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Abstract—This paper presents the design of a medium-power-
rating isolated power supply for ultrafast tracking converters and
MOS-gate driver circuits in medium- and high-voltage applica-
tions. The key feature of the design is its very low circuit input-to-
output parasitic capacitance, which maximizes its immunity from
noise due to fast changes in voltage. The converter is a voltage-
controlled current source, utilizing a transformer with extremely
low interwinding parasitic capacitance, which is achieved by sep-
arating the windings by a significant distance. Experimental mea-
surements show that an overall circuit input-to-output parasitic
capacitance of 10 pF in a 300-W prototype can be achieved. The
circuit input-to-output capacitance per watt is therefore 30 times
lower than that of existing approaches. A mathematical model of
the interwinding capacitance of the proposed transformer, circuit
analysis, and experimental results are provided to prove the feasi-
bility of the converter.

Index Terms—Current transformers, dc–dc power converters,
parasitic capacitance, stacking, switching converters.

I. INTRODUCTION

COMMON mode (CM) noise is a typical problem in most
switching power electronics converters and is well known

to cause various adverse effects. Among them are electromag-
netic interference, false measurements, and unexpected trigger-
ing of sensitive control electronics. In particular, the problem
becomes more severe where modular stacking of converters is
used to increase the total power rating, as the total CM noise
may add up, change the output impedance, or resonate in differ-
ent coupling paths [1], [2]. As a result, many studies have been
dedicated to mitigate CM noise generated by power electronics
converters [1]–[5].

CM noise occurs due to different sources and coupling
through different paths. Among them, CM noise current exists
when there are switching nodes with stiff changes of voltage
over time (high dv/dt), and when there are capacitive coupling
paths. Unfortunately, high dv/dt switching nodes are inherent
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in most switching converters and are unavoidable. Due to the
use of more advanced power switches capable of switching at
higher frequency for a higher efficiency, CM noise has become
more notable. As a result, one of the common approaches to
reduce effects of CM noise current is to improve the capacitive
coupling paths.

In [4] and [5], a method called current balancing technique
is proposed to cancel the CM noise for several nonisolated con-
verters. For example, in [4], analysis is performed on the boost
converter, where different equivalent circuits for CM sources
are drawn, and the major main noise source is identified. After
that, circuit modification, mainly with the insertion of an extra
capacitor and splitting of the main inductor are suggested, so
that the resulting generated CM currents cancel out the original
CM current on the line impedance stabilization network [6].

In most galvanic isolated converter topologies that utilize a
transformer, the CM noise couples through the interwinding par-
asitic capacitance of the transformer. Their coupling paths may
also include the parasitic capacitances from the converter chas-
sis to ground, or from the drain of the converter switches to heat
sink and from heat sink to ground. If a proper design is achieved
to minimize most of these parasitic capacitances due to circuit
structure, the element that predominantly contributes to the cir-
cuit total input-to-output parasitic capacitance is the transformer
[1]–[5]. Therefore, many studies have focused on mitigating CM
noise by minimizing the interwinding capacitance of the trans-
former [1], [2], [7]–[9], compensating the noise generated by
the converters [8], [10], or inserting line filters [11]. The exist-
ing transformers in medium-power converters (up to 1.2 kW)
have their interwinding capacitance in the range of several tens
of picofarads for low-output power converters to hundreds of
nanofarads for higher power ratings. For example, the existing
transformer in a 1.2-kW converter is reported to have 1.5-nF
interwinding capacitance [12]. An E-core transformer used in
a flyback converter with a power rating of 30 W is reported to
have 34 pF of interwinding capacitance [13]. The interwinding
capacitance per unit output power is approximately 1 pF/W. The
question, however, is how to further minimize the interwinding
capacitance of the transformer in order to reduce the effect of
the CM noise.

In [1], a novel converter topology supplying energy to MOS-
gate driver circuits [e.g., MOSFETs, insulated-gate bipolar tran-
sistor (IGBT)s or MOS-controlled thyristor (MCT)s] is pro-
posed that possesses a very low circuit input-to-output parasitic
capacitance. The topology is redrawn in Fig. 1. In that topol-
ogy, a unique structured ring core current transformer is used,
where the primary winding is placed in the center of the ring,
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Fig. 1. Topology of the proposed converter.

TABLE I
DESIGN SPECIFICATION

Input voltage 400 V
Output voltage 60 V
Output current 5 A
Maximum output power 300 W
Circuit input-to-output capacitance 10 pF

displacing with the secondary winding a distance equal to the ra-
dius of the core. With this special structure, the distance between
windings is maximized; therefore, the parasitic capacitance be-
tween them is minimized. An R25/10 toroid ferrite core with one
primary winding and a 30-turn secondary winding was claimed
to achieve as low as 1 pF of parasitic capacitance. The applica-
tion is primarily to supply energy to MOS-gate driver circuits.
Particularly, the purpose is to drive 15 gate driver circuits, with
a full output voltage of 36 V and a current supply per channel of
0.2 A. Following this proposal, similar ideas of using the ring
core transformer with that unique winding structure have been
reported [3], [14]. In [3], the ring core transformer is used as
a current loop to provide isolation and energy to supply gate
drivers of power switches in medium-voltage applications of up
to 16 kV dc. Specifically, 12 channels are stacked in parallel to
provide output voltage adaptation for the IGBT driver boards.
The power rating is 75 W per channel.

Despite being very promising, works in [1], [3], and [14] lack
supporting experimental results from the ideas proposed. As a
result, further work should be carried out to verify the ideas and
improve the work. First, a detailed analysis and calculation on
the transformer design are greatly desired, of which the results
should indicate how to further improve the transformer in terms
of minimizing the interwinding capacitance. Second, the power
rating of the converter, which was 36 V and 0.2 A per channel as
in [1], can be increased if applications require. Third, the work
can be improved with elaborate circuit operation analysis and
control together with presentation of supporting experimental
data. Finally, it would be much appreciated if proper assess-
ments of advantages as well as disadvantages of the converter
were made.

