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Active-clamped flyback DC-DC converter in an
800V application: Design notes and control aspects

Darko Vračar1,2 , Predrag Pejović1

This paper presents findings for active-clamped flyback (ACF) DC-DC converter 57 W used as an auxiliary power-supply
of a wireless inductive-charging system 800 V. Measurements of magnetizing and leakage inductances for three transformers
demonstrated how big differences between them could be depending on chosen vendor. Comparison of simulated and measured
Bode plots showed that, even when those plots were not matched, one could design a compensator that ensures stable
operation. Evaluation of cross-regulation when output with low power (9.62% of total) was regulated showed that such
approach was feasible too. The switching frequency vs output-power and drain-source voltage of switch vs output-power

graphs are presented for the first time. Comparison of bandwidth, phase-margin and gain-margin vsinput-power, between
the ACF and conventional flyback converter were discussed too. Those quantities were changeable with load and input-
voltage as expected. The conventional flyback converter in DCM has higher bandwidth than the ACF which resulted in
lower phase- and gain-margins. That showed that it cannot have the same compensator as an ACF.

K e y w o r d s: active-clamped flyback, Bode plots, control, cross-regulation, DC-DC converter, inductance measurement,
switching-frequency change, transformer

1 Introduction

The active-clamped flyback (ACF) DC-DC converter
is known for around 30 years [1]. Its mainstream appli-

cation nowadays is as power adapter and sometimes with
GaN transistors [2,3]. Typically, the ACF is supplied from
the rectified single-phase mains [4,5]. Its general analysis,

operation, and design are well explained in[6-9] so readers
shall check those references for more information.

The first reported ACF application in a system with
higher-DC-input-voltage (HDCIV) of 800 V was [4] fol-

lowed by [5]. In those papers the 57 W ACF was used as
an auxiliary power-supply (APS) of primary (ie ground)
side of an inductive-charging system (ICS) for wireless-

charging of battery electric-vehicles (BEV). The same ap-
plication and converter is subject of this article with dif-
ference that transformer 400µH and accordingly adapted
electrical schematic were used. The APS powers system

parts like gate-drivers, microcontroller, communication,
voltage- and current-measurement circuitry, fan, ancillary
circuitries, etc .

Motivation to writing this paper was to present miss-
ing theoretical considerations, simulation, and experi-
mental results for the ACF that were not covered in [4]
and [5]. Focus here is on transformer measurements,

cross-regulation and control aspects with comparison to
conventional flyback DC-DC converter. This article is a
companion to [4] and [5]. Note that this article does not

introduce a new topology or a control method but evalu-
ates usage of the known topology (ACF) in an emerging

application (ICS). However, the conclusions are applica-
ble for any ACF. Moreover, since this study was part
of a commercial project it was not possible to reveal all
technical details — only minimum was presented that
supported our conclusions.

The APS was connected to the 800V variable DC-link
as shown in Fig. 1, which is typical for industrial appli-
cations. The generic schematic of an ACF is presented in
Fig. 2.

PFC InverterAPS

GND

variable DC link

Fig. 1. The APS connection-point in the ICS

An ACF is different from conventional flyback con-
verter in a sense that a bidirectional switch (QH) is in-
troduced instead of the clamping diode in a passive RCD
(resistor-capacitor-diode) snubber [4, 5]. The QH is ac-
tively controlled to increase ACF efficiency by storing en-
ergy in the clamping-capacitor CC) then releasing it to
the secondary side [4]. In this application one had to use
external inductor to realize zero-voltage switching (ZVS)
operation of the low-side switch (QL), [4]. The SW de-
notes switching node which is equal to drain-source volt-
age of QL. Note that the resonant inductance Lr), de-
picted in Fig. 2, comprises an external inductor and the
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Fig. 2. The ACF generic schematics with resonant inductance

Table 1. The 57 W ACF specification

Parameter Value

Input dc voltage (ICS power transfer) 620–880 V

Input dc voltage (ICS stand-by) 460–640 V

Output 1: regulated voltage +5.5 V

Output 1: load current 1A

Output 2: voltage +5.5 V

Output 2: load current 2.15A

Output 3: voltage +22 V

Output 3: load current 1.7 A

Output 4/5: voltage ±11 V

Output 4/5: load current ±40 mA

Output power in stand-by mode < 10 W

Minimum switching frequency, fswmin 66 kHz

leakage inductance. The general advantages and disad-
vantages of ACF versus conventional flyback converter
were elaborated in [10], [5] as well as challenges when
used in HDCIV applications, [5].

