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Abstract: For various applications, such as gate drivers for transistors, wireless chargers for mobile
devices and cars, and isolated measurement equipment, an isolated DC power supply for electronic
components is required. In this work, a new concept for an isolated power supply with insulation
strength of 50 kV and power transmission of up to 60 W to supply measurement equipment with 12
or 24 V is presented. Furthermore, high overall efficiency of 82.5% at 55 W is achieved. Feasibility is
demonstrated in a real application powering data acquisition electronics at high reference potential.
Our new concept uses a coreless printed circuit board (PCB) transformer (15 cm × 10 cm × 4 cm and
a weight of 480 g) designed for maximum efficiency via a coil layout and close proximity of adjacent
coils on one PCB while reaching high isolation strength via the PCB material and potted coils. To
increase efficiency, we investigated different coil geometries at different frequencies. A low-cost
design consisting of two Qi charging coils mounted on one PCB is compared with our integrated PCB
transformers manufactured from a four-layer PCB with ferrites applied on the outside. With this new
design, high isolation voltages are possible while reaching high transformer efficiency of up to 90%.

Keywords: power transformer; PCB transformer; PCB coils; high voltage isolation; gallium nitride
GaN transistor; DC/DC converter; DCDC converter

1. Introduction

The wireless transmission of electrical energy is used increasingly in different appli-
cations. One of these applications is the supply of gate drivers for driving transistors on
insulated potentials for all kinds of power electronics, such as DCDC converters for power
supply systems (medium-voltage high-power applications) with isolation voltages up to
10 kV as presented in [1–8]. Different approaches using PCB-based transformers exist. For
example, Xue et al. [1] and Zhang et al. [2] developed PCB transformers with E-shaped
ferrite cores for a 1 kW DCDC converter having efficiencies of up to 98.3% [1] and for a
2.5 W DCDC converter having a maximum isolation strength of 20 kV [2]. High efficiencies
are possible with this E-shaped ferrite, but the isolation voltage is limited by design, due to
the electrically conductive ferrite being close to both the primary and secondary coil. This is
one fundamental difference compared to our approach. Other PCB-based transformers are
presented by Nguyen et al. [5], Tang et al. [6], Steiner et al. [7], and Marxgut et al. [8], mainly
using two physically separated PCBs without any core. They reach isolation voltages of
up to 40 kV and efficiencies of up to 80% with up to 100 W output power. In contrast, we
use separated potted coils adjacent on one single PCB, thus increasing the efficiency and
isolation voltage to 50 kV while reducing the size to 15 cm× 10 cm× 4 cm, giving a volume
of 600 cm3. Classical transformers with an isolation voltage of 50 kV and 75 W output
power have a volume of more than 2200 cm3 and a weight >10 kg [9] (p 9). Thus, compared
to classical transformers, our PCB transformer is quite compact. Unfortunately, no PCB
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transformers having an isolating voltage of 50 kV exist, so direct comparison is difficult.
However, the PCB transformer of Steiner et al. [7] is closest to our PCB transformer, but
only isolates 35 kV. Thus, this PCB transformer has a smaller volume of just 250 cm3. Other
relevant fields of application of isolated power transmission include chargers for portable
devices such as electric toothbrushes, cell phones [10], and sensor networks [10]. However,
these applications only require low power and low isolation voltage. In contrast, wireless
charging of cars requires significantly more than 100 W but has no need for a compact high
isolation setup [11–14]. In medical applications, implants such as cochlear implants do
not need an output power of 60 W and high isolation voltages [15–17], whereas isolated
measurement and monitoring equipment partly requires high isolation voltages but does
not use PCB transformers [18–21]. None of the employed concepts can be applied to power
our isolated measuring electronics.

There are different approaches to realize an isolated power transmission for different
applications. For example, isolating transformers can be used for voltage isolation, which
is achieved by using two physically separated and insulated windings on one metal (iron-
based) transformer core. However, due to the required metal transformer core for coupling
the coils, a corresponding insulation strength can only be achieved by large and heavy
isolating transformers [22] (pp. 148–158). Another option is the use of accumulators and
batteries [20]. The use of accumulators enables a very high dielectric strength due to
the completely galvanically isolated structure, but the size of accumulators and battery
depends on the required capacity, and continuous operation is not possible. In contrast,
commercially available isolated DCDC converters are usually smaller, but either insulation
strength and/or power transmission are limited. For example, isolated DCDC converters
from RECOM Power are capable of isolating 12 kV, as in the power supply used by
Lippmann et al. [23], but power transmission is limited to 6 W. For larger isolation strengths,
DCDC converters are available from other manufacturers, such as the Advanced Energy
UltraVolt EFL Series, which provides isolation voltages of, e.g., 30 kV at 24 W [24].