This paper seeks to further investigate and validate the merit
of the converter shown in Fig. 1. A higher output power rating
is desired (300 W per module). The prototype is designed in
a way that minimizes the circuit input-to-output parasitic ca-
pacitance, making it less susceptible to high dv/dt noise and
therefore suitable for modular stacking. The paper is divided
into the following sections. The first section is the introduction.

Fig. 2. Example of the proposed ultralow circuit input-to-output capacitance
power supply connected with an ultrafast tracking converter.

Section II provides information on the system specification. Fol-
lowing that, Section III presents the targeted applications and
selection of a suitable topology. Next, the CM noise current
paths are briefly discussed in Section IV. Afterward, Section V
discusses the design and specification of the proposed toroidal
transformer. Mathematical expressions of the transformer inter-
winding capacitance are derived based on the method of stored
energy balancing. The results indicate how to further improve
the design in terms of minimizing the interwinding capacitance.
Following that, Section VI discusses the circuit operation and
control approach in detail. Section VII presents and examines
the experimental results. Section VIII is dedicated to an overall
discussion, where the advantages as well as disadvantages of
the proposed converter are assessed. Finally, Section IX sum-
marizes the contributions. The experimental results show that an
overall circuit input-to-output parasitic capacitance of 10 pF is
achieved. To the authors’ best knowledge, this is the lowest cir-
cuit input-to-output parasitic capacitance achieved among sim-
ilar devices with similar power ratings. It is also experimentally
verified that the main contributor to the overall circuit input-to-
output parasitic capacitance is the interwinding capacitance of
the transformer.

II. SYSTEM DESCRIPTION

Referring to the converter in Fig. 1, the input dc supply volt-
age of the converter is usually the output of a power factor
correction converter which converts a single phase 220-V ac
voltage into 400-V dc voltage. Therefore, a dc input of 400 V is
chosen in the design. The output voltage is chosen to be 60 V dc,
since it allows a variety of power switch selections which have a
breakdown voltage of 100 V. If, for example, higher output volt-
age is desired, then either design specification can be changed
or multiple converter modules can be stacked in series. The
output current is designed to be 5 A average value at its maxi-
mum. This specification implies that the maximum output power
that is available in the output terminals is 300 W. Furthermore,
an extremely low total circuit input-to-output parasitic capaci-
tance of 10 pF is sought. All of these specifications are stated
in Table I.

III. TARGETED APPLICATIONS AND SELECTION OF TOPOLOGIES

A. Targeted Applications

One of the primary applications of this study is supplying
energy for ultrafast tracking converters. Fig. 2 shows a configu-
ration in which a module of the proposed power supply provides
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Fig. 3. Auxiliary power supply for MOS-gate driver circuits in medium- and
high-voltage application [15].

energy to a module of an ultrafast tracking converter. An ultra-
fast tracking converter is typical of radio frequency power am-
plifiers used in communication system based stations [16]–[18].
The output voltage of such an ultrafast tracking converter can
be required to have a step response settled within 10 μs. Due to
the high dv/dt at the output of the tracking converters, there will
be a large amount of conductive CM current drawn from their
output. This current is linearly proportional to the input–output
capacitance of the power supply

icom = Cio
dvout

dt
. (1)

However, the ripple voltage requirement of the output of the
tracking converter is usually in the range of tens of millivolts
peak to peak; for example, 10 mV as in [16] and [17]. The
performance of the tracking converter can be degraded if a rea-
sonable amount of conductive current is drawn from the output
through the circuit input-to-output capacitance. The adverse ef-
fects become worse if there are more than one converter stacked
together to increase the power rating. Therefore, in order to
have high immunity to the fast voltage step response, the cir-
cuit input-to-output parasitic capacitance must be minimized,
especially in the modular stacking applications.

Another important application of this study is to power the
gate-drive circuits of medium- and high-voltage applications.
Existing approaches can be found in [3], [15], and [19]. The
medium- and high-voltage applications are defined as applica-
tions with operating voltage in the range of tens of kilovolts.
For example, a high-speed IGBT switch which acts as a circuit
breaker for the operating voltage of 16 kV dc and a permanent
load current of 10 A dc is demonstrated [15]. This is performed
by connecting in series a total of 18 IGBTs, each with a reverse
voltage of 2500 V. Each IGBT has its own attached gate drive
circuit, all of which were driven by a single auxiliary power
supply unit. The block diagram of this system is redrawn and
shown in Fig. 3. According to [15], the following features of
the auxiliary power supply unit that generates the control power
required to activate the high-power IGBT switches are required:

1) Insulation between individual stages and with respect to
earth potential.

2) A small coupling capacitance in order to achieve a high
level of noise immunity between the individual stages.

In [3], [15], and [19], it is shown that the auxiliary power
supply should be implemented in the form of a current loop
shared by all switch stages. The current loop provides power
to a gate drive circuit by using a ring core transformer. This
results in a solution with low coupling capacitance and compact
construction volume [15].

A small coupling capacitance of the power supply circuit can
make the converter highly immune to high dv/dt and thus in-
crease reliability in such applications. The main focus of this
paper is to develop a converter that has minimized circuit input-
to-output capacitance for applications that require high immu-
nity to a large change of output voltage over time.

B. Effect of Isolated Feedback to the Circuit Performance

In consideration of feedback control applied to isolated power
converters, it is very common to feedback signals from one side
of the circuit to the other side across the isolation boundary.
The feedback elements must provide electrical isolation to the
control feedback paths; at the same time, they must be able to
transfer information as quickly and accurately as possible. Ex-
amples of such elements are optocouplers and signal-level iso-
lation transformers. However, these components possess several
undesirable attributes that need to be taken into account.

For the optocoupler, there are two main disadvantages. First,
they have very low bandwidth and limited accuracy that lower
the converter’s overall bandwidth and might inhibit fault pro-
tection of the circuit. This is due to the fact that the optocoupler
must have large based region in order to be sensitive to light and
have very thick based region in order to minimize the losses in
radiant energy transfer, which implies a relatively large Miller
capacitance in the range of nanofarads [20]. This large capaci-
tance effectively reduces the bandwidth of the optocoupler. The
typical value of the bandwidth of a commercially available op-
tocoupler used in power supplies is less than 5 kHz [20].