During literature review many gaps were identified.
Majority was covered in [5] and rest will be covered here.
The key-contributions are listed below.

• Comparison of magnetizing inductance vs primary cur-
rent Lm(I) characteristics for three vendors with the
same 400µH transformer-specification. In addition,
a change of leakage inductance vs current for those
transformers was presented too. There one could see
how big differences between vendors could be and de-
sign engineer shall take that into account.

• The efficiency graphs presented and compared for ACF
with three 400µH transformers. The efficiencies are
lower at higher input voltages, as expected, due to
higher circulation-energy losses [5].

• The switching-frequency vs output-power and drain-

source voltage QL vs output-power graphs are pre-
sented for the first time for an ACF in an 800 V
system. Both quantities were slightly changeable with
load as expected.

• Comparison of simulated and measured Bode plots of
ACF at 620 V and 850 V inputs was shown for the first

time. It was demonstrated that, although those plots
were not matched, one could still design a compensator
that ensures stable operation over whole input voltage
and load ranges.

• The cross-regulation of the ACF with five outputs was
investigated in a case where regulated output was the
one with only 9.62% of the total power. This was con-
trary to the common approach in industry of regulat-
ing the output with the highest power. However, our
results showed that this was feasible too.

• The method for measurement of opto-coupler’s capac-
itance [11] is improved a bit in a sense that such capac-
itance is calculated as an average of two measurements
at different operating points thus improving accuracy
and plausibility of the result.

• Comparison of bandwidth, phase-margin, gain-margin
vs. input power for an ACF and conventional flyback
converters is presented for the first time. Both con-
verters exhibited a first-order response that is typical
for any peak-current controlled flyback DC-DC con-
verter [12].

• For multi-mode control IC [13] in our case it was
discovered that output power has to be ≥ 10W so
that the ACF can surely switch into active-clamping
mode (ACM) of operation. With lower loads it oper-
ated in DCM (discontinuous-conduction mode) as con-
ventional flyback converter or in transition between
the two. This effect was probably inherent to how
NCP1568 operates. One reason could be that this IC
was not intended for use in the HDCIV applications.

2 Design notes

The specification of the 57 W ACF is given in Tab. 1,
[4, 5]. The ACF has two operating ranges: ICS power-
transfer mode and ICS stand-by mode. The used control
IC was Onsemi NCP1568 multi-mode controller [13] with
generic design-notes provided in [14].

Here transformer design notes and its measurements
will be elaborated. More on ACF design, related chal-
lenges, and operation in ICS stand-by mode one can find
in [5]. The resistor RC in this study was 4.5MΩ, ie the
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Table 2. Specification of the transformer

Parameter Value

Maximum primary working voltage > 960 V

Clearance and creepage distances > 7.9 mm

Turns ratio primary to output 1 & 2 15

Turns ratio primary to output 3 3.75

Turns ratio primary to output 4 & 5 7.5

Core shape ETD29

Core material N87, TP4, DMR40

Magnetizing inductance, Lm 400µH

Max peak primary-current, Iprimax 2.32A

Table 3. Overview of the used transformers

Type: Lm
vendor neff

(µH)

T2-1: 400, 2 14.43

T2-2: 400, 3 15.74

T2-3: 400, 1 15.76–15.81

T3-1: 600, 1 15.53–15.54

T3-2: 600, 2 13.65

T3-3: 600, 3, rev.1 14.81–14.93

T3-4: 600, 3, rev.2 14.96–15.03

hybrid-clamp [5] was not used – but that had no influence
to the results.

