulated and measured Bode plots of
QRF at 620V and 850V inputs with rated load demon-
strated that, although they were not well matched, one
could design a compensator that ensures stable oper-
ation over input-voltage and load ranges—which was
experimentally verified. In other words, the simulation
helped to notice directions of changes during the design
process hence to ensure design of a good compensator.
And that is what counts in practice.

e Cross-regulation of the QRF with five outputs is
elaborated in a case where regulated output was the
one with 24.1% of the total power. This was con-
trary to the common approach of regulating the out-
put with highest power (i.e. 67.1% in our case).
In addition, those results were compared to the ACF
in the same application, with the same transformer,
showing similar pattern except for the non-regulated
5.5V output.

e It was shown that, for a QRF with variable switching
frequency, choice of compensator’s zero or regulated
output has influence on its efficiency.

e The power-thresholds, to ensure that QRF enters into
VSM operation, represented as an ‘“‘input power vs.
input voltage” are shown for the first time.

e Comparison of Bode plots for ACF and QRF converters
is presented for the first time too. It was shown that, for
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the same specification, ACF and QRF cannot have the
same compensator. The difference must be at least in
placement of a zero.

Il. DESIGN NOTES

The design considerations for the power stage such as primary
switch, transformer, output capacitors, and output rectifiers
are similar as for any conventional flyback dc-dc converter
hence will be omitted [4]. Only specific aspects of the QRF
in ICS application will be elaborated here.

A. OVERVIEW OF QRF CONTROL ICs

For an APS of any power-electronic system (PES) a dedi-
cated analog control IC is needed to make possible that it
can operate standalone. The APS has to start during PES
power-on and operate reliably in all operating conditions for
the PES designed lifetime. The APS efficiency per se is not
the key parameter as long as there are no thermal-related
problems [4]. The flyback dc-dc converter (in all variants) is
typical and most popular dc-dc converter for an APS.

The key-criteria for choice of a QRF control IC were that
it has integrated HV start-up circuit >700V, valley lock-out,
and that simulation model in SIMPLIS [24] was available.
Rest of the features of interest is covered in Table 1 together
with comparison of several off-the-shelf control ICs [23],
[25], [26]. Note that for the QRF in HDCIV application there
were many ICs to choose from—contrary to the ACF case [4].
But not all could have been included into our analysis—only
best candidates are presented in the Table 1. Based on criteria
from the Table 1 the NCP1340 (9-pin variant with manual set-
ting of the maximum switching-frequency) [23] was chosen
as the control IC for our application. An interesting product
for QRF control with integrated 1700 V MOSFET appeared
on the market recently [27], but that was too late for this study.
Anyway, that product is intended for use with synchronous
rectification—which is not our case.

TABLE 1. Overview of some QRF control ICs.

onsemi

Item/Manufacturer 23] TT[25] ST [26]
Part number NCP1340 UCC28600 L6566BH
HYV start-up > 700 V (built-in) yes no yes
Enable signal no no yes
Valley-lockout feature yes no no
Max switching frequency 1 MHz 130 kHz 300 kHz
Frequency jittering yes no yes
Adjustable over-power yes no yes
protection
Adaptive multi-mode yes yes yes
operation
Light/no-load management yes yes yes
External gate-driver needed no no no
Adjustable maximum- yes no no
frequency clamp
SIMPLIS model available yes yes no
Package SOIC-8 SOIC-8 SO-16N

SOIC-9
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After testing of the QRF following suggestion of features

for future QRF control ICs targeting HDCIV systems are:

o HYV start-up and self-supply to be in 240-950 V dc input
voltage range. That would save costs, board-space and
design-effort.

o Manual setting of the maximum switching frequency to
be in the range of 60—130 kHz.

o Manual adjustments of the over-power protection (OPP)
level.

« Stable and noise-free operation of valley lock-out in
the whole input-voltage and load ranges. Although it
was claimed that this feature exist—in some specific
operating points the opposite effects still may be noticed.
The reason for deviation might be that the HDCIV appli-
cation was not the intended one when designing a QRF
control IC.

o Optional: Availability of advanced simulation mod-
els (e.g. in SIMPLIS [24]) for both transient and ac
simulations.

B. POWER-SUPPLY ARCHITECTURE

The APS was connected to the variable dc-link as shown
in Fig. 2—which is typical for industrial applications [7].
Note that in [6] the ACF was supplied directly from rectified
three-phase grid—which belonged to the HDCIV system as
well. But that concept was abandoned due to requirements
to withstand surge-voltage tests per [28]. The two evaluated
architectures of APS, with input from the dc link, are shown
in Fig. 3. In our case, the single-stage variant (a) was used due
to board-space constraints. However, the two-stage variant
(b) could give benefits in increased APS efficiency, easier
and cheaper design of the QRF including its transformer.
However, in that case one would have to take care of HV start-
up of the first de-dc (non-isolated) converter thus increasing
overall complexity and occupied board-area.

variable dc link
°

1

PFC APS
o

GND

Inverter

FIGURE 2. The APS connection-point in the ICS.

Outl Outl
Input Input 200V >

—» ORF —»| dc-dc —¥» QRF

Outs Outs

a) b)
FIGURE 3. Possible power-supply architectures for the APS in ICS:

a) single stage, b) two stages in cascade.

C. CONVERTER DATA AND CHALLENGES
The specification of the 57 W QREF is given in Table 2. It is
slightly different to the ACF in [4], [5], and [7] in a sense
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TABLE 2. The 57 W QRF Specification.