Second, the input–output coupling capacitance inherent in an
optocoupler will add to the overall circuit input-to-output par-
asitic capacitance. Therefore, an optocoupler is not a suitable
candidate for the targeted applications. Signal-level isolation
transformers have better bandwidth than the optocoupler, but
they have higher coupling capacitance. The typical coupling ca-
pacitance of a signal-level transformer is from 2 pF [21] to 12 pF
[22], which will add 20% and 120% to the total circuit input-to-
output capacitance, respectively. Hence, the use of an isolation
transformer in feedback is not acceptable in such applications.

In summary, the control approach which uses feedback paths
across the isolation boundary is not optimal where minimization
of circuit input-to-output parasitic capacitance is the primary
goal. Next, the selection of a suitable topology will be discussed.

C. Topology Selection

Based on the targeted applications and the awareness of
the effect of isolated feedback on the circuit performance, a
power supply suitable for these applications must possess the
following features:

1) Low circuit input–output capacitance.
2) Reduced number of crossings of the isolation barrier.
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Fig. 4. Minimized circuit input–output capacitance systems: a) Two-stage so-
lution with existing topologies, b) one-stage solution with the proposed topology.

The first requirement implies a loosely coupled transformer
to be used. However, one property of the magnetic component
to be noted is that the leakage inductance and the interwinding
parasitic capacitance are inversely proportional to each other
[23]. Taking this into account, it can be concluded that con-
ventional full-bridge converters such as buck- or boost-derived
converters are not suitable for these applications. This is be-
cause, in those topologies, the transformer requires low leakage
inductance and consequently high interwinding capacitance due
to the close proximity requirement between windings. This will
increase the total circuit input–output capacitance. Furthermore,
those topologies usually involve the use of feedback elements
crossing the isolation boundary and thus violate the aforemen-
tioned second requirement.

The relatively high transformer leakage inductance due to
the loose coupling can be useful in resonant topologies [24]–
[26] This suggests an approach shown in Fig. 4(a), based on
a two-stage converter. The configuration utilizes only standard
existing topologies. The system is powered by a power factor
correction whose output voltage is assumed to be 400 V dc. The
resonant converter operates with open-loop control to eliminate
the feedback from output to the input. Its output voltage is
used to supply a nonisolated down-stream converter, such as
a buck converter, as demonstrated in Fig. 4(a). The closed-
loop regulation of the final output voltage is performed by the
down-stream converter, while the low circuit input-to-output
capacitance is determined by the loose coupling and feedback-
free operation of the resonant converter. For example, if the
down-stream buck converter has a maximum output voltage
level of 60 V, then the resonant converter can be designed for
a voltage output of about 80 V. In short, in order to attain
the two aforementioned goals, it must be done with a two-
stage converter with a separate control loop for each stage. This
approach, however, can be costly and require significant effort
to develop a separate control loop for each stage.

Fig. 5. CM noise paths.

Considering the control performance, a feedback-free reso-
nant converter design is only optimal if the switching frequency
is fixed at the load-independent frequency, where the converter
gain is independent of variation in the load. However, this cre-
ates disadvantages if the open-loop control fails to track the
load-independent point due to the tolerances of the control and
sensing circuits as well as of the power circuit. The variation
of the voltage gain around the vicinity of the load-independent
point can cause the voltage to fail. Moreover, the regulation
of the down-stream converter speed is limited by the output
filter used.

This paper proposes a converter and control that combine two
stages into one stage. The concept is shown in Fig. 4(b). The
proposed converter and its control is free from feedback across
the isolation boundary. However, the output voltage is locally
controlled by a closed loop in the secondary side, and thus, it
maintains the high performance and robustness against the con-
trol circuit tolerance and circuit parameter variation. The trans-
former structure, modeling, and validation will be presented in
Section V. The detailed analysis of the control approach will be
presented in Section VI.

IV. CM NOISE CURRENT PATHS

To better understand the effect of the difference coupling
capacitance to the overall circuit input-to-output capacitance,
the CM noise current paths are studied in this section.

The CM noise paths are shown in Fig. 5. In this topology,
the nodes that have high dv/dt are nodes A, B, X, Y, and Z.
In nodes A and B, there are changes of voltage from ±Vi to
∓Vi with respect to the primary-side return. Nodes X, Y, Z
see a change of 0 to 60 V with respect to the secondary-side
return. These nodes are sources of CM noise currents. In the
developed prototype, there are two heat sinks used, one for each
side to reduce the capacitive coupling between the two sides.
Since the drains of switch S2 and S4 are switching nodes and
they are both attached to heat sink 1, the coupling paths include
capacitances from the drains of S2 and S4 to heat sink 1, and
capacitance from heat sink 1 to chassis/earth. In implementation,
the heat sink can be electrically connected to the return path (not
the chassis/earth) to further mitigate the transmission of CM
noise current. The coupling paths in the secondary side include
capacitances from cathodes of DS1 , DS2 , DS3 , DS4 , and the
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Fig. 6. Transformer structure. (a) Conceptual structure top and side view and
(b) the transformer prototype.

drain of S5 to heat sink 2, and capacitance from heat sink 2
to chassis/earth. The coupling path caused by the transformer
comes from the interwinding capacitance, Cint . It can be clearly
seen that Cint is in series with the other coupling capacitances,
forming a loop of CM noise paths. Therefore, the value of Cint
determines the overall CM noise performance [27]. The typical
value of the other coupling capacitance falls into a range from
100 pF to tens of microfarads [2], [12], [13]. If Cint can be
made much smaller than the other coupling capacitances, the
overall circuit input-to-output capacitance will be governed by
only Cint .

V. TRANSFORMER STRUCTURE, INTERWINDING CAPACITANCE

MODELING, AND VALIDATION

In this section, the transformer structure, its specification,
and its interwinding capacitance mathematical model will be
presented first. After that, key measurement data including the
transformer’s primary to secondary winding impedance, the in-
terpreted transformer’s interwinding capacitance, and the leak-
age inductance referred to the primary side will be given.