Note that with NCP1568 the ACF can operate in
DCM like conventional flyback DC-DC converter and in
ACM. The ACM can be with magnetizing current go-
ing into negative direction (called DCM ACM) or be-
ing positive all the time. The latter case is called CCM
(continuous-conduction mode) ACM. Our case is the
DCM ACM and both terms ACM and DCM ACM will
be used in paper interchangeably.

2.1 Transformer design

The design of an ACF transformer is like any other
flyback one. Hence, only few notes will be given here. A
comprehensive study on transformer design for DCM fly-
back with multiple outputs is presented in [15]. In [16]
is claimed that biggest portion of losses in DCM flyback
comes from transformer itself. The key-data of the trans-
former 60 W, that was used, are listed in Tab. 2 with
schematic symbol shown in Fig. 3. It was slightly overde-
signed than the required power of 57 W to have some
reserve if project requirements change later. The auxil-
iary winding (Fig. 3) provides self-supply for the control
IC and half-bridge driver of QL and QH.

Aux Pri

Out 22 V3 Out -11 V5

Out 5.5 V2

Out 11 V4 Out 5.5 V1

Fig. 3. The schematic symbol of the transformer T2

The ETD29 bobbin had to be used in order to house

two primary and five secondary windings, and to satisfy

requirements for clearance and creepage safety-distances

(> 7.9mm), [5]. The safety-distances were calculated

per [17]. In our case, going for a switching-frequency

higher than 70 kHz would not bring advantage in po-

tential transformer-size reduction [4], but would only

increase converter losses. In addition, the transformer

leakage-inductance (≤ 9µH) was not enough for the ZVS

operation. Hence, an external inductor of 68µH had to

be used to ensure ZVS of the QL.

The magnetizing inductance in Tab. 2 is chosen as [5]

Lm < 0.95 min(Lmsb, Lmpt), (1)

where Lmsb and Lmpt are magnetizing inductances for
ICS stand-by (sb) and power-transfer (pt) modes, respec-

tively, with tolerance-correction factor of 0.95 [5]. Respec-

tive inductances are calculated per [5]

Lm =
D2

maxV
2
inminη

2Poutfswmin

, (2)

where Dmax is maximum duty-cycle (16% or 12%),

Vinmin is minimum input DC voltage, η – is assumed

maximum efficiency (70% or 85%), Pout total output-

power (10 W or 57 W), [5].

The values for Lmsb and Lmpt were 3.44 mH and
0.66 mH, respectively, [5]. Hence, the Lm was chosen

to be 400 µH. Such transformer would allow minimum

switching frequency of 100 kHz, but that was not used

here due to increased losses.

2.2 Transformer measurements

The transformers were designed and built by three

companies per specification in Tab. 2. They were pot-

ted and belong to temperature-class B (130◦C). A rep-

resentative photo is shown in Fig. 4. Full details of their

construction and design process are not known to us. We

assume that basic differences are coming from different

wires and air-gap used. A major challenge when work-

ing with custom-designed magnetic parts is that delivery

times could be very long (eg 7–11 weeks), [5].

Fig. 4. Photo of the transformer T2-3
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Fig. 5. The magnetizing-inductance vs primary current character-
istics of transformers 60 W, ETD29 measured at room temperature
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Fig. 6. The leakage-inductance change of transformers ETD29
measured at room temperature

In Tab. 3 a summary of the used transformers is pre-
sented together with effective turns-ratio neff. The leak-
age inductances for all of them were ≤ 9µH. Note that
transformers 600µH are included in Tab. 3 although they
are not subject of simulation and experimental results
here. This is done to complement info in Table V pro-
vided in [5]. The transformer markings in Tab. 3 is like
the style used in [5]. Note that the T2-1 in [4] was named
as T2.