Our new concept uses a coreless PCB transformer designed for maximum efficiency
via the coil layout and close proximity of adjacent coils on one PCB, while reaching high
isolation strength via the PCB material and potted coils. The functionality of the developed
isolated DC power supply is demonstrated using an ion mobility spectrometer as a possible
application. In this context, ion mobility spectrometers (IMSs) with high analytical perfor-
mance require electronic modules at different electrical potentials for operation, such as a
galvanically isolated data acquisition of currents in the pA range [23] or ion gate controls
to influence the ion package to be analyzed [25]. Here, the isolated assemblies are operated
at high electrical potentials (drift voltage potential). According to Kirk et al. [26], resolving
power of IMS increases with drift voltage; thus, high drift voltages are mandatory for
ultra-high resolving power. Depending on the design of the IMS, either the detector with
the isolated data acquisition of the ion current or the ion source with the ion gate control is
at high drift voltage potential. If, for example, the detector is connected to the drift voltage
potential, the galvanically isolated DC power supply has to be designed in such a way
that no electromagnetic interference with the measurement signal exists. Although this is
the case with some of the commercially available insulation methods mentioned above,
higher isolation voltages are required sometimes. The use of accumulators for the operation
of the IMS is not suitable for performing long-term measurements, such as monitoring
pollutants [27], whereas isolating transformers would be a good option. However, they
mostly use mains voltage, which is rather impractical.

For the construction of small DCDC converters, an alternative is the use of transformers
based on printed circuit boards (PCB). Currently, the use of such PCB transformers is mainly
limited to the supply of gate drivers in the field of power electronics [6–8], but can possibly
be extended to isolated DCDC converters with higher insulation strength and higher power
transmission.

The basic insulation material in PCB construction is a composite material called FR4,
consisting of fiberglass and epoxy resin, achieving very high dielectric strengths from 45
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to 58 kV/mm [28] (pp. 154–155) [29]. This makes it possible to manufacture the complete
isolation transformer, consisting of the primary and secondary coils, on one single PCB.
In addition to the dielectric strength, the creepage distance of the material must also be
considered when designing the transformer [30]. To reduce the size, it is also possible to
distribute the coils over several PCB layers. Electromagnetic interference can be reduced by
additional ferrite foils, and plates mounted directly on the PCB [31]. Furthermore, the ferrite
plates also contribute to improve coupling between the coils [31]. To date, Square or Circular
coil geometries are mainly used as PCB transformers or coils [2,4,8,32,33]. Furthermore,
to the best of our knowledge, there are no known comparisons in the literature to date of
efficiency measurements of different coil geometries.

Therefore, in this paper, the influence of various geometries and arrangements of the
primary and secondary coils on the efficiency of the PCB transformer is investigated by
measurement in a frequency range from 150 kHz to 2.5 MHz. For these measurements, the
PCB transformers are integrated into an electronic control system that enables excitation
of the transformers with different frequencies. The electronic control system also includes
rectification and voltage regulation for the supply of the isolated electronics, also supporting
the frequency range from 150 kHz to 2.5 MHz. It was found that different coil geometries
are better suited for different frequencies. Furthermore, different rectifier diodes were tested
in order to investigate the impact on the overall efficiency at higher frequencies. Finally,
isolation measurements, and operation on the ion mobility spectrometer, are demonstrated.

2. Materials and Methods

The isolated DC power supply presented here is intended to supply the transimpedance
amplifier and the data acquisition of an IMS with extremely high resolving power at an elec-
trical potential of at least 50 kV. With a minimum dielectric strength for FR4 of 45 kV/mm,
the required insulation strength is achieved with a coil spacing between the primary and
secondary coils of at least 1.2 mm [29]. A PCB core with a minimum spacing of 2.4 mm is
used to compensate for inhomogeneity in PCB thickness and dielectric strength of the FR4.
In addition to the pure dielectric strength of the FR4, a creepage distance of at least 140 mm
for 50 kV DC is also required according to the IEC standard for consumer electronics
devices (IEC 60950-1 [30]). This ensures functional insulation with a material group IIIb
and a pollution level of 1 (no pollution or only dry, non-conductive pollution). To achieve
pollution degree 1 in a normal environment, the transformer is additionally encapsulated
with a DOW Corning Sylgard 527 potting compound and the complete insulated DC power
supply is installed in a plastic housing.