A. Transformer Structure

The general structure of the proposed transformer is illus-
trated in Fig. 6(a), and the transformer prototype photo is shown
in Fig. 6(b). In its winding configuration, the winding with fewer
turns will be placed in the geometrical center of the core, form-
ing a rectangular frame. The remaining winding with more turns
is tightly wound around the core. This is, respectively, the case
of the secondary winding and primary winding in Fig. 6. With
this structure, the two windings are separated from each other
by a reasonably large distance. Moreover, the dielectric material
between them is only the surrounding air that has the second
lowest permittivity to vacuum. All of these features result in the
transformer’s extremely low interwinding parasitic capacitance.

To arrive at a design procedure or guideline of making a
transformer that has a specific interwinding parasitic capaci-
tance, depending on how precise it is expected to be, this nor-
mally requires mathematical modeling or simulation based on

Fig. 7. Proposed transformer structure and geometry.

the finite-element method (FEM). Apart from that, the design
of the transformer is a compromise of other issues such as the
power losses and physical size of the whole circuit. The trans-
former is often the most bulky part in the prototype of a power
electronics converter. As a result, the size of the transformer
greatly affects the size of the prototype. It is preferable to select
as small a transformer size as possible so that the prototype is
smaller; therefore, the parasitic capacitance coupling from the
prototype to earth is smaller.

Transformer parasitic capacitance cannot be ignored. The
voltage potential between turns, between winding layers, and
between windings and the core create this parasitic element. In
fact, this parasitic capacitance significantly affects the magnetic
component performance, such that the current waveform on the
excitation side would be distorted, and the overall efficiency
of converters would be decreased. Subjected to high-voltage
stresses, the interwinding capacitance causes leakage currents
and consequently contributes to the EMI problem [28].

The specifications of the developed transformer are provided
in Table II. It also provides dimensional information about the
core and winding with respect to the notations in Fig. 7. It is
an R36/23/15 toroid core from Epcos with N87 material. The
primary winding is made by Litwize with 60 0.2-mm-diameter
twisted parallel wires. The secondary winding uses copper wire
with a 1-mm diameter. The turns ratio is 55:11.

The interwinding capacitance can be calculated by using the
stored electric energy method [28]–[33], in which voltage dis-
tribution plays a vital role. The energy stored can be derived
by either an FEM simulation model based on commercial soft-
ware or a mathematical model. However, FEM has a particular
disadvantage in deriving the interwinding capacitance of the
proposed transformer. A 2-D FEM simulation model based on
Ansoft/Maxwell software has been built to observe the energy
stored in the transformer. Fig. 8 shows the result of the energy
stored created by the segment of the secondary winding that is
in the center of the core and the primary winding. Because the
displacement distance between the secondary winding and the
primary winding is large and the turn to turn distances of each
winding are much smaller, the energies stored between turn to
turn of the windings dominate the interwinding energies. The
simulation result in Fig. 8 shows that the energy is concentrated
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Fig. 8. 2D FEM simulation result of the winding energy distribution.

near the two ends of the primary winding. This is reasonable
because in the proximity of the two ends, the voltage differences
are maximum and the turn to turn displacements are minimum.

The two kinds of energy, turn-to-turn energy and interwind-
ing energy, cannot be simulated separately with FEM software.
This is one of the reasons why a mathematical model is adopted
for this paper. The other reason to model the interwinding capac-
itance with mathematics is that it will allow fast recalculation
with minor parameter modifications if a transformer with the
same structure is used but possesses different geometry, turns
ratio, and winding parameters. It, therefore, allows performance
of an optimization routine of the transformer design.

The calculation based on a mathematical model will be pre-
sented next.

B. Mathematical Model of the Interwinding Capacitance

First, the interwinding capacitance caused by the interaction
between segment A1 of the secondary winding through the core
center to the parallel segments P1 and P2 of the primary winding
(see Fig. 7) will be calculated. Segments P1 and P2 are the
winding segments around the perimeters of the inner ring and
outer ring, respectively. The secondary winding has 11 turns
stranded together, so each turn is located in the approximate
center of the magnetic core, as shown in Fig. 6. The static
capacitance between the inner primary turns and the secondary
turns can be expressed as [28], [30]

Ci =
ε0S

ri
=

ε0dπl

2ri
, (2)

where ε0 is the permittivity of free air space, d is the diameter
of each turn (the same size of wire is selected for both primary
and secondary turns), and l and ri are the overlapped length and
the distance between the inner primary turns and the secondary
turns, respectively.

With respect to the outer ring of the primary winding, the
static capacitance can be expressed with a different distance ro

Co =
ε0S

ro
=

ε0dπl

2ro
. (3)

Assuming that the voltage potential distribution along the pri-
mary winding varies linearly

VP [i] =
i

np − 1
VP

(i = 0, 1, 2, 3, . . . , np − 1). (4)

Then, the total stored electric energy between all secondary
turns lying in segment A1 and the inner ring of primary winding
P1 is

Ei =
1
2
Ci

ns −1∑

j=0

np −1∑

i=0

(
VP i

np − 1
− VS j

ns − 1

)2

. (5)

With the same analytical approach, the total stored electric en-
ergy between all secondary turns and the outer ring of the pri-
mary winding P2 can be expressed as

Eo =
1
2
Co

ns −1∑

j=0

np −1∑

i=0

(
VP i

np − 1
− VS j

ns − 1

)2

. (6)

The contribution of segment B of the secondary winding to
the total energy is computed as follows. The capacitance caused
by the side segments B1 , B2 to the primary winding is

CB =
ε0dπlB
2rB

. (7)

Segments B1 and B2 face the middle parts of the primary wind-
ing. It is appropriate to assume that there are five turns from
the primary winding that lie in segment P3 or P4 of Fig. 7
facing segment B1 and B2 , respectively. They are turn number
(np − 1)/2 − 2 to (np − 1)/2 + 2. In a specific design with 55
primary turns, these will correspond to turn number 25 to 29.
Then, the stored electric energy caused by B1 and B2 is

EB = 2

⎛

⎝1
2
CB

ns −1∑

j=0

(np −1)/2+2∑

i=(np −1)/2−2

(
VP i

np − 1
− VS j

ns − 1

)2
⎞

⎠ .