The calculated turns-ratio (primary to the regulated
+5.5V output) was 15 (Tab. 2). However, in Tab. 3 one
can see that effective turns-ratio (3) varies between ven-
dors in range −3.8% to + 5.4% (400µH) and in range
−9% to +3.6% (600µH) versus the rated one. It was
calculated as

ηeff =

√

Lm,me

Lout1,me

, (3)

where Lm, me is the measured magnetizing-inductance
and the is Lout1, me is the measured inductance of out-
put 1. Those values were measured with a precision LCR-
meter.

When evaluating efficiencies in [4] and [5] it was no-
ticed that highest ones were for designs with vendor 2
(T2-1 and T3-2). This suggested that either constructions
by vendor 2 had lower AC, DC and core losses and/or that
optimal turns-ratio is below 15. This will be analyzed in
a separate study.

The characteristic Lm(I), measured by Power Choke
Tester [18], are presented in Fig. 5. From it one can un-
derstand how transformer characteristic could be differ-
ent for different vendors although the same specification
was given. The Lm(I) characteristic is good to have to
see when the saturation sets-in and how slope looks like.
That is what the ACF faces in real operation.

From Fig. 5 can be seen that during operation at
66 kHz peak current would be 2.32 A which corresponds
to 428µH (T2-1). One can assume, that at higher tem-
peratures, the magnetizing inductance would be lower
and at knee of the characteristics (around 400µH for
T2-1), ie at beginning of the saturation. Such a design

ensures good utilization of the magnetic material, hence
reduces costs.

The measured leakage inductances of transformers are
shown in Fig. 6. All secondary windings and auxiliary
winding were shorted together during those measure-
ments. One can notice that leakage inductances vary lin-
early with the primary current as expected. Moreover, we
see how values are different for different vendors. At lower
currents the test device does not displays the measured in-
ductance probably due to high measurement-error which
was not needed anyway. As elaborated in [10], if precision
LCR-meter would have been used to measure leakage in-
ductance one would wrongly conclude that it is constant
– which is not the case. For example, for the T2-3 the
6µH was measured.

For some cases in mainstream applications, if pri-
mary leakage inductance is big enough, it was suggested
that one does not have to use external inductor [14].
However, for HDCIV applications that was impossible
to avoid [4, 5, 10]. In addition, in ICS application one
has several secondary outputs hence relationship be-
tween leakage inductances became more complex and
that may influence the cross-regulation behavior of the
ACF [19, 20].

3 Simulation results

The 57 W ACF with 400µH transformer was sim-
ulated in SIMPLIS [21]. More info about used simula-
tion models of NCP1568 one can find in [4, 10]. Typical
simulation run-time for 50.2 ms was 11—12s. The total
parasitic capacitance of the switching node CSW was es-
timated to be ≈ 186 pF, [5]. During experiments, the
switching-frequency was slightly varying with the load
and input voltage (≈ 66–68 kHz, see Fig. 15) therefore
simulations were executed at 67 kHz. The external induc-
tor (Le) and clamping capacitor CC had values of 68µH
and 66 nF, respectively. Sometimes they are named as
resonant-tank parameters and have influence on the con-
verter efficiency [4, 5]. Focus in this section will be on
ICS power-transfer mode (ACF in ACM) since, in the
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Fig. 7. The ACF 57 W drain-source voltages in steady-state at
620 V (black solid line) and 850 V (blue dashed line) inputs and

rated load in ACM
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Fig. 8. The simulated primary currents at 620 V (black solid line)
and 850 V (blue dashed line) at rated load in ACM.
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Fig. 9. The dynamic load-change at 620 V input in ACM. Upper
trace: non-regulated 5.5 V output with 2.2 A load. Bottom trace:
regulated 5.5 V output with load change from 0.2 A to 1 A and

vice versa
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Fig. 10. The simulated Bode plots at 620 V (solid lines) and 850 V
(black dashed lines) inputs at rated load in ACM

ICS stand-by mode, the ACF behaves like conventional
flyback converter in DCM (ie disabled-ACM) [5].