A transformer built of Würth 760308111 wireless charging coils having dimensions
55 mm × 55 mm is used to verify the insulation strength and serves as a reference for the
PCB transformers, in which the secondary and primary coils were manufactured directly on
a single PCB. The wireless charging coils were bonded to a 150 mm × 100 mm × 3.2 mm
PCB and encapsulated with a DOW Corning Sylgard 527 potting compound. Due to the
size and inductance of the wireless charging coils, a multilayer PCB transformer structure is
required to achieve similar inductance of the PCB coils. Therefore, the PCB overall thickness
of the reference Qi transformer and the PCB transformers was chosen to be 3.2 mm.

Further constraints for the design of the PCB-based transformer result from the re-
quired power of at least 30 W for the operation of the transimpedance amplifier, including
data acquisition and the resulting current in the traces at a targeted supply voltage of
Uaverage = 12 V. The current flowing through the coil Ipeak = 7.05 A was calculated for
a sinusoidal voltage using Equation (1) and Paverage = 60 W of power for a sufficient
safety margin. All used variables including descriptions can be found in Table A3 in the
Appendix A. Since we assume the worst-case scenario regarding the maximum possible
current, only the resistance of the conductor path was considered.

Ipeak =
Paverage·

√
2

Uaverage
(1)
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From the calculated current Ipeak, a trace width of dwitdh = 3 mm and trace thickness
of dthickness = 70 µm can be determined for a two-layer PCB coil according to (IPC-2221 [34])
Equation (A1) for ∆Trise = 30 ◦C of the PCB by heating. From the manufacturing tolerances
of the PCBs for a copper thickness of 70 µm, the minimum trace spacing is dspace = 175 µm,
and the spacing between the first trace layer and the second trace layer is 200 µm.

To ensure comparability with the 760308111 Würth charging coils, the PCB coils
are approximately dimensioned as 55 mm × 55 mm. Due to the previously calculated
trace parameters and the dimensions of 55 mm × 55 mm, a maximum of 7 turns are
possible for a Square PCB coil on one layer. There are various approaches for calculat-
ing the inductance of different coil geometries; for example, simple analytical methods
as proposed by Mohan et al. [35] or more advanced numerical methods as published by
Constantinescu et al. [36]. Since the investigated inductances should have similar inductiv-
ities, here, the simple analytical methods of Mohan et al. [35] seem more appropriate for
estimating the inductivities of the different coil geometries. The real inductivities of the
different coils were measured as described later. With Equations (2) and (A2)–(A4), this
results in an inductance of LSingle = 1.77 µH for a Square PCB coil on one layer, calculated
with the current sheet expression [35]. Table A1 contains the values of c1–c4 taken from
Mohan et al. [35]. According to Mohan et al. [35], just a minor error of 4% exists when
comparing measured inductivities with calculated values, even for different coil geometries.
Using this method, we calculate a maximum error of 1.7% for our coil geometries, as shown
later. This is sufficient accuracy for us to lay out the different coil geometries.

LSingle =
µ0n2davgc1

2

(
ln
(

c2

ρ

)
+ c3ρ+ c4ρ

2
)

(2)

In order to achieve the targeted inductance of the PCB coil in the range of the Würth
760308111 charging coils of 6.3 µH, two PCB coils on different layers are used. Due to the
double number of turns n of 14, this results in a (2·n)2 = 4 times larger total inductance of
the coil of LPair = 7 µH. For the PCB transformer, an identical secondary coil is used. This
results in a transmission ratio of 1:1. The following layer structure for the PCB transformer
is shown in Figure 1.
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Figure 1. Schematic sectional view of the Square PCB transformer, showing the layer 

structure. 
Figure 1. Schematic sectional view of the Square PCB transformer, showing the layer structure.

The connection between the individual coils on different layers is made by blind
vertical interconnect accesses (vias). These vias connect the outer layer with the adjacent
inner layer for one coil, and the same applies to the other coil. In addition to the Square coil,
four other coil geometries were investigated, for which the above-mentioned parameters
such as track width, track thickness, track spacing, number of turns and layer structure,
were also used. The different coil geometries are shown in Figure 2. The second half of the
coil looks identical and is mirrored on the adjacent layer.
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Figure 2. Different coil geometries with dimensions: Square, Circular, Octagonal, Square with beveled
corners constant trace spacing (Thick Corner), Square with beveled corners constant trace width
(Thin Corner).