(8)

Next, the contribution of segment C of the secondary winding
to the outer ring of the primary winding is computed. Referring
to Fig. 9(c), it is helpful to mathematically express the distance
from segment C to the turns lying in the outer ring of the primary.
In triangle CDB, distance CB is related to other sides of the
triangle by

CB
2

= CD
2

+ BD
2 − 2CDBD cos(Φ)

= (ri + ro)2 + r2
o − 2(ri + ro)ro cos(π − 2π/np).

(9)
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Fig. 9. Effect of parasitic capacitance from the secondary winding of (a) seg-
ment A to the inner ring of the primary winding, (b) segment A to the outer ring of
the primary winding, and (c) segment C to the outer ring of the primary winding.

Therefore, the distances from C to the ith turn of the outer-
primary winding are

rC out,i =

√

(ri + ro)2 + r2
o − 2(ri + ro)ro cos

(
π − i2π

np

)

(i = 1, 2, 3, ..., np − 1). (10)

The capacitance from segment C of the secondary winding to
turn number ith of the outer primary winding is

CC out,i =
ε0dπlC

2
√

(ri + ro)2 + r2
o − 2(ri + ro)ro cos

(
π − i2π

np

)

(i = 1, 2, 3, ..., np − 1) (11)

The total stored energy caused by segment C of secondary wind-
ing to the outer ring of primary winding is then

EC out =
1
2

ns −1∑

j=0

np −1∑

i=0

CC out,i

(
VP i

np − 1
− VS j

ns − 1

)2

. (12)

Similarly, the stored energy caused by segment C of secondary
winding to the inner ring of primary winding is

EC in =
1
2

ns −1∑

j=0

np −1∑

i=0

CC in,i

(
VP i

np − 1
− VS j

ns − 1

)2

, (13)

where

CC in,i =
ε0dπlC

2
√

(ri + ro)2 + r2
i − 2(ri + ro)ri cos(π − i2π

np
)

(i = 1, 2, 3, ..., np − 1). (14)

The total stored electric energy is then

Etotal = Ei + Eo + EB + EC in + EC out

=
1
2
Cint(VP − VS )2 . (15)

The calculated interwinding capacitance, Cint , based on the
parameters in Table II is 10 pF. Table III shows the calculated
energy and capacitance. It is observed that segment A1 domi-
nates the stored energy, and the contributions of segments B1
and B2 are negligible. The design guideline is that increasing
the core geometry and increasing distance from segment C to
the core will effectively reduce the interwinding capacitance.

C. Measurement Results

Fig. 10 shows the experimental data of the interwinding
impedance magnitude and phase of the transformer. It is done
with both terminals of each winding shorted. As can be seen,
the impedance magnitude has a constant slope with −20 dB/dec
roll off, and the phase is around −90◦. Therefore, the inter-
winding impedance is capacitive, and it is appropriate to model
the interwinding impedance as a lump-element circuit with an
interwinding capacitor. The measured data are in the form of
digital values of impedance magnitude and phase at a sweep
of different frequencies. They are imported into MATLAB and
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TABLE II
PARAMETERS OF MAGNETIC CORE AND WINDING

GEOMETRIES OF THE TRANSFORMER

Core material N87
Core dimension 36 mm × 23 mm × 15 mm
Turns ratio 55:11
Primary winding Litz-wire 60 × 0.2 mm
Secondary winding copper 1.0 mm
ε0 8.85.10−1 2 F/m
d 1 mm
l 16 mm
ri 11.5 mm
ro 18 mm
np 55
ns 11
VP 300 V
VS 60 V
rB 12 mm
lB 6.5 mm
lC 16 mm

TABLE III
CALCULATED ENERGY AND CAPACITANCE

Para- Ei Eo EB EC i n EC o u t E t o t a l C in t

meter (J) (J) (J) (J) (J) (J) (F)

Value 1.3 8.4 1.1 3.8 3.2 2.9 9.97
e-7 e-8 e-9 e-8 e-8 e-7 e-12

Fig. 10. Interwinding impedance measurement: (a) magnitude and (b) phase.

Fig. 11. Measured interwinding parasitic capacitance.

processed by proper scripts to yield the interpreted coupling ca-
pacitance, whose values are shown in Fig. 11. It can be seen that
the capacitance value is around 10 pF in the wide range of fre-
quency from dc to 10 MHz. It is validated that with the proposed
configuration of the transformer, an extremely low interwinding
parasitic capacitance can be achieved.

The process is repeated for the measurement of the impedance
between two terminals of the primary side while the two ter-
minals of the secondary side shorted. This impedance can be
modeled as a leakage inductor. The impedance magnitude and
phase are shown in Fig. 12(a) and (b). The impedance behaves
like a resistor at frequencies up to 1 kHz due to winding ohmic
resistance, like a leakage inductor from 2 kHz to 1.5 MHz due to
leakage flux, and like a capacitor from above 1.5 MHz due to the
self-capacitance of the leakage inductor. The interpreted mag-
nitude of the leakage inductor is shown in Fig. 12(c). The leak-
age inductance value is 170 μH in the range of 100–300 kHz.
The consequential relatively high leakage inductance may be
explained by the large geometrical separation of the two wind-
ings that produces relatively large leakage flux outside the core.
Hence, the proposed topology as well as its associated control
approach must be designed to utilize the leakage inductor. The
control approach will be presented in the next section.

VI. PROPOSED CONTROL APPROACH

A. Proposed Control Approach

In this paper, the control approach without isolated feedback
is adopted in order to achieve minimum circuit input-to-output
parasitic capacitance for the requirements of the targeted ap-
plications. The proposed converter physical configuration is
shown in Fig. 13. There are two control loops where one re-
sides in the primary and the other one resides in the secondary.
The secondary-side controller regulates the output voltage to
be constant at 60 V. The primary-side controller controls the
primary-side inductor current; thus, it indirectly regulates the
nominal output current. The secondary-side circuit can be seen
as a current source supplying the output capacitor in parallel
with the load.

On the secondary side, the output voltage is sensed by a volt-
age divider and compared to a hysteresis reference to switch the
shunt switch S5 ON and OFF. When S5 is switched OFF, the con-
verter operates in its power mode [see Fig. 14(a)] and the output
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Fig. 12. Primary leakage impedance measurement. (a) Magnitude, (b) phase,
and (c) leakage inductance.