Parameter Value
Input de voltage (ICS power transfer) 620-880 V
Input dc voltage (ICS stand-by) 240-640 V
Output 1: voltage +55V
Output 1: load current 0.7 A
Output 2: (regulated) voltage +55V
Output 2: load current 25A
Output 3: voltage +22V
Output 3: load current 1.74 A
Output 4/5: voltage +11V
Output 4/5: load current +40 mA
System stand-by power <10W

Minimum duty-cycle 9.0%

Maximum duty-cycle 26.6%
DC voltage-conversion-ratio at 5.5 V 43.6-154.5
Maximum switching frequency, fo, max 67 kHz

that the QRF had limited maximum switching frequency and
much lower minimum input voltage. That enabled QRF to
operate with all possible three-phase and split-phase input
ac voltage ranges worldwide including respective min/max
tolerances. Moreover, loads between outputs 1 and 2 are
redistributed a bit, but total power remained the same (57 W).
Hence, the regulation in this study is done on the Output 2
(24.1% of the total power).

The QRF has two input-voltage ranges: the ICS power-
transfer mode and the ICS stand-by mode. This was one of
the challenges specific to the ICS application in general [4],
[5], [7]. In ICS stand-by mode and loads less than 30-35 W,
this QRF operated either in the skip-mode [23] or in the
discontinuous-conduction mode (DCM) like a conventional
flyback dc-dc converter in order to increase the efficiency.
With higher loads, the QRF was operating in the VSM—
which is expected in the ICS power-transfer mode.

The used control IC was onsemi NCP1340 quasi-resonant
multi-mode controller with valley lock-out switching [23].
Additional application-notes [29], [30], [31], for other control
ICs, were helpful during the design and readers shall check
them. The maximum switching frequency of 67 kHz was set
by external resistor 390k2 (pin 2: FMAX) [23] to make
comparison with the ACF from [4] and [7] easier.

Since input dc voltage with ripple was approaching 880 V
in normal operation one had to use the same SiC FET 1700 V
[32] as a power switch like in [4], [5], and [7]. That also
eased comparison with the ACF 57 W in those papers. But this
power switch is a single-source part—which is not preferred
for the mass-production.

Additional challenge was choice of the snubber diode.
Ideally such a diode shall be in a SMD (smaller) package
(e.g. SMA), be rated for minimum 1500V, have forward
voltage-drop <1.65V, and ultra-fast recovery characteristics.
But such a diode still does not exist on the market. Hence,
in this design, two 1600V ones were used in parallel to
reduce forward voltage-drop hence losses. Other available
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diodes (>1500 V) were either standard- or fast-recovery ones
or with forward voltage-drop in the range 3—6 V—which was
not desired.

D. TRANSFORMER DATA

The design of a QRF transformer is similar to any other
flyback one. Hence, only few notes will be given here. A com-
prehensive study on transformer design for a DCM flyback
with multiple outputs is presented in [33]. The specification
of the transformer 60 W, that was used, is listed in Table 3
with its schematic symbol given in Fig. 4 [7]. It was a bit
overdesigned (60 W) to have some reserve if requirements
change later. More info about design choices, calculation and
measurement of magnetizing inductance one can find in [4].
The auxiliary winding in Fig. 4 provides self-supply of the
control IC on the primary side [7]. Note that term transformer
will be used here instead of the more suitable “coupled-
inductors” for a flyback dc-dc converter because it is widely
used in everyday practice.

TABLE 3. Specification of transformer.

Parameter Value
Maximum primary working voltage >960 V
Clearance and creepage distances >7.9 mm
Turns ratio primary to output 1 and 2 15
Turns ratio primary to output 3 3.75
Turns ratio primary to output 4 and 5 7.5
Core shape ETD29
Core material N87, TP4, DMR40
Magnetizing inductance, L,, 600 uH
Leakage inductance, Ly <9 uH
Max peak primary-current, L max 1.82 A

FIGURE 4. The schematic symbol of the transformer T3.

The transformers were designed and built by three vendors
per specification in Table 3. A representative photo is given
in [7] (Fig. 4). They were potted and belong to temperature-
class B (130°Cn). All details of their construction are not
known. Anyway, since this is a custom-design such data
are normally not allowed to be published. One can assume
that differences are coming from different wires and air-gaps
used, hence difference in losses as well. Also, from data in
Table 3, one can assume max magnetic field density in mT
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TABLE 4. Overview of the used transformers.

Transformer: L,,, vendor Ness

T3-1: 600 uH, vendor 1, rev. 1 15.53-15.54
T3-2: 600 uH, vendor 2 13.65

T3-3: 600 uH, vendor 3 14.81-15.54
T3-4: 600 uH, vendor 1, rev.2  14.96-15.03

and estimate number of turns by oneself. The safety distances
(clearance and creepage) were calculated per [34] and [35].

In Table 4 a summary of the used transformers is given
including effective turns-ratio (nef). The calculated turns-
ratio (primary to the regulated +5.5 V output) was 15. From
Table 4 we can see that effective turn-ratios vary in range
—9% to +3.6% versus the rated one—which is acceptable.
They were calculated as [7]

Lmﬁmeas

Neff = (1

Loutl_meas

where L, meqs 15 the measured magnetizing-inductance and
Lout1_meas 18 the measured inductance of the Output 1. Those
values were measured with a precision LCR-meter. The leak-
age inductances of all of them were <9 puH and are not
included in the Table 4.

E. OVER-POWER PROTECTION

A QRF exhibits wide peak-current variation depending on
the input-voltage change [30]. As a consequence, the QRF
output-power range increases with increase of the input-
voltage [30]. A common way of limiting output-power in such
cases is called over-power protection (OPP) [30]. In Fig. 5 one
possible solution to it is shown [30] and which is used in this
study as well. Moreover, that circuit is also used for the zero-
crossing detection (ZCD)—which is necessary for QRF with
VSM. In the [30] a detailed design-procedure of that circuit
is given as well. Here we will provide only part of it to ease
the paper comprehension.

Vaux

DN

To OPP/ZCD pin

FIGURE 5. The schematic of the ZCD/OPP circuit [30].