3.1 Operation in ICS power- transfer mode

Detailed simulation results and comparisons of ACF
with 400µH and 600µH transformers were provided
in [4]. Only few waveforms are repeated here (Figs. 7
and 8), but in a different way for the sake of paper com-
pleteness. The simulation results of QL drain-source volt-
ages VDS at 620 V and 850 V DC inputs and 57 W are
shown in Fig. 7. There one can notice that the active-
clamping is working as expected and that duty-cycles are
different (13.32% vs 9.22%). The maximum voltages of
QL (ie SW node) were ≈ 773V (at 620 V) and ≈ 1002V
(at 850 V).

Primary currents are presented in Fig. 8. In our ACF,
the magnetizing current (hence primary current) must go
into negative direction to discharge the parasitic capaci-
tance of the switching node thus ensuring ZVS of the QL.
This is achieved as can be seen in the Fig. 8 as well as that
the resonant period is finished before QH is turned-off.

3.2 Dynamic load-change

The simulation of dynamic load-change at +5.5V reg-
ulated output with 620 V input is shown in Fig. 9. There
it can be noticed that regulator works as expected with
minimum deviations of regulated (5.473–5.543 V) and
non-regulated (5.274–5.454 V) +5.5 V outputs. In addi-
tion, one can see at the regulated output that ripple is
higher at higher load as expected. Note that the non-
regulated output has lower value than rated one because
that depends on load at the regulated output (ie with
0.2 A there is not enough gain). The other outputs had
rated loads. The results for 850 V are not included since
they are better than the 620 V ones.

3.3 Bode plots at 620 V and 850 V

With SIMPLIS it was very easy and fast (5–7 s)
to generate the Bode plots. The adjusted settings of
parametrized opto-coupler in SIMPLIS were: current
transfer-ratio 1.6, 1-st pole frequency 4 kHz and output
capacitance of 3.07 nF.
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Fig. 11. The 57 W ACF (T2-1) operating at 620 V (black line)
and 850 V (blue line) inputs and rated load in ACM
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Fig. 12. The 57 W ACF (T2-1) operating at 620 V (black line)
and 850 V (blue line) inputs and rated load in ACM

In Fig. 10 simulated Bode plots at 620 V and 850 V
are shown. Both simulation runs were executed at rated
load in DCM ACM with 400µH transformer and 68 +
9µH resonant inductance. The Fig. 10 shows that there is
no significant difference between simulated Bode plots in
operation at 620 V and 850 V. Whether in reality is like
that we will find out in the experimental section where
detailed findings are summarized in Tab. 4. Furthermore,
in Fig. 10 one can notice first-order response – which is
expected for any peak-current controlled flyback DC-DC
converter [12].

4 Experimental results and discussion

The ACF, as specified in Tab. 1, was built and tested.
Detailed photo of the 57 W ACF on a demo-board is
provided in [4] whereas photo of system implementation
is presented in [5]. The PWB (printed-wiring board) was
done as a 4-layer one with FR-4 material and 70µm
copper on outer layers.

Tests were executed in a way that both 5.5 V and
22 V outputs were loaded by DC-electronic-loads and the
±11V outputs had only bleeder resistors of 10 kΩ as
loads [5]. This was done to make testing easier and had
no influence on the findings [5]. The DC-supply-voltage
was provided by a high-voltage DC-source.

4.1 Operational waveforms in ICS power-transfer mode

The key waveforms are presented in Figs. 11 and 12.
Those results are repeated from [4], but in a different way
for the sake of paper completeness and easier comparison
with Figs. 7 and 8. Note that the saved oscilloscope data-
set was used for the figures plotting. Hence, the negative-
time is a consequence of the oscilloscope trigger at zero
instant.

In Fig. 11 we see QL drain-source voltages at 620 V
and 850 V input and rated load in ACM. Maximum val-
ues were 761 V and 994 V, respectively. Additionally, one
can see that the maximum drain-source voltages are little

bit lower than in simulations (Fig. 7). The differences are
≈ 12V at 620 V and ≈ 8V at 850 V. That is good for
the design because it is on a side of safety.