Fig. 13. Block diagram of the circuit layout.

Fig. 14. Operation mode: (a) Power mode and (b) shunt mode.

voltage increases. On the other hand, when S5 is ON, shunting
the secondary side, the converter operates in its shunt mode,
which is shown in Fig. 14(b); the output voltage decreases. This
control approach is different from the control method of the
conventional full-bridge topology or single active bridge topol-
ogy in that the output voltage regulation is independent from the
regulation of the active switches of the primary side. Normally,
the former topologies involve a feedback of the output voltage
across the isolation boundary, and utilization of a compensator
to adjust the switching fashion of the active bridge in order to
control the output voltage. However, as mentioned in Section
III, those topologies and their control approach are not optimal
for the targeted applications.

On the primary side, because the leakage inductance is rel-
atively high, at 170 μH, it is utilized as the main inductor in
the circuit, and there is no external inductor added. In this way,
the leakage inductor, although being relatively high Henry value
compared to a traditional converter, has become an integral part
of the converter. The primary-side inductor current can be con-
trolled by adjusting one variable among the three variables of
the primary switches: frequency, phase shift, and duty cycle. In
this paper, the frequency modulation is chosen. The duty cycle
of the switches is fixed at 50%, and the phase-shift is therefore at
0◦. The primary-side current iL is first sensed and rectified. It is
then low-pass filtered to produce a rectified-dc value. This value
is then compared to a rectified-dc reference and processed by
an analogue proportional-integral (PI) compensator. The output
of the PI compensator is fed to a voltage-controlled oscillator
(VCO) that automatically adjusts the switching frequency to
keep the rectified primary dc current to be a constant 1 A dc.
With a turns ratio of 5:1, the rectified dc current at the sec-
ondary side is controlled at 5 A dc. The analytical waveforms of
the converter in the two operation modes are shown in Fig. 15,
whereas the block diagrams of the two control loops are shown
in Fig. 16.

B. Power Mode Operation

The power mode is the operation mode where the shunt MOS-
FET S5 is open, allowing the output current to supply the output



3328 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 30, NO. 6, JUNE 2015

Fig. 15. Analytical waveforms when the converter operates in: (a) Power
mode and (b) shunt mode.

Fig. 16. Control block diagram. (a) Hysteresis control in the secondary side
and (b) average current mode control in the primary side.

load as in Fig. 14(a). The analytical waveforms of the converter
operating in power mode are shown in Fig. 15(a). As mentioned
earlier, the pulse width modulation (PWM) signal for each pair
of switches (S1 , S4) and (S2 , S3) is a pulse with 50% duty cycle.
A complete period consists of 50% of the time where (S1 , S4)
are commanded to turn ON, and 50% of the time where (S2 , S3)
are commanded to turn ON. There is no phase shift between the
PWM signals except for a small amount of dead time.

When the PWM signal sent to (S1 , S4) is ON and the PWM
signal sent to (S2 , S3) is OFF, the inductor current iL (t) will
increase from the most negative value −îL to the most positive
value îL . During the duration where iL (t) is increasing from

−îL to zero, the body diodes (D1 ,D4) of the two switches
conduct the current [see Figs. 1 and 15(a)]. Because iL (t) is
negative during this duration, the secondary-side current i2(t)
is negative; it conducts through diodes (DS2 ,DS3). The voltage
across the secondary winding is VS (t) = −Vo , which is a neg-
ative value. This voltage is reflected to the primary side by the
turns ratio: VP (t) = (nP /nS )VS (t) = −(nP /nS )Vo = −VP ,
where VP (t) = VP sgn(iL (t)) and the operator sgn denotes the
sign of the operand.

As a result, the voltage across the leakage inductor during the
time when the inductor current is negative is vL (t) = VAB(t) −
VP (t) = Vi + VP . The current increases linearly with time with
a slope of (Vi + VP )/L.

After the inductor current reaches zero, diodes (D1 ,D4)
stop conducting and the current flows through the channels of
(S1 , S4) instead. This results in a zero voltage, zero current
switching at turn-on of switch (S1 , S4). This means there is no
switching loss in turning ON switches (S1 , S4), and it is one
of the advantages of this control approach. The inductor cur-
rent changes direction to positive, as does the secondary-side
current i2(t). Current i2(t) flows through diodes (DS1 ,DS4),
making the voltage across the secondary-side transformer posi-
tive, VS (t) = Vo . Hence, the voltage across the primary side of
the transformer becomes positive.

The voltage across the leakage inductor during the time when
the inductor current is positive is vL (t) = VAB(t) − VP (t) =
Vi − VP . The slope of the current during this duration is (Vi −
VP )/L [see Fig. 15(a)].

During the next half-period, the PWM signal of switches
(S1 , S4) is OFF and the PWM signal of switches (S2 , S3) is ON.
At the transition of these PWM signals, (S1 , S4) is turned OFF

and, because the current is positive, it is transferred from the
channels of (S1 , S4) to the body diodes (D2 ,D3) of switches
(S2 , S3). The voltage difference between two nodes A and B
changes polarity. The voltage across the inductor is vL (t) =
VAB(t) − VP (t) = −Vi − VP as long as the inductor current is
positive. When the inductor current decreases and reaches zero,
the body diodes (D2 ,D3) stop conducting and the current is
transferred to the channels of switches (S2 , S3). Again, the turn-
on transient of switches (S2 , S3) occurs with the zero voltage,
zero current feature, resulting in no switching loss. Similarly,
when the inductor current is negative and (S2 , S3) are ON, the
voltage across the inductor is −Vi + VP .