Figure 2 shows the three coil geometries, Square, Octagonal and Circular, as also
described by Mohan et al. [35], and two additional coil shapes, Thick Corner and Thin
Corner, which are based on the Square coil geometry. The deviation from the Square coil
geometry is intended to reduce the excess current in the corners of the coil and to maintain
a relatively high inductance per area. The Thin Corner coil geometry has a constant trace
width but a larger trace spacing in the corners of 1.1 mm, whereas the Thick Corner design
has a constant trace spacing of 175 µm, resulting in wider traces of 4.2 mm in the corners.

The efficiency of the PCB transformer constructed from the coils is significantly affected
by the coupling efficiency of both coils [37] (pp. 77–101). According to Matsuki et al. [38], the
highest efficiency of the transformer can be achieved with identically sized coils; therefore,
the coils were designed with identical dimensions. As described by Soma et al. [39], the
coupling of both coils is determined by the alignment and position of the coils with respect
to each other [37] (pp. 156–158). Therefore, the coils are mirrored on the adjacent layer.
In addition, the coupling of the coils can also be improved by better field guidance, for
example, by using ferrite foils or plates [31]; we used ferrite foils to improve the field
guidance. Depending on the permeability and the thickness of the ferrite material, the
inductance of a single coil also increases [40]. Therefore, Würth 32405S ferrite foils were
used in the structure presented here. According to Hurley et al. [31,40], an inductance
increase of at least 1.7 can be expected. The efficiency of the transformers can be increased
by using additional capacitors, which improve the coupling of the transformer to the
electronics by means of capacitors connected in parallel and/or in series [37,41]. The values
of the series capacitors used were determined with the circuit simulation program LTspice
to 400 nF per coil, which allows an optimal efficiency for the measured frequencies. It
is advantageous to use 4 × 100 nF TDK C3216C0G1H104J160AA in parallel for a low
internal resistance compared to one single capacitor. This means that all the optimization
approaches described in the literature for the most efficient transformer possible were taken
into account in the design of the PCB transformers. This leaves only one optimization
parameter open—the coil geometry, which we investigate in this work.

The measurement of the inductance of the PCB transformers was performed at mea-
surement frequencies of 1 kHz, 150 kHz, and 1 MHz with a Keysight E4980A LCR meter
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and matching Keysight 16047A measurement adapter. Resistance measurements were
performed using a Keysight 3458A with Keysight 11059A Kelvin probe tips.

To operate the galvanically isolated DC power supply, drive electronics for generating
an AC voltage on the input side and a corresponding rectification and voltage regulation of
the transmitted AC voltage on the galvanically isolated output side are required.

The AC voltage should be generated with a high degree of efficiency in order to keep
the electrical losses of the overall system low. For this reason, a low internal resistance
and currents up to at least 7 A are required to handle the maximum current through the
transformer. In addition, the drive electronics must be suitable for higher frequencies in the
MHz range.

The AC voltage is generated with a full-bridge circuit, which allows an alternating
current flow through the primary coil of the transformer. This full-bridge circuit is shown
in Figure 3 and is constructed with GaN Systems GS61004B enhancement-mode GaN
transistors driven by a Texas Instrument LMG1210 half-bridge gate driver. The transistors
in combination with the gate drivers allow for rise times of 1.2 ns and fall times of 2.5 ns,
enabling operation of the transformers at up to 10 MHz. At these switching frequencies, the
PCB layout of the circuit is essential since additional parasitic capacitances or inductances
result in a reduction in the maximum achievable switching frequency. Therefore, the
transistors should be connected to the gate driver with the shortest possible traces. The
use of surface mounted devices (SMD) in small sizes is particularly useful for this purpose.
To supply sufficient current in the switching moment, the supply voltage is supported by
15 times 10 µF TDK C2012X5R1V106K125AC capacitors and a 68 µF Panasonic 50SVPF68M
electrolytic capacitor. An additional input filter, as shown in the upper left corner of Figure 3,
smooths the supply voltage and suppresses common mode noise in both directions. Here,
it is also possible to use one 2 µH inductor with similar current carrying capacity instead
of two single 1 µH inductors. The remaining components in Figure 3 are required for
operation of the gate drivers.
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The pulses to drive the two half-bridges for the efficiency measurements were gen-
erated by an Agilent 81150A function generator. For the integrated version of the drive
electronics, which can be seen later, a Texas Instruments CDCE906 with a programmable
Phase-Lock-Loop (PLL) is used to generate two complementary square wave signals to
drive the two half-bridges. The CDCE906 is controlled by a microcontroller Microchip
SAML21J18B, which sets a frequency specified by the microcontroller firmware when a
supply voltage is applied. This frequency can be adjusted to match the optimal frequency
found for the transformer.