The peak-current at high input-voltage is calculated as [30]

I — 0.8V n 350 ns
P Rs L

(@)

in_max *

where R; is the shunt-resistance, 0.8 V is the current-limit
threshold-voltage [23], Vi, max 1S maximum (regulated) input
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dc voltage (850V), and 350ns is the total propagation-
delay of the control IC [23]. The switching-period at high
input-voltage is calculated as [30]

1 1
+ )
n - (Vour + Vf)
+7 - /Ly - Clump 3)

where V is the forward-voltage drop of output diode, and
Clump 1is the lumped parasitic capacitance at the switching
node (165 pF). Rest of the data is provided in Table 2 and
Table 3. The high output-power can be found per [30]

Pous_igh = 0.5 Ly - Ly~ fown 11 )

where: f;,;, s the switching-frequency at high input-voltage
(fswn = 1/Ts,p) and n is the estimated efficiency. So, for our
QRF one gets peak-current of 2.46 A and maximum power
of 78.76 W—which is not desirable. Hence, maximum output
power in this study was limited to 60.5 W by setting resistor R
to 1 M€2. In order to disable the OPP one can simply change
that resistor to some higher value (e.g. 10 M2).

Key-component in circuit from Fig. 5 is the diode D. Its
purpose is to separate OPP and ZCD action depending on the
Vaux polarity. It has to be rated for at least 350V, have low
forward-voltage drop and ultra-fast recovery characteristics.
Otherwise, its leakage current will influence OPP detection
thresholds and cause its premature action (e.g. at 800V)
followed by the QRF restart. Also, choice of this diode is
important in the simulation model as well otherwise QRF
switching frequency will vary (i.e. oscillate) a lot.

Tywn = kah <Ly - (

Vin_ max

Ill. SIMULATION RESULTS

The 57 W QRF with 600 uH transformer was simulated in
SIMPLIS [24]. Reasons were speed of simulation and avail-
ability of the NCP1340 model, but only for transient simu-
lations. Note that internal structure of the NCP1340 model
was password protected, i.e. it is not known to users. Standard
blocks from SIMPLIS library were used for the QRF model.
The total (lumped) parasitic capacitance of the switching
node was estimated to be ~165 pF and was included in the
model. Maximum switching-frequency was set to 67 kHz.
The leakage inductance (8 wH) was not included in the
QRF model since it caused excessive non-plausible ringing
of the switch drain-voltage and increased the simulation-time
significantly too (e.g. from 61 s to 143 s).

A. OPERATION IN ICS POWER-TRANSFER MODE

The simulation results of gate-source voltage, voltage of zero-
crossing detection (ZCD) pin and drain-source voltage (Vps)
at 620V dc input and 57 W are shown in Fig. 6. There one
can notice that the valley-switching is working as expected
and switch turn-on happens at second valley. The clamped-
voltage of switch Q (i.e. SN point) by RCD snubber was
~T719V. The QRF model was somewhat idealized hence
voltage ringing at switch turn-off is not visible. Magnetizing
and primary currents are presented in Fig. 7 with peak values
of 2.04 A. The switching frequency was 59.58 kHz.
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Voltage [V]
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50 50.005 50.01 50.015 50.02 50.025 50.03 50.035

800

S 600

400

Voltage

200

0 R R R R
50 50.006 50.01 50.015 50.02 50.025 50.03 50.035
Time [ms]

FIGURE 6. The QRF gate, ZCD and drain-source voltages in steady-state at
620V input and rated load.

RN

50 50.005 50.01 50.015 50.02 50.025 50.03 50.035
Time [ms]

Current [A]
- &

o
o

FIGURE 7. The simulated magnetizing (blue dashed line) and primary
(black solid line) currents in steady-state at 620V dc input and rated load.

Voltage [V]
ONB»BOO®®ON

50 50.005 50.01 50.015 50.02 50.025 50.03 50.035

1000
800
600
400
200

Voltage [V]

0 R R R R R .
50 50.005 50.01 50.015 50.02 50.025 50.03 50.035
Time [ms]

FIGURE 8. The QRF gate, ZCD and drain-source voltages in steady-state at
850V input and rated load.

Similar waveforms for operation at 850V dc input
and 57 W are shown in Fig. 8. In this case the switch turn-on
happens at second valley too. The RCD clamped-voltage of
switch was ~949 V. The magnetizing and primary currents
are shown in Fig. 9 with peak values of 2.07 A. The switching
frequency was 59.21 kHz, i.e. not much different than in the
620V case. In experimental section we will see whether that
is valid in reality as well.

In both cases the ZCD pin had almost the same max-
imum voltages (*4.74 V) as calculated. The negative val-
ues for 620V and 850V inputs, which determine the OPP
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FIGURE 9. The simulated magnetizing (blue dashed line) and primary

(black solid line) currents in steady-state at 850V dc input and rated load.
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FIGURE 10. The QRF gate and drain-source voltages at 240V input and
stand-by load.

thresholds, were —125 mV and —171 mV, respectively. They
were not constant—as expected.

B. OPERATION IN ICS STAND-BY MIODE
In this mode the 22 V output has only bleeder resistors con-
nected and other outputs were having lower loads than in the
ICS power-transfer mode. In addition, input voltage range
is different than in ICS power-transfer mode (Table 2). The
simulation results of gate-source voltage and drain-source
voltage (Vps) at 240V dc input and 10 W are shown in
Fig. 10. There one can notice that the QRF is not working in
VSM, but rather in DCM with quasi-stable transition between
several switching frequencies. Similar, but not so strong,
behavior was noticed when operating at 640V (Fig. 12).
In Fig. 11 and Fig. 13 primary and magnetizing currents are
presented at 240 V and 640 V, respectively. The peak-current
values were changeable following the switching-frequency
changes.

Such behavior of NCP1340 is probably result of the inter-
nal logic and how controller decides when to initiate the turn-
off signal.

C. BODE PLOTS AT 620V AND 850V

With SIMPLIS it was very easy and fast (5-6 s) to generate
the Bode plots. Unfortunately, the available NCP1340 model
from vendor was suitable only for transient simulations, i.e.
it operated with variable switching frequency. But for Bode
plots one needs constant switching frequency to be able to
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FIGURE 11. The simulated magnetizing (blue dashed line) and primary
(black solid line) currents at 240V dc input and stand-by load.
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FIGURE 12. The QRF gate and drain-source voltages at 640V input and
stand-by load.