Based on the above analysis, the inductor current has the re-
sulting form which is shown in Fig. 15(a). It is a nonsymmetrical
triangular ac signal with zero dc bias. Due to the presence of the
diode bridge in the secondary side, the output current IS (t) is
the result of the rectified inductor current multiplying with the
inversion of the turns ratio

IS (t) = |i2(t)| =
np

ns
|iL (t)|. (16)

Diode DS5 in the power mode is forward-biased. The out-
put current IS (t) is a positive triangular signal with twice the
frequency of the leakage inductor current. Its peak value is
(nP /nS )̂iL or 10 A in this design. The dc value of this signal
is therefore half its peak value: 0.5(nP /nS )̂iL or 5 A.
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The switching frequency that ensures the primary side is reg-
ulated at the peak value of îL can be derived by equating the
product of voltage across the inductor and time when the current
is negative to that when the current is positive. The peak value
when the inductor current is negative is equal to that when the
current is positive (see Fig. 15)

îL =
Vi + VP

L
Δt1 =

Vi − VP

L
Δt2 , (17)

where

Δt1 + Δt2 =
T

2
=

1
2f

. (18)

From (17) and (18), it can be proved that

f =
Vi

4̂iLL

(
1 −

(
VP

Vi

)2
)

. (19)

As a result, the switching frequency in power mode is

fpower =
Vi

4̂iLL

(
1 −

(
npVo

nsVi

)2
)

. (20)

Given the input and output voltage value from Table I, leak-
age inductor L = 170 μH, peak value of the inductor current
îL = 2 A, we can derive the expected switching frequency in
power mode: fpower = 128 kHz.

C. Shunt Mode Operation

The shunt mode is the operation mode where the shunt
MOSFET S5 is shorted, which is illustrated in Fig. 14(b). The
voltage of the anode of diode DS5 with respect to the secondary-
side return path is approximately zero if the voltage across the
on-resistance of S5 is neglected. Because the output voltage is
regulated at Vo and there is an output capacitor C that prevents
output voltage from being changed drastically, the voltage at
cathode of DS5 is Vo . Hence, DS5 is reverse-biased.

In a similar way, the analytical waveforms of the converter
operating in shunt mode are shown in Fig. 15(b). Because now
the shunt switch is shorted, the output current IS (t) will circu-
late through either (DS1 , S5 ,DS4) or (DS2 , S5 ,DS3) when the
secondary-side current i2(t) is positive or negative, respectively.
The voltage across the secondary-side transformer, VS (t), be-
comes zero, which is demonstrated in the bottom of Fig. 15(b).
Thus, VP (t) also becomes zero.

As a result, the voltage across the leakage inductor when the
PWM signal for (S1 , S4) is ON is Vi regardless of the sign of
the current. Likewise, the voltage across the leakage inductor
when the PWM signal for (S2 , S3) is ON is −Vi . This results in
a symmetrical leakage inductor current as shown in Fig. 15(b).
The output current IS (t) is a symmetrical positive signal.

From (19), given VP = 0, the expected switching frequency
in shunt mode is

fshunt =
Vi

4̂iLL
. (21)

The calculated expected switching frequency in shunt mode
is, therefore, fshunt = 294 kHz.

D. Comparison With Existing Control Approaches

A very loosely coupled transformer, as is the case here, has a
significant high leakage inductance. This is, in this paper, used
as the inductance of the circuit (see Fig. 1). Many resonant con-
verters utilize similar concept [24]–[26]. The practice of using
the high leakage inductance as the main inductor is also adopted
in dual active bridge converters [34]–[36]. In this paper, the con-
trol circuit, to some extent, can be regarded as nonconventional.
The primary side uses a combination of average current mode
(peak current mode could also be used) and variable frequency
control to keep the inductor current at a constant level. How-
ever, average and peak current mode controls are conventional
control methods [37]–[40]. Variable frequency control is widely
used by many resonant converters [24]–[26], [41]. In this paper,
those two methods are combined on the primary side. On the
secondary side, the output voltage hysteresis control of the shunt
switch is used. This practice, to some extent, can be regarded as
nonconventional, but relatively straight forward to implement.

Using the combination of the previously mentioned primary-
and secondary-side controls enables a complete elimination of
the feedback loop crossing the isolation boundary, which would,
in almost all implementations, imply additional parasitic capac-
itance added (such as the input–output capacitance of an opto-
coupler or of a high-frequency feedback transformer) between
primary and secondary sides.

VII. EXPERIMENTAL RESULTS

The specifications of the converter were described in
Section II, and they will be summarized briefly here. The input
voltage to the converter is 400 V dc, which represents the output
of a typical power factor correction circuit. The inductor current
is to be controlled at 2 A peak. This results in a rectified cur-
rent of 10 A peak in the output because the turns ratio of 5:1 is
used. The dc offset value of the secondary-side rectified current
IS (t) is therefore 5 A. The output voltage is controlled at 60 V.
This allows the converter to output 300-W nominal power. The
expected switching frequency of the active bridge in steady state
in shunt and power modes is 294 and 128 kHz, respectively. Most
importantly, an overall circuit input-to-output capacitance of no
more than 10 pF is desired.

The experimental studies have examined circuit input-to-
output parasitic capacitance, converter transient response, and
converter power efficiency. A photo of the prototype can be
found in Fig. 17. As can be seen from the photo, the proposed
transformer is the only element that links between the primary
side and secondary side. There is no feedback element added
across the isolation boundary.

A. Circuit Input-to-Output Parasitic Capacitance

The circuit input-to-output capacitance is measured by the
Agilent 4294A precision impedance analyzer. The accuracy
claimed by the manufacturer is ±3% in the measured range.
The two input terminals are shorted and so are the two output
terminals. After that, the ground planes of the primary side and
secondary side are measured with the instrument. Fig. 18 shows
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Fig. 17. Photo of the prototype.

Fig. 18. Circuit input-to-output impedance measurement: (a) magnitude and
(b) phase.

the circuit input-to-output impedance magnitude and phase mea-
surement. Its magnitude slope of −20 dB/dec and phase around
−90◦ makes it appropriate to model as a capacitor. The mea-
sured value of the capacitance is around 10 pF, which is shown
in Fig. 19. In short, an extremely low value of circuit input-to-
output capacitance has been achieved, and it has been proven to
be dominated by the interwinding parasitic capacitance.

B. Converter Transient Response

In this section, two key measurement waveforms are pre-
sented and discussed. They are the inductor current on the pri-

Fig. 19. Circuit input-to-output parasitic capacitance.