The maximum and minimum currents on primary
side (Fig. 12) are a bit higher than the simulated ones.
The minimum values were −1.89 A (620 V) and −1.85 A
(850 V). For positive values it was hard to estimate ex-
act values due to ringing. Although layout was done
carefully the ringing of primary current during dead-
time, within commutation process between QL and free-
wheeling diode of QH, was unavoidable (Fig. 12). In this
period one actually has resonant tank comprising the
CSW, clamping capacitor, magnetizing and resonant in-
ductance.

For negative values the absolute differences were 245 mA
(+14.9%) at 620 V and 208 mA (+12.7%) at 850 V but
are acceptable. In addition, we see that resonant periods
are a bit longer than in simulations (Fig. 8) — which is
a consequence of component tolerances.

The switching-frequency vs load curve is shown in
Fig. 13 for the first time for an ACF in 800 V applica-
tions. The NCP1568 uses external resistor on pin 5 (RT)
to ground which sets the minimum frequency of the in-
ternal oscillator [13]. This means that the switching fre-
quency cannot go below the minimum set value. In our
case that was around 63–64kHz (R(RT ) = 160 kΩ). It
was noticed that, at different loads and input voltages,
the switching frequency was not changing significantly —
contrary to what was often reported in literature. It is
worth noting that such curves with 13 W ACF (Fig. 17
in [10]) have similar trends, ie those results are plausible
for the HDCIV applications.

In Fig. 14 the change of maximum QL drain-source
voltage with load is presented for the first time. One can
clearly see that this value is not constant and that is rises
with increasing load — which makes sense due to higher
energy in leakage inductance. Hence the designer shall
take that into account during development. The voltage
increase was 24 V (+3.2%) at 620 V and 32 V (+3.3%)
at 850 V. Note that results shown in Figs. 13 and 14 are
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Fig. 13. The 57 W ACF (T2-2) measured switching frequency
vs load curves in ACM
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Fig. 14. The 57 W ACF (T2-2) measured maximum QL drain-
source voltage vs load curves in ACM
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Fig. 15. The 57 W ACF efficiency curves with 620 V input in
ACM
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Fig. 16. The 57 W ACF efficiency curves with 850 V input in
ACM

read from the oscilloscope screen and might be prone to
the measurement errors.

The NCP1568 can operate in forced ACM (ie no multi-
mode) by choice of two external resistors [13]. However,
during tests it was noticed that around 10 W total load
is needed for ACF to switch into ACM operation. That is
the reason why all experimental results in Section 4 have
results with loads ≥ 10 W. Anyway, for ICS that was not
a problem since minimum typical load ≥ 15 W so one
has enough reserve. At loads lower than 10 W the ACF
was operating in DCM as conventional flyback converter
or in kind of a transition between DCM and ACM. This
effect is probably inherent to how NCP1568 operates, but
might be further investigated in a separate study. One of
the reasons could be that this IC was not intended for
use in HDCIV applications.

4.2 Efficiency measurements

The efficiency measurements are provided in Figs. 15
and 16 for T2 transformers. The self-consumption of the
primary side was considered. Those graphs clearly show
how different transformer constructions (mainly choice

of wires for windings and air-gap) are influencing the
converter efficiency. Interesting is to notice that all curves
are almost parallel (ie shifted) to each other. As expected,
the efficiency at lower input voltage is higher due to lower
losses in the resonant tank [5, 10].

More on the circulation-energy losses one can find
in [5]. Maximum efficiencies of 86.1% at 620 V and
83.5% at 850 V inputs were achieved with T2-1 and
≈ 55.8W load. The efficiency-measurements in [4, 5, 10]
show the similar trends and curve-shapes — which guar-
antees plausibility of our measurements.