Current [A]

50.3 50.4 50.5
Time [ms]

FIGURE 13. The simulated magnetizing (blue dashed line) and primary
(black solid line) currents at 640V dc input and stand-by load.

generate them. Therefore, a generic QRF model from [36]
was modified a bit to match properties of the NCP1340.
Then it was possible to generate Bode plots. However, that
model doesn’t have limitation of the maximum switching-
frequency, so the resulting ones were 80.3 kHz and 85.9 kHz
for operation at 620 V and 850V, respectively. Also, the set-
tings of parametrized optocoupler in SIMPLIS were adjusted
(current transfer-ratio 1.6, 1% pole frequency 4 kHz and out-
put capacitance of 3.07 nF).

In Fig. 14 the Bode plots of overall loop at 620 V and 850 V
are shown. Both simulation runs were executed at rated
load. The Fig. 14 shows that there is no significant differ-
ence between simulated Bode plots in operation at 620V
and 850 V. Whether in reality is similar to that we will find
out in the experimental section where detailed findings are
summarized in Table 6. Furthermore, in Fig. 14 one can notice
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FIGURE 14. The simulated Bode plots at 620V (blue and red solid lines)
and 850 V (black dashed lines) inputs at rated load and valley-switching.

first-order response, as expected, which is typical for any
peak-current controlled flyback dc-dc converter [4], [37].

D. DYNAMIC LOAD CHANGE

The simulation of dynamic load-change at 5.5V regu-
lated output with 0.5A—2.5A—0.5A at 620V input is
shown in Fig. 15. There it can be noticed that regulator
works as expected with minimum deviations of regulated
(5.453-5.544 V) and non-regulated (5.451-5.649V) 55V
outputs. In addition, one can see at the regulated output that
ripple is higher at higher load, as expected. Note that the non-
regulated output (Output 1) has lower value than rated one
because that depends on load at the regulated output (i.e. with
0.5 A load current there was not enough gain).

The similar results for test at 850V are shown in
Fig. 16. The regulator worked as expected with minimum
deviations of regulated (5.451-5.546 V) and non-regulated
(5.444-5.653 V) 5.5V outputs. We see that those results are
very close to the ones for 620V case, i.e. differences are only
at the third digit. One can see that voltages need a bit more
time to settle down after current was reduced compared to the
620V case.

Voltage [V]

o o
N gD
a a o o

5.45

40 42 44 46 48 50 52

Voltage [V]

38 40 42 44 46 48 50 52
Time [ms]

FIGURE 15. The dynamic load-change at 620V input. Upper trace:

non-regulated 5.5V output with 0.7 A load. Bottom trace: regulated 5.5V
output with load change from 0.5 A to 2.5 A and vice versa.

109616

5.65
56
5.55
55
5.45
54

Voltage [V]

40 42 44 46 48 50 52

5.54
5.52

55
5.48
5.46

Voltage [V]
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FIGURE 16. The dynamic load-change at 850V input. Upper trace:

non-regulated 5.5V output with 0.7 A load. Bottom trace: regulated 5.5V
output with load change from 0.5 A to 2.5 A and vice versa.

Note that Output 1 had rated load (0.7 A) and that current
change rate at the regulated output was +2 A/ms in both
cases. Other voltages were not shown because they have
wider allowed tolerances hence their variations were not
critical.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The QREF, as specified in Table 2, was built and tested. The
photo of the prototype-board is given in Fig. 17 [4]. Note that
output diodes are not marked, but one shall be able to see
them easily.

¥ ™ \
Compensator %
=

= g g

FIGURE 17. Photo of the 57 W QRF prototype-board (top-view) [4].

Tests were done in a way that both 5.5V and 22 V outputs
were loaded by dc-electronic-loads and the 11V outputs
had only bleeder resistors of 10kS2 as loads [4]. This was
done in order to make testing easier and had no influence on
the findings. The dc-supply-voltage was provided by a high-
voltage dc-source. Majority of experiments are done with the
transformer T3-1 (Table 4) and for exceptions a note will be
given.

A. OPERATION IN ICS POWER-TRANSFER MODE

The key waveforms at 620 V and 850V input voltages and
rated loads are presented in Fig. 18 and Fig. 19, respectively.
The legend of the oscilloscope waveforms in this subsec-
tion and subsection B is as follows: CH1 (yellow; 1 A/div;
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FIGURE 18. The 57 W QRF operating at 620V dc input and rated load with
valley-switching (2" valley).
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FIGURE 19. The 57 W QRF operating at 850V dc input and rated load with
valley-switching (4th valley).

primary current), CH2 (green; 200 V/div; drain-source volt-
age), and CH3 (blue; 5 V/div; gate-source voltage).

In Table 5 comparison of simulated and measured results
at rated load is provided. Only few key-parameters were
considered. One can see that the (RCD clamped) drain-source
voltages are a bit lower than in simulations (Fig. 6, Fig. 8).
And that was good because it is on a side of safety. The
opposite case would not be good. In addition, we can wee
that the maximum currents on primary side are a lower than
the simulated ones—which is good—and they are matched
with the calculated one (Table 3). The difference is in the
valley-number at which switch turn-on happens at 850V
hence the operating frequency. But that was not a problem
because the switching losses were lower. One should have

TABLE 5. Comparison of simulated and measured results at rated load.

620V Simulated Measured
Drain-source voltage, V 719 700
Peak current, A 2.04 1.85
Valley number 2 2
Switch. frequency, kHz 59.58 58.25

850 V Simulated Measured
Drain-source voltage, V 949 940
Peak current, A 2.07 1.75
Valley number 2 4

Switch. frequency, kHz 59,21 46.47

VOLUME 10, 2022

been worried if it were the opposite. Since structure of the
NCP1340 simulation model is not known it is impossible to
explain where that difference comes from.