On the secondary side, the isolated AC voltage signal transmitted by the transformer
has to be converted to a DC voltage again in order to be used with the IMS. The circuit
used for this purpose is shown in Figure 4. For filtering and common mode rejection, a
TDK ACM1211-701-2PL-TL01 coil is used. The filtered signal is then rectified by a full-



Electronics 2022, 11, 923 7 of 21

bridge rectifier. To achieve high efficiency and a high switching frequency, the four diodes
required for the rectifier need low forward voltages and fast recovery times. Therefore, two
different types of diodes adapted to the frequency range were used for the experiments. For
frequencies up to 150 kHz, a ON Semiconductor FSV8100V Schottky diode with forward
voltages of typical UF = 0.62 V (@IF = 8 A) and recovery times of about 20 ns was used,
whereas for higher frequencies, STMicroelectronics STPSC12065-Y silicon carbide Schottky
diodes with forward voltages of typical UF = 1.3 V (@IF = 12 A) were used. Due to the
special structure of the silicon carbide Schottky diodes, there are no or only negligible
recovery times. The rectified voltage is buffered by ten 10 µF TDK C2012X5R1V106K125AC
capacitors and a 68 µF Panasonic 50SVPF68M capacitor to provide sufficient current even
for fast load changes e.g., for a high-voltage pulse generation.
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Figure 4. Circuit diagram of the voltage rectification and regulation on the secondary side of the
isolated DC power supply.

For a load-independent output voltage, an additional buck-boost converter was in-
tegrated to convert the rectified AC voltage into a constant DC voltage. The buck-boost
converter used here is an LM5176 with the required circuitry, which can be found in the
LM5176 data sheet on page 21. The output voltage generated is adjustable via a resistor
and further smoothed via additional capacitors.

For the investigations at higher frequencies, the secondary side was modified as shown
in Figure 5 and the ON Semiconductor FSV8100V rectifier diodes were exchanged for the
faster ST STPSC12065-Y rectifier diodes. To improve the efficiency in the lower load range,
the Texas Instruments LM5176 buck-boost converter was replaced by a Texas Instruments
LM3481 boost converter. The required circuitry for the LM3481 can be found in the data
sheet on page 26.
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Figure 5. Circuit diagram of the voltage rectification and regulation on the secondary side of the
isolated DC power supply with faster diodes and high efficiency boost converter.

The completely assembled reference transformer with additional high-voltage insu-
lation is shown in Figure 6. This transformer consists of Würth 760308111 two wireless
charging coils, which are mounted on one PCB with the dimensions 150 mm × 100 mm.
To achieve the required insulation strength of 50 kV, the coils were encapsulated with a
DOW Corning Sylgard 527 potting compound to a height of approximately 20 mm on each
side after being glued to the circuit board. To prevent the potting compound from running
away during encapsulation, a PVC frame of 90 mm × 90 mm × 40 mm was glued to each



Electronics 2022, 11, 923 8 of 21

side of the board, which can be seen in gray in Figure 6. The transformer is connected to the
primary and secondary side via four connectors, giving a total system volume of 1240 cm3;
see Figure 6. To our knowledge, no compact solution exists that isolates 50 kV and provides
55 W.
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Figure 6. Individual components of the isolated DC power supply (primary side on the left, secondary
side on the right, and transformer in the middle). Overall system size 31 cm × 10 cm × 4 cm giving
a volume of 1240 cm3. The transformers have a size of 15 cm × 10 cm × 4 cm giving a volume of
600 cm3 and a weight of 480 g.

Figure 6 also shows the complete structure of the isolated DC power supply. On the
left side is the primary side for generating the AC voltage for the transformer and on the
right side is the secondary side with the voltage rectification and regulation.

The efficiency was determined with an Gossen Metrawatt 32EL150R30 electronically
adjustable load. The primary side of the control electronics with 24 V DC voltage was
supplied by a Rhode and Schwarz HMP4040 power supply unit. The transmitted power
using the adjustable load and the power supply with the corresponding input and output
voltages of the primary side (control electronics) and the secondary side (rectification and
regulation) is recorded by the internal back measuring circuits of the adjustable load and the
power supply giving the mean values. The digital outputs of the internal back measuring
circuits were recorded via USB with LabVIEW. Furthermore, the frequency control of
the Agilent 81150A function generator was controlled with LabVIEW. For recording the
diagrams of voltage transients of the primary side (control electronics) and the secondary
side (rectification and regulation) of the PCB transformers, we used a Keysight MSOX4104A
oscilloscope with matching Keysight N2894-60002 probes.