4.3 Control aspects

In this section we will present results that complement
the ones presented in [5]. Important to know is that the
ACF in DCM ACM is a combination of a PWM con-
verter (during on-time) and a resonant one (during off-
time) [5, 22, 23]. That feature complicated its small-signal
analysis in the past [5], but it is solved now [22–25]. The
key-paper for understanding of the NCP1568 operation
with three control-loops (voltage, current and switching-
period) is [24].
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Fig. 17. The generic Type-2 compensator with shunt regulator
and opto-coupler

The compensator used was the ATL431 [26] based
Type-2 one (integrator, one pole and one zero) with an
opto-coupler [5]. Its generic form is shown in Fig. 17
and transfer function in (4)–(6). Due to commercial na-
ture of this project the values of components are not re-
vealed. The compensator key-parameters were dc-gain of
34.1 dB, zero at 8.8 Hz, and pole at 4.97 kHz, [5]. The
used opto-coupler had minimum current-gain (CTR) of
1.6 and its parasitic capacitance of 3.07 nF was estimated
per method in [11]. Here, that method is improved a bit
in a sense that opto-coupler’s capacitance is calculated
as an average of two measurements at different operating
points thus improving accuracy and plausibility of the
result. Those measurements were executed with differ-
ent values of injection resistors (1 kΩ and 13 kΩ) hence
currents through opto-coupler’s diode were 1.7 mA and
0.4 mA, respectively. In both cases the VCC was 5 V.

The transfer function of compensator from Fig. 18 is

G(s) = −G0

1 +
ωz

s

1 +
s

ωp

, (4)

where G0 is DC gain, ωz , ωp are the zero and the pole
angular frequency. The DC gain is calculated as

G0 = CT

R1

R2

, (5)

whereas zero and pole frequencies are calculated as

ωz =
1

R0 C0

, ωp =
1

R1 CP

. (6)

Note that CP represents parallel connection of exter-
nal capacitor (if any) and opto-coupler’s (parasitic) ca-
pacitance.

4.3.1 B o d e p l o t s i n A CM

The Bode plots of 57 W ACF operating in DCM
ACM, with T2-2 transformer, were measured with Bode
100 vector network-analyzer [27]. Excitation signal was
20–30mV (peak-to-peak). Measurements of Bode plots at
620 V and 850 V, with rated load, are shown in Figs. 18
and 19, respectively. The both measured plots show a
first-order response that is typical for any peak-current
controlled flyback DC-DC converter [12]. Additionally, re-
spective simulation results are included in Figs. 18 and 19
for better comparison.
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Fig. 18. The simulated (blue lines) and measured (black lines)
Bode plots at 620 V and rated load in ACM
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Fig. 19. The simulated (blue lines) and measured (black lines)
Bode plots at 850 V and rated load in ACM

The overview of simulated and measured data from
Bode plots at rated load is given in Tab. 4 to ease com-
parison. Since PM and GM were enough high (> 45◦ ,
≥ 10 dB) and the gain-characteristics were crossing zero-
gain-point with slope of −20dB/decade we conclude that
our ACF is stable from control-theory point of view. In
Tab. 4 one can also see significant discrepancy between
simulated and measured results for both input-voltages.
However, the designed converter was stable in whole
input-voltage and load ranges and that is what counts
in practice. The simulated results helped only to notice
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Fig. 20. The regulated 5.5 V (solid lines) and non-regulated
(dashed lines) outputs for ACF in ACM at 620 V (black) and at

850 V (red)
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Fig. 21. The non-regulated 11 V (solid lines) and non-regulated
22 V (dashed lines) outputs for ACF at 620 V (black) and at 850 V
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Fig. 22. The ACF in ACM vs. conventional flyback converter in
DCM: bandwidth change with input voltage and input power
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Fig. 23. The ACF in ACM vs. conventional flyback converter in
DCM: phase-margin change with input voltage and input power

Table 4. Comparison of Bode plots at rated load

620 V Simulated Measured

Bandwidth, Hz 1718 938

Phase margin, deg 31.4 73.4

Gain margin, dB 9.3 11.5

850 V Simulated Measured

Bandwidth, Hz 1832 1211

Phase margin, deg 27.8 59.9

Gain margin, dB 8.4 9.6

trends of change— which was helpful during design-phase
to fine-tune the compensator.