The measured ‘‘switching-frequency vs. load” curve is
shown in Fig. 20 for the first time for a QRF with VSM.
The maximum switching frequency was set to 67 kHz to make
comparison with ACF in [7] plausible. In Fig. 20, at different
loads and input voltages, the switching frequency was chang-
ing in the range from 41.9kHz to 61.1 kHz. That range of
variation is much higher than the ACF analyzed in [7]. Note
that those results are read from the oscilloscope screen and
might be prone to the measurement errors.

65
- —e— QRF_VSM_620V
L 60
= ——¢— QRF_VSM_850 V
>
=
@ 55
3
o
2
&
w 50
=
S
~
-‘é a5 S pov
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25 30 35 50 55 60

40 45
Output power [W]

FIGURE 20. The measured “switching frequency vs. load” curves in VSM.
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FIGURE 21. The measured “maximum drain-source voltage vs. load” in
DCM and VSM.

In Fig. 21 the change of maximum Q drain-source voltage
with load is presented. One can clearly see that this value is
not constant and that is rises with increasing load—which
makes sense due to higher stored energy in the leakage
inductance. Those maximum values are not the clamped ones,
but the first peak during the turn-off—which is on a side of
safety. Hence designer shall take that into account during
development. The voltage increase was 48V (47.7%) at
620V and 56 V (+6.6%) at 850 V. Note that those results are
read from the oscilloscope screen and might be prone to the
measurement errors. In Fig. 21 for 850V trace one can see
transition between DCM and VSM around load of 30 W and
that drain-source voltage is reduced a bit after transition to
VSM—which is good and was expected.

B. OPERATION IN ICS STAND-BY MODE

As mentioned in sections II-C and III-B the ICS has a stand-
by mode (i.e. no power-transfer) and an APS, in that case,
has different input-voltage range (Table 2). That range is
actually rectified three-phase ac grid-voltage. The expected
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FIGURE 22. The QRF operating at 250V dc input and 10 W load.
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FIGURE 23. The QRF operating at 640V dc input and 10 W load.

load of APS (i.e. QRF) is up to 10 W. Hence simulation and
experimental results are done with that value. In this mode
the 22 V output has only bleeder resistors as load, and others
are having lower loads than in the ICS power-transfer mode.

The experimental waveforms of gate-source voltage, pri-
mary current and drain-source voltage (Vpg) at 250 V input
and 10 W are shown in Fig. 22. There one can notice that the
QREF is working in skip-mode. Similar behavior was noticed
when operating at 640V and 10 W (Fig. 23). Obviously, the
total load of 10 W, with 22 V output unloaded, was not enough
to force the NCP1340 into stable DCM, but always in the
skip-mode. Discrepancy between simulated and experimental
results cannot be explained since structure of the simulation
model is not known to the user. Anyway, for this mode of
operation this is not of major importance. The QRF was
delivering load to the intended consumers reliably and that is
what counts in practice. Note that tests are done with 250 V
and not with the 240V, as in simulations, because that is what
we are expecting in our application.

The Fig. 24 shows measured QRF “power losses vs. input
voltage”. Tt was created out of measured input-power con-
sumption, without load, then subtracting self-consumption
and load on bleeder resistors. The QRF losses were predomi-
nant. Additionally, a trend-line (i.e. polynomial curve-fitting)
is added to the graph showing (weak) quadratic dependency
of QRF power losses vs. input voltage.

C. EFFICIENCY MEASUREMENTS

The efficiency measurements are provided in Fig. 25, Fig. 26,
and Fig. 27 for the T3-1 transformer. The self-consumption of
the primary side was estimated and considered. As expected,
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FIGURE 24. The QRF power losses vs. input dc voltage. Blue line:

Microsoft® Excel® xy plot with smooth line. Black line: Microsoft®
Excel® polynomial trend-line with its expression.
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FIGURE 25. The QRF efficiency with T3-1 in ICS power-transfer mode.

80% |

78% |

76% | e ————

74% | -
g // <
S72% | e ET T
S - S
£ 70% | _-

-
68% | -7
e —e—250V

66% =TT —e—460V

64% [ @ - e -640V

62% : .

2 a 8 10

6
Output power [W]

FIGURE 26. The QRF efficiency with T3-1 in ICS stand-by mode.

the efficiency at lower input voltage is higher due to
lower switching losses. In Fig. 25 the maximum effi-
ciencies of 87.1% at 620V and 85.1% at 850V inputs
were achieved at 57.4W and 55.4W loads, respectively,
in ICS power transfer mode. Those results are better than
the ACF ones in [4] (see Fig. 12 and Fig. 26 there)
and are comparable with other QRF in different applica-
tion [14] (see Fig. 12 there). The efficiencies in ICS stand-
by mode are provided in Fig. 26. Also we see that they
are higher than the ACF ones for the same application
[4, Fig. 14].

In Fig. 27 dependency of efficiency vs. input dc voltage
at a constant load is shown. There we can notice that, with
voltage above 650 V, the graphs are almost linear and inverse-
proportional to the input dc voltage—as expected. They are
almost similar in shape to the equivalent plots for the 57 W
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FIGURE 27. The QRF efficiency with const. loads and T3-1.
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FIGURE 28. Thermal test of the QRF at 850V and rated load.

ACF in [4, Fig.16]—only QRF has higher values as expected.
Note that for this graph the regulation is done on the lowest-
power output (6.75% of the total power) to make comparison
to the ACF plausible. Also one can see that, at 30% load, the
efficiency line is steeper than the 100% one. The reason is
that, at smaller load, the switching and core losses, that are
proportional to the input voltage, are more dominant than
the other losses. Hence, those two efficiency lines are not
parallel. The deviations in range 620-650 V are probably due
to deviations in the switching-frequency change hence the
QRF losses.