The dielectric strength of the setup was checked using a FuG Elektronik GmbH HCP
140–100,000 high-voltage power supply with a maximum output voltage of 100 kV at a
current of 1 mA. The leakage current was measured by the built-in current measurement of
the FuG high-voltage power supply. The current measurement has an absolute accuracy of
±2 µA, with a minimum resolution of 953 pA at a set integration time of the analog digital
converter of 800 ms.

The measurement of the dielectric strength was carried out with an external load on
the output of the secondary side. For this purpose, two Caddock MP9100-20.0-1% load
resistors were connected to the output of the isolated DC power supply and mounted on
an aluminum heat sink with thermal paste. The heat sink was additionally cooled by two
fans, which are also driven by the isolated DC power supply. The isolated output voltage
and output current were measured with two handheld multimeters Keysight U1242C.

The insulation resistance was measured with a Fluke 1555 insulation tester. This can
measure a resistance of up to 2 TΩ with an accuracy of 20% at a test voltage of 10 kV.

The functionality of the isolated DC power supply is demonstrated exemplarily
with an ultra-high resolving power IMS (HiRes-IMS) as described previously by Rad-
datz et al. [42]. The HiRes-IMS requires an isolated DC power supply for operation, which
supplies the isolated data acquisition [23]. For comparison, a Panasonic LC-XD1217PG
12 V 17 Ah rechargeable lead-fleece battery was used.
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The measurement was carried out once with the rechargeable battery and once with
two of the isolated DC power supplies connected in series to reach even higher isolation
voltages of up to 100 kV. Both power supplies were used to supply the isolated data
acquisition used by Lippmann et al. [23]. A Model XRT-50-2-Rh-0.6-125 X-ray source by
Newton Scientific Inc., Cambridge, Massachusetts, USA was used as the ionization source
to generate reactant ions. All other parameters of the IMS can be taken from Table A2.

3. Discussion

The measured inductances of the transformers are shown in Table 1. The ferrite of
the reference Qi transformer was the same for each measurement and was not exchanged
for the Würth 32405S ferrite foil. The calculated inductance values of our coils without
ferrite according to Mohan et al. [35] deviate by a maximum of 1.7% for the Square geom-
etry compared to the measured inductance values, shown in Table 1. For the other coil
geometries, the error is just 0.8% for the Circular coil geometry and 0.78% for the Octagonal
coil geometry. This shows that the proposed method for estimating the coil inductance by
Mohan et al. [35] is valid with sufficient accuracy for the used coil geometries in our work.
The expected increase in inductance of at least a factor of 1.7 by using Würth 32405S ferrite
foils was proven by measurement and is a factor of at least 1.84. The frequency changes the
value of the coupling factor due to the frequency dependence of the ferrite foils. For this
reason, in addition to the choice of the PCB transformer geometry, the choice of the ferrite
foil is as crucial, as expected.

Table 1. Measured inductance of the different PCB transformers.

Layout

Measured
DC

Resistance
of a Single
Coil in mΩ

Measured
Inductance
of a Single
Coil with
Ferrite in

µH @ 1 kHz
Würth
32405S

Calculated
Inductance
of a Single
Coil in µH

Measured
Inductance
of a Single
Coil in µH

@ 1 kHz

Mean Coil
Length
in mm

Coupling
Factor k
@ 1 kHz
Würth
32405S

Coupling
Factor k

@ 150 kHz
Würth
32405S

Coupling
Factor k

@ 150 kHz
Ferrite Qi

Coils

Coupling
Factor k

@ 1 MHz
Würth
32405S

Square 370 12.83 7.09 6.97 1407 0.856 0.827 0.892 0.866
Thin Corner 380 12.80 - 6.85 1357 0.869 0.840 0.882 0.866

Thick
Corner 355 12.05 - 6.45 1357 0.867 0.832 0.883 0.847

Circular 340 12.54 6.46 6.51 1253 0.877 0.845 0.905 0.859
Octagonal 352 12.63 6.33 6.38 1025 0.879 0.841 0.926 0.856