Fig. 20. Transient response from power mode to shunt mode. Top: output
voltage Vo (t) (10 V/div); bottom: inductor current iL (t) (2 A/div); time scale:
20 μs/div.

Fig. 21. Transient response from shunt mode to power mode. Top: output
voltage Vo (t) (10 V/div); bottom: inductor current iL (t) (2 A/div); time scale:
20 μs/div.

mary side and the output voltage on the secondary side. The
measurement of the inductor current is performed by the LeCroy
AP015 current probe, which has a claimed accuracy of ±1%. In
addition, the measurement of the output voltage is done with the
SI-9000 differential probe with an accuracy of ±2% as claimed
by the manufacturer.

Fig. 20 shows the transient response from power mode to
shunt mode. In a similar way, the transient from shunt mode
to power mode is shown in Fig. 21. The value of the output
voltage threshold, ε, is set to 0.5 V. It can be observed that, both
the inductor current and the output voltage are well regulated
at their desired steady-state values, which are 2 A peak and
60 V dc, respectively. The transient of the current from power
mode to shunt mode and vice versa finishes within about 30 and
40 μs, respectively. The time needed for the inductor current
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Fig. 22. Converter’s power efficiency.

to settle is mainly determined by the dynamic of the average
current control scheme described in Fig. 16. The experimental
switching frequencies of the primary-side switches in power
mode and shunt mode are 124 and 307 kHz, respectively. They
are respectively 3% and 4% different from the expected val-
ues derived in Section VI. This is simply due to the tolerance
of the components used in the analogue control circuitry and
sensing, and the ignorance of the small forward voltage drop
in the diodes on the secondary side. Nevertheless, the transient
and steady state are both stable and satisfactory. The behav-
ior of the circuit matches accurately with the aforementioned
circuit analysis.

C. Converter Power Efficiency

The power measurement is done with the PPA5530 precision
power analyzer. The accuracy claimed by the manufacturer is
±0.4% in the operation condition under test. The measured
efficiencies at different output powers are shown in Fig. 22. At
the nominal output of 300 W, the converter operates entirely
in its power mode. The switching frequency on the primary
side is then the smaller one, fpower . Therefore, the primary
switching loss and both conduction loss and switching loss of
shunt MOSFET S5 are reduced. That is the reason why the peak
efficiency is attained at the nominal output power. This value
is 92.4%. As output power reduces, the duration in which the
converter operates in shunt mode increases linearly; the loss
increases slightly as shown in Fig. 23. As a result, the efficiency
drops. Zero efficiency is attained at zero output power when the
converter fully operates in its shunt mode. In general, the overall
efficiency of the converter is satisfactory particularly ranging
from 1/3 nominal power to full nominal power. Its efficiency in
this range is from 77.5% to 92.4%.

VIII. DISCUSSION

This study has been primarily concerned with minimiz-
ing converter input-to-output parasitic capacitance in order to
achieve maximum noise immunity to high dv/dt from the loads.
This goal has been approached by fulfilling two objectives.
First, a novel topology with minimized interwinding capaci-
tance transformer has been introduced. Second, a new control

Fig. 23. Converter’s power loss.

strategy has been proposed that both eliminates the feedback
path across the isolation boundary and maintains the desired
output voltage.

If a conventional full-bridge converter is used, taking the iso-
lated boost converter as an example, the transformer should then
be required to have a very low leakage inductance. Such a trans-
former will require very close proximity between the windings.
Because the interwinding capacitance is inversely proportional
to the relative distance between the windings, this configura-
tion therefore increases the transformer parasitic capacitance.
Additional EMI filtering, if added to the full-bridge converter,
would not correct the high input-to-output capacitance. While
the added secondary switch increases size and cost, the major
goal is high dv/dt immunity between the primary and secondary,
which provides good CM immunity.

Several advantages of the developed converter’s prototype
and its control strategy are as follows. First, the topology and
its control allow zero current, zero voltage switching at the
turn-on transitions of the switches (refer to Fig. 15 and the
discussion in Section VI-B), resulting in lower switching loss at
turn-on transients.

Second, this topology has higher power (60 V/300 W) per
channel than 36 V/5 W designs of prior art [1] with a similar
topology. This allows the converter to supply a wider range of
load, from 0 to 60 V and up to 300 W.

Third, the proposed control strategy improves the reliability
of the control electronics because there are no feedback elements
across the isolation boundary. Specifically, it provides a more
reliable fault protection if necessary because input and output
voltage or current levels can be monitored and fault protection
can be triggered with minimum delay.

Fourth, the regulation of the output power is very fast. When-
ever the output current is not consumed by the load, it is cir-
culated through the shunt-switch and the secondary-side diode
bridge. As soon as S5 is turned OFF, there will be 300 W of
power immediately available to supply the output. Furthermore,
the elimination of feedback prevents saturation of the control
circuitry during transients. All of these proposed topology and
control features make the converter react very quickly to changes
in power demand compared to existing topologies and controls.

Finally, an extremely low circuit input-to-output capaci-
tance is achieved: 10 pF in a 300-W prototype. Its parasitic
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capacitance per watt is 0.033 pf/W, which is approximately 30
times lower than that of existing converters reported in the lit-
erature [12], [13].

It must be acknowledged, however, that the proposed ap-
proach contains several disadvantages. First, the MOSFETs on
the primary side turn off at their peak currents, resulting in higher
turn-off loss. Second, the slightly increased loss at lighter load
makes the converter’s efficiency relatively low at low output
power. This issue may be considered in a separate study.

IX. CONCLUSION

In this paper, the authors have presented the design of a 300-W
isolated power supply with very high dv/dt immunity. The main
advantage of the power supply is the extremely low interwinding
capacitance in the transformer, which makes the circuit input-
to-output capacitance ultralow, considering the output power.
The converter is specially designed for applications with very
large changes of voltage over short durations of time. Circuit
operation and control have been presented, and experimental
data have also been provided that prove to match well with
expectations. Furthermore, the advantages and disadvantages of
the converter have been discussed. In summary, the converter is
suitable for a wide range of applications, especially where fast
output power response and minimization of the circuit input-to-
output capacitance are vital.
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