D. THERMAL TEST

The thermal test was done only on a bench demo-board at
room temperature of approx. 25 °Cn. In Fig. 28 only 850 V
results are shown because they are more severe. There we
see that the power-switch Q has maximum temperature of
78.2°Cn. The snubber diode has temperature close to the
Q and it was expected that both parts will be the hottest
ones. This result was acceptable. In other, non-documented
measurements, it was noticed that temperatures of both
were always <80 °Cn. Hence, cooling of any part was not
needed—which was desired.

E. CONTROL ASPECTS

The compensator used was the ATL431 [38] based Type-2
one (dc gain, integrator, one pole and one zero) [37] with an
optocoupler. Its generic form is shown in Fig. 29 [7] [37] and
transfer function in (5). In Fig. 29 the V4 is internal +5V of
the control IC, CTR is current-gain of optocoupler, and V,,,;
is the Output 2 (Table 2). The compensator key-parameters
were dc-gain of 31.9 dB, zero at 88 Hz, and pole at 3.67 kHz.
During the design process and simulations, it was concluded
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FIGURE 29. The generic Type-2 compensator with shunt regulator and an
optocoupler.
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TABLE 6. Comparison of bode plots at rated load.

620 V Simulated Measured
Bandwidth, Hz 643.5 235.7
Phase margin, ° 76.2 77.3
Gain margin, dB 26 17

850V Simulated Measured
Bandwidth, Hz 737.6 261
Phase margin, ° 75.4 89
Gain margin, dB 25.9 14.8

that the compensator values cannot be the same as for the
ACF from [4], [5], and [7].

The used optocoupler had minimum current-gain of
1.6 and its parasitic capacitance of 3.07 nF was estimated
per method in [39]. Here, that method is improved a bit in
a sense that optocoupler capacitance was calculated as an
average of two measurements, at different operating points,
thus improving accuracy of the result [7].

The transfer function of compensator from Fig. 29 is [7]

1+ %

G(S)=—G0~1+i (5)

where Gy is dc gain, w; zero angular frequency and w), pole
angular frequency. The dc gain is calculated as [7], [37]

Rpull —up

Go = CTR - (©)

Riep

whereas zero and pole frequencies are calculated as [7], [37]
1 1

; @)

w; =

Rzem : Czero Rpull—up . Cpole

Note that Cpee represents parallel connection of external
capacitor (if any) and optocoupler’s (parasitic)
capacitance [7].

1) BODE PLOTS

The Bode plots of QRF operating in VSM were measured
with Bode 100 vector network-analyzer [40]. Excitation sig-
nal was 50-60 mV (peak-to-peak). The regulated 5.5 V output
was the Output 2 (Table 2). Measurements of Bode plots at
620V and 850, with rated load, are shown in Fig. 30 and
Fig. 31, respectively. Additionally, respective simulation
results (Fig. 14) are included as well.
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FIGURE 30. The simulated (red) and measured (black) Bode plots at 620V
and rated load with valley-switching.
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FIGURE 31. The simulated (red) and measured (black) Bode plots at 850V
and rated load with valley-switching.

The comparison of simulated and measured data is given
in Table 6. There one can see significant discrepancy between
the simulated and measured results for both input voltages.
The reason for that might be because a generic QRF simula-
tion model for the small-signal analysis was used. However,
the designed converter was stable in whole input-voltage and
load ranges with enough phase and gain margins. And that
is what counts in practice at the end. The simulated results
helped only to notice trends of change—which was helpful
during design-phase to fine-tune the compensator. Similar
approach was used in [7] as well.

In papers covering either small-signal modeling or com-
pensator design of QRF the respective authors typically
would present a few Bode diagrams, under key operating-
conditions, and dynamic load-change in order to prove the
effectiveness of their proposed methods. However, graphical
representation of bandwidth (i.e. cross-over frequency; f;),
phase-margin (PM), and gain-margin (GM) changes in whole
load-range was missing. Hence, in Fig. 32-Fig. 34 such
graphs are presented for the first time in literature on the QRF
with VSM.
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FIGURE 32. The QRF converter in VSM: bandwidth change with input
voltage and input power.
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FIGURE 33. The QRF converter in VSM: phase-margin change with input
voltage and input power.

10 20 30 40 50 60 70
Pin [W]

FIGURE 34. The QRF converter in VSM: gain-margin change with input
voltage and input power.

From measured Bode plots, for each operating point, the
fes PM, and GM are extracted. And results are plotted in
Fig. 32-Fig. 34. Those quantities are plotted vs. input power
because that was much faster to do rather than calculating
output power by measuring load at five outputs. Operation
at 10 loads and two input voltages were measured. Note that
all taken Bode plots had first-order response that is typical
for a peak-current controlled flyback dc-dc converter [37].
In Fig. 32-Fig. 34 one can see that all three quantities are
changeable with load and input voltage—as expected. From
practical experience, the PM shall be >40° and GM>6 dB
for all operating conditions. We see that the PM precondi-
tion is fulfilled everywhere, but the GM is achieved only
for operation at input power higher than 35 W. However,
in ICS power-transfer mode, the QRF will operate in VSM
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because its input power will be always higher than 35 W. This
means that no stability problems are expected. Additionally,
the bandwidth was in 0.24-2.5 kHz range—which was wide
(1:10 ratio between min and max), but still acceptable.

2) CROSS-REGULATION CHALLENGES

The analysis and mathematical modeling of cross-regulation
effects with flyback converters is well covered in literature
[41], [42]. In addition, some practical tips are given in [43]
and [44]. This effect is unavoidable and depends on magne-
tizing inductance, leakage inductances of primary and sec-
ondary windings and clamp-voltage [42].

In this section we will elaborate practical cross-regulation
behavior of our QRF with five outputs. In this design voltage
fluctuations of the non-regulated outputs at light load were
controlled by bleeder resistors (5 k€2 and 10k€2), Zener
diodes (6V, 16 V and 27 V), and stacked windings (Output
2 and Output 4 only) [43], [44]. The tests showed that satisfy-
ing results were achieved and that only the Zener diode 27 V
was seldom activated. The same strategy was used with the
ACEF converters presented in [4], [5], and [7].