4.3.2 C r o s s-r e g u l a t i o n

The analysis and mathematical modeling of cross-
regulation effect with flyback converters is well covered
in literature [19, 20]. Some practical engineering tips were
given in [28]. This effect is unavoidable and depends on

magnetizing inductance, leakage inductances of primary
and secondary windings and clamp-voltage [20].

Here we will elaborate the cross-regulation behavior of
our ACF with five outputs. In this design voltage fluctu-
ations on non-regulated outputs at lighter load were un-
der control by using bleeder resistors, Zener diodes and
stacked windings [28].

The regulated output was the 5.5 V one which had
5.5 W (9.62% of the total power). This was contrary to
the common approach in practice of regulating the output
with the highest power. That was the 22 V one in our
case with 38.4 W (67.22% of total power). The reasons
for such an approach were different reference (ie ground)
potentials and different loading of the outputs depending
on the ICS operation modes.

In Figs. 20 and 21 the voltage changes are presented for
T2-2. One can see that the regulated output behaves as
expected and that voltage fluctuations of non-regulated
outputs are acceptable. That depended also on sequence
of the outputs’ loading, but in our case that was chosen
in accordance with expected behavior of the ICS. Those
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Fig. 24. The ACF in ACM vs conventional flyback converter in
DCM: gain-margin change with input voltage and input power

results show that in normal operation no problems are
expected.

4.3.3 C o m p a r i s o n t o a c o n v e n t i o n a l
f l y b a c k c o n v e r t e r

The ACF was modified into conventional DCM flyback
DC-DC converter by disabling QH gate-signals, shorting
inductor, and reducing resistors’ values in the clamping
circuit to 31 kΩ. Advantage of this method was that one
had the same control IC, compensator, transformer (T2-
2), and rest of the circuitry [5]. For ICS application, the
conventional DCM flyback converter has higher efficiency
at loads below 50%, occupies 11% less space and is 23%
cheaper [5]. The only advantage of an ACF in ICS might
be reduced electro-magnetic interference (EMI) [5, 29].

Here we will present comparison of ACF Bode plots
from [5] versus conventional flyback converter in DCM.
The excitation signal was 35–40mV (peak-to-peak). From
Bode plots, for each measured point, the bandwidth, PM,
and GM were extracted. The results are plotted in Fig. 22
to Fig. 24. Those quantities were plotted vs. input power
because that was easier to do. Operation at six loads and
two input voltages were measured. We see that conven-
tional flyback converter in DCM has higher bandwidth
than ACF which resulted in lower PM and GM. This
suggests that the compensator needs adjustments to im-
prove stability of conventional flyback converter in DCM.
Bottom line: ACF in DCM ACM and conventional fly-
back in DCM with the same specification cannot share
the same compensator.

5 Conclusion

In this paper, a 57 W ACF, supplied from an 800 V
variable dc-link, was investigated. The ACF was used as
an auxiliary power-supply of a wireless ICS for BEV. The
simulation and experimental results of voltage waveforms
were matched whereas current waveforms had acceptable
deviations. Although simulated and measured Bode plots

were not matched, the simulations were enough good to
help design a good compensator — which was verified
experimentally. As a result, the designed ACF was stable
in whole load and input-voltage ranges.

Attention was paid to the transformer design and mea-
surements of its magnetizing and leakage inductances vs.
primary currents as well. Also, the switching frequency

vs load curves were included as well as maximum drain-

source voltage of QL vs load for the first time. This im-
proved understanding of the ACF operation with vari-
able switching-frequency. The regulation of output with
9.62 % of the total power — contrary to the common
approach by regulating the biggest one — was proven
to be feasible. As a last point, the fC , PM , and GM

changes were compared between ACF and conventional
DCM flyback for the first time. It was showed that those
converters, for the same specification, cannot share the
same compensator.

Focus of the future work could be on mathematical
modelling of Bode plots’ differences between ACF and
conventional flyback converter and mathematical analysis
of the ACF cross-regulation effects.
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