Qi
Transformer

(Würth
760308111)

26 9.46 - - - 0.782 0.761 0.761 0.769

Insulation strength measurement was performed at 50 kV with the high voltage power
supply. For the reduction in leakage currents, the isolated DC power supply was set up
with the load and multimeters isolated. Figure 7 shows the measurement of the leakage
current of the isolated DC power supply; one data point was recorded every 10 min for
1 h. The measured leakage current is within the resolution range of the high-voltage power
supply over the entire measured time and thus the insulation strength of the isolated DC
power supply is given. At the same time, 57.9 W of electrical power was drawn from
the isolated DC power supply at 23.92 V during the entire measurement, and the output
voltage changed by 10 mV during the entire measurement period. With an isolation voltage
of 50 kV, the PCB transformer presented here outperformed comparable PCB transformers
from the literature with a maximum isolation voltage of 40 kV, while being simple.
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Figure 7. Measurement of leakage current through the isolated DC power supply over one hour. The
measured leakage current is within the resolution range of the high-voltage power supply over the
entire measured time and does not exceed 200 nA; therefore, the isolation resistance is above 250 GΩ.

The measurement of the insulation resistance with the Fluke 1555 at the maximum
adjustable 10.5 kV output voltage results in an insulation resistance of >6 TΩ, but since
the device only has a specified accuracy of 20% up to 2 TΩ, no precise information can
be given for values >2 TΩ. This measurement confirms the high isolation resistance of
the DC power supply and matches the result of the measurement from Figure 7 with the
high-voltage power supply.

The efficiency of the isolated DC power supply with the reference Qi transformer
consisting of two Qi wireless charging coils was measured at 13 discrete power points from
2 W to 60 W and is shown in Figure 8. The y-axis shows the efficiency η = POut/PIn and the
x-axis shows the output power at the adjustable load. For output power of more than 30 W,
the efficiency is above 80% and has a maximum of 82.5% for 55 W, which is 2.5% better
than comparable transformers in the same output power range. For output power below
30 W, the Texas Instruments LM5176 buck-boost converter (secondary side electronics) has
low efficiency, resulting in a low overall efficiency of the isolated DC power supply.

To determine the efficiency of the PCB transformers, the previously used electronics
was combined with the PCB transformers and the efficiency was measured from 2 W
to 60 W. For comparison, the ferrite used for the PCB transformers was the same ferrite
used for the reference Qi transformer. The Würth 32405S ferrite foils used for all other
measurements lead to higher losses at 150 kHz. As can be seen in Figure 8, the reference
Qi transformer has a significantly higher efficiency at 150 kHz. The efficiency curve of the
electronics is also shown in Figure 8 and was taken without an interconnected transformer.
When comparing the PCB transformers with each other, it can be seen that the Thick Corner
coil geometry (same trace spacing but different trace widths) has the lowest maximum
efficiency of 62% at a power of 50 W. This can be explained by the increasing impedance
in the corners of the coil. The Thin Corner coil geometry has a maximum efficiency of
65.9% at 40 W; the Square coil geometry has a similar maximum efficiency of 65.6% at 40 W.
With the Octagonal coil geometry, a maximum efficiency of 67.4% is reached at 40 W. For
the Circular coil geometry, a maximum efficiency of 67.14% is reached at 45 W. The low
efficiencies of the PCB transformers at 150 kHz are mainly due to the much higher DC
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resistances, which can be seen in Table 1. In addition, the coupling factor of the Circular
and Octagonal coil is best at 150 kHz, as shown in Table 1.

Electronics 2022, 11, x FOR PEER REVIEW 11 of 22 
 

 

electronics) has low efficiency, resulting in a low overall efficiency of the isolated DC 

power supply. 

To determine the efficiency of the PCB transformers, the previously used electronics 

was combined with the PCB transformers and the efficiency was measured from 2 W to 

60 W. For comparison, the ferrite used for the PCB transformers was the same ferrite used 

for the reference Qi transformer. The Würth 32405S ferrite foils used for all other 

measurements lead to higher losses at 150 kHz. As can be seen in Figure 8, the reference 

Qi transformer has a significantly higher efficiency at 150 kHz. The efficiency curve of the 

electronics is also shown in Figure 8 and was taken without an interconnected 

transformer. When comparing the PCB transformers with each other, it can be seen that 

the Thick Corner coil geometry (same trace spacing but different trace widths) has the 

lowest maximum efficiency of 62% at a power of 50 W. This can be explained by the 

increasing impedance in the corners of the coil. The Thin Corner coil geometry has a 

maximum efficiency of 65.9% at 40 W; the Square coil geometry has a similar maximum 

efficiency of 65.6% at 40 W. With the Octagonal coil geometry, a maximum efficiency of 

67.4% is reached at 40 W. For the Circular coil geometry, a maximum efficiency of 67.14% 

is reached at 45 W. The low efficiencies of the PCB transformers at 150 kHz are mainly 

due to the much higher DC resistances, which can be seen in Table 1. In addition, the 

coupling factor of the Circular and Octagonal coil is best at 150 kHz, as shown in Table 1. 