The regulated 5.5V output was the Output 2 (Table 2)
which had 13.75W (24.1% of the total power). This was
contrary to the common approach in practice of regulating the
output with the highest power. In our case that was the 22V
one with 38.28 W (67.1% of the total power). The reasons
for such an approach were different reference potentials and
different loading of the outputs depending on the ICS opera-
tion modes. Similar approach was used with the ACF in [7]
showing that the converter can be regulated with the smallest
output as well.

In Fig. 35 and Fig. 36 the voltage changes are presented
for QRF (T3-1) in VSM, i.e. ICS power-transfer mode.
In Fig. 35 one can see that the regulated output has increas-
ing static-error as its loading is increasing—which is still
acceptable. In both figures we see that voltage fluctuations
of non-regulated outputs are acceptable, i.e. within allowed
limits without reaching thresholds of Zener diodes. That also
depends in which sequence one loads the respective outputs,
and, in our case, that was chosen in accordance with expected
behavior of the ICS.
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FIGURE 35. The regulated 5.5V output (solid lines) and non-regulated

5.5V output (dashed lines) for QRF in VSM at 620V (black) and at 850V
(red).
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FIGURE 36. The non-regulated outputs 11V (solid lines) and 22V (dashed
lines) for QRF in VSM at 620V (black) and at 850V (red).

The voltage changes at QRF outputs when the ICS is
stand-by mode are shown in Fig. 37 and Fig. 38. There we
can see that voltage fluctuations of non-regulated outputs are
acceptable, i.e. within allowed limits. And at only two points
(>6.7 W) voltage of the 22 V output reached the threshold of
respective Zener diode (27 V). In Fig. 37 and Fig. 38 the QRF
was operating in the skip-mode (see section IV-B as well).
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FIGURE 37. The regulated 5.5V output (solid lines) and non-regulated

5.5V output (dashed lines) for QRF in skip-mode at 250V (black) and
at 640V (red).
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FIGURE 38. The non-regulated outputs 11V (solid lines) and 22V (dashed
lines) for QRF in skip-mode at 250V (black) and at 640V (red).

3) INFLUENCE OF CONTROL-STRATEGY ON THE QRF
EFFICIENCY

During experiments it was noticed that the efficiency of multi-
mode QRF with variable switching frequency also depends
on the designed compensator and chosen regulated output.
The reason for it is that both items influence internal logic
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FIGURE 39. The 57 W QRF efficiency with two different compensators.
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FIGURE 40. The 57 W QRF efficiency with regulation on two different 5.5V
outputs having the same compensator.

of the control IC (i.e. NCP1340) which then reflects on the
value of switching frequency. The representative examples
are given in Fig. 39 and Fig. 40. The outputs outl and out2 are
related to Output 1 and Output 2 in the Table 2, respectively.

In Fig. 39 the only difference in compensators was that
the zeros were different 10 times between each other (e.g.,
Compl: 8.84 Hz; Comp2: 88.4 Hz). And regulation was done
on Output 1 (3.85 W or 6.7% of the total power). There one
can see that zero-placement plays important role not only
on converter dynamic behaviour, but on the efficiency as
well. In Fig. 40 the same compensator (Comp2) was used for
regulation on Output 1 and Output 2. Unexpectedly, one can
see that QRF efficiency is a bit higher when regulation is done
on smallest output (outl). But, in Fig. 40 the difference in
efficiency, due to different outputs, was much smaller when
compared with Fig. 39 and contribution of zero-placement
there.

4) DYNAMIC LOAD-CHANGE

The performance of designed compensator is also verified
by applying dynamic load-change on the regulated output
5.5V (Table 2). The scope screenshots of operation at 620 V
are provided in Fig. 41 and Fig. 42. In both cases the
non-regulated output had constant load of 0.7 A and 22V
has 1 A load. The load currents were changed from 1 Ato 2 A
(Fig. 41) and vice versa (Fig. 42). At 1 A the QRF was
operating in 6 valley and with 2 A the QRF was operating
with 4™ valley. The reason for those load-current values is that
they were realistic to expect in the real application. Note that
simulations (Fig. 15 and Fig. 16) are done for more severe
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FIGURE 41. The 57 W QRF with dynamic load-change at the regulated

5.5V output. Load change: 1A to 2A.
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FIGURE 42. The 57 W QRF with dynamic load-change at the regulated
5.5V output. Load change: 2A to 1A.

cases (0.5A to 2.5A, and vice versa) just to see how the
regulator behaves. In Fig. 41 can be seen that the undershoot
was —200 mV, and from Fig. 42 we see that the overshoot
was +225 mV—which was very good and that proves good
design of the compensator.

Similar experiments are done at 850V and results were
similar—except that operating valleys were 5" and 6™
Hence, the 850 V screenshots are not included here.

5) POWER TRANSITION-THRESHOLD TO
VALLEY-SWITCHING MODE

During experiments it was noticed that transition-thresholds
between DCM and VSM vary with input voltage, load and
that it depends on the output on which regulation happens.
It was possible to identify input-powers at which transition
happens so that end user can get a feeling about it. In the
experiments the QRF load was always increasing for all input
voltages, i.e., hysteresis effect was not considered.

The resulting graph is shown in Fig. 43. There one can see
that dotted areas (red or black) represent areas where QRF
operates in VSM starting from the 6 valley—except for the
Output 1 at 620V where it started from 7" valley. We see
also that, if regulation happens at output with higher load
(i.e. Output 2; Out2_REG in Fig. 43) then QRF earlier enters
the VSM—which is more desired. Those transitions can be
seen in Fig. 32-Fig. 34 as well. This topic will be further
investigated in a future study.
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FIGURE 43. QRF transition thresholds to the valley-switching mode.

F. COMPARISON TO AN ACF CONVERTER

The QRF had the same secondary sides, primary switch [32]
and transformer as the ACF presented in [4], [5], and [7]. This
made comparison to ACF easier and more plausible. In [4]
was shown that the 57 W QRF has higher efficiency in whole
load range, is 223 % cheaper, and occupies *11% less board-
space than the 57 W ACF in the same application.

Subject of this section is comparison of QRF Bode plots
versus ACF converter [4, Figs. 20 and 22]. Note that the Bode
plots for ACF were given when it was operating in active-
clamping mode (ACM). In order to make such comparison
plausible the QRF had regulation at the Output 1 (3.85W,
Table 2) and used the same compensator as the ACF in [4],
[7] (i.e. having zero at 8.84 Hz). Here, in section E-3) that
compensator was named Compl. From Bode plots, for each
measured point, the bandwidth, PM, and GM were extracted.
The results are plotted in Fig. 44, Fig. 45, and Fig. 46. Those
quantities are plotted vs. input power because that was easier
to do. Operation at 10 loads and two input voltages were
measured. From Fig. 44-Fig. 46 we see that the QRF in VSM
(i.e. ICS power-transfer mode) has lower bandwidth than the
ACF in ACM—which resulted in higher PM and GM. Also,
it is noticeable that the QRF power transition-thresholds from
DCM to VSM were in the input-power range from 35 W (at
620 V) to 41 W (at 850 V).

4,0
35 | N —@—ACF_620V
10 el ‘.‘ —e— ACF_850V
g / \ v - m - QRF_620V
25 Ao \ - ® - QRF.850V
]
é 2,0 ’ \
O .'.\ 4.
“ 15 4 \
10 o \ \
X \ )
05 [ [ o _m_
00 il IR e Ly DR
10 20 30 40 50 60 70
Pin [W]

FIGURE 44. QRF vs. ACF: comparisons of the bandwidths.

From this section, [4] and [7] we can conclude that, for the
same specification, the conventional DCM flyback, ACF or
QRF VSM dc-dc converters may be stabilized with the Type-
2 compensator (dc gain, integrator, one pole and one zero)
only, but they must have different parameters (e.g. at least
position of a zero shall be different).
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FIGURE 46. QRF vs. ACF: comparisons of the GM.

V. SUMMARY AND CONCLUSIONS

This paper presented investigation of QRF with VSM dc-dc
converter 57 W used as APS of an ICS for BEV. Since
the QRF was supplied from HDCIV that created additional
challenges for its design which are different from mainstream
QRF applications. However, findings and conclusions are
valid for any QRF converter and some of them are even valid
for any flyback converter. The statements “...for the first
time”’ were related to the reported results or findings on QRF
with valley switching—not to the methods of achieving it.
The original or novel results and analysis related to 12 figures
(Figs. 20, 21, 24, 32, 33, 34, 39, 40, 43, 44, 45, and 46) were
never presented before for any QRF which was ensured by
checking >70 papers on the topic.

First, an overview of the QRF control ICs is given with sug-
gestions of control IC’s features for future products. Attention
was given to power-supply architecture of such systems.
The converter and transformer data were presented with ICS
specific challenges. The OPP was covered as well.

The simulated and experimental results of voltage and
current waveforms had some acceptable deviations. Although
simulated and measured Bode plots were not matched, the
simulations were good enough to help design a good compen-
sator. As a result the designed QRF was stable in whole load
and input-voltage range. And that is what matters in practice.
This was verified by dynamic load-change tests.

Thermal tests showed that additional cooling of switch or
any other component was not needed because maximum tem-
peratures were always below 80 °C. The maximum efficiency
of 87.1% was achieved at 620 V input.
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Also, the “switching frequency vs. load” curves were
included as well as “maximum drain-source voltage of Q vs.
load”. This improved understanding of the QRF operation
with variable switching-frequency. The QRF regulation on
outputs with 6.7% and 24.1% of the total power—contrary
to the common approach by regulating the biggest one—was
proven to be feasible. It was also shown that for a multi-
mode QRF, with variable switching-frequency, choice of the
compensator’s zero and the regulated output has influence on
its efficiency.

Bode plots are measured for two input-voltages at 10 dif-
ferent loads. Then fc, PM, and GM were extracted and plotted
versus input-power—for the first time. They were changeable
with input-voltage and load as expected. Also it was shown
that only with the Type-2 compensator is possible to control
such QRF.

At the end, the fc, PM, and GM changes were compared
between QRF and ACF. It was shown that those converters,
for the same specification, cannot share the same compen-
sator. And that the difference must be at least in placement of
a zero.

In general, it seems that the QRF dc-dc converter in VSM
is still better alternative to an ACF dc-dc converter in 800 V
ICS application considering price, occupied board-space,
simplicity, cooling needs, and efficiency. However, for final
judgement about these two converters, two areas would need
further investigations:

o Stability of transition thresholds between DCM and
VSM modes when load is increasing and decreasing,
and comparing it with the equivalent transitions (DCM-
ACM) by ACF [7];

o Comparison of electromagnetic interferences (EMI)
between QRF and ACF in ICS application.

Limitations of this study are:

o Because off-the-shelf control IC was used there was no
freedom in the control method.

o Since this work was part of a commercial project,
the project-timeline had higher priority over applied-
research activities and not all data could have been
revealed. Also, there was no time for complicated math-
ematics or for development of dedicated optimization
algorithms. Hence, sometimes one had to use trial-
and-error approach to find a good-enough solution and
move-on.

« Some of the formulas are derived by curve-fitting of the
experimental curves.

Focus of the future work will be on, above mentioned,
areas for further investigation as well as trying to reduce
high ratio between min and max values of bandwidth. Addi-
tional areas to work on are mathematical modelling of
Bode plots’ differences between ACF and QRF convert-
ers, analysis of cross-regulation effects depending on the
regulated output, development of mathematical expressions
for curves derived by curve-fitting, and inclusion of their
error-analysis.
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