 

Figure 8. Measurement of the efficiency of the isolated DC power supply as a function of the output 

power of the transformers and the control electronics at 150 kHz. The efficiency measurement of the 

electronics was taken without an interconnected transformer, and therefore only the losses of the 

primary and secondary side electronics were measured, as marked with a dashed line. 

Subsequently, the transformers were measured at higher drive frequencies using the 

modified secondary side (replaced LM5176 with LM3481) and fast rectifier diodes. For 

this purpose, a fixed output power of 5 W was set at the electronic load and the 

transformers were measured in the frequency range from 150 kHz to 2.5 MHz. The 

relatively low power had to be chosen because the output voltage of the LM3481 is no 

longer stable at higher powers and frequencies. The results of the measurements are 

shown in Figure 9a, in which the PCB transformers are labeled with Octagonal, Thick 

Corner, Thin Corner, Square, Circular, and Qi Transformer, and the losses without any 

interconnected transformer are labeled Electronic. It can be seen that all PCB transformers 

achieve efficiencies above 60% using drive frequencies of at least 1 MHz. Repeatedly, the 

Thick Corner coil geometry is worse than the other coil geometries. This is presumably 

Figure 8. Measurement of the efficiency of the isolated DC power supply as a function of the output
power of the transformers and the control electronics at 150 kHz. The efficiency measurement of the
electronics was taken without an interconnected transformer, and therefore only the losses of the
primary and secondary side electronics were measured, as marked with a dashed line.

Subsequently, the transformers were measured at higher drive frequencies using the
modified secondary side (replaced LM5176 with LM3481) and fast rectifier diodes. For this
purpose, a fixed output power of 5 W was set at the electronic load and the transformers
were measured in the frequency range from 150 kHz to 2.5 MHz. The relatively low power
had to be chosen because the output voltage of the LM3481 is no longer stable at higher
powers and frequencies. The results of the measurements are shown in Figure 9a, in
which the PCB transformers are labeled with Octagonal, Thick Corner, Thin Corner, Square,
Circular, and Qi Transformer, and the losses without any interconnected transformer are
labeled Electronic. It can be seen that all PCB transformers achieve efficiencies above 60%
using drive frequencies of at least 1 MHz. Repeatedly, the Thick Corner coil geometry is
worse than the other coil geometries. This is presumably due to increasing impedance in
the corners, as the Thick corner geometry has a significantly higher trace width of 4.2 mm
compared to the other used track width of 3 mm, as seen in Figure 9a,b. This leads to a
reduction in the resistance but increases the capacity. At frequencies above 150 kHz up
to about 1.4 MHz, the Thin Corner and Square coil geometries are most suitable due to
the higher coupling factors, as can be seen in Table 1. With the reference Qi transformer,
operation is only possible up to a frequency of 950 kHz. Using higher frequencies, the
output voltage on the secondary side collapses. For the PCB transformers, significantly
higher efficiencies may be achieved with a more efficient control electronics since the
efficiency curve of the electronics drops significantly to a value below 60% at frequencies
above 2.5 MHz. However, the modified secondary side now shows higher efficiency at
lower power outputs. There is still room for improvement in the electronics to increase
the overall efficiency at higher switching frequencies. At 150 kHz, the setup with the Qi
transformer achieves the highest overall efficiency.
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Figure 9. (a) Measurement of the efficiency of the transformers (Octagonal, Thick Corner, Thin Corner,
Square, Circular, Qi Transformer) including losses of the control electronics (Electronic marked with
a dashed line) at a constant output power of 5 W. (b) Measurement of the efficiency of the PCB
transformers without losses caused by the control electronics at a constant output power of 5 W.

Figure 9b shows the efficiencies of the PCB transformers (labeled Octagonal, Thick Cor-
ner, Thin Corner, Square, Circular, Qi Transformer) excluding the losses of the electronics.
Figure 9b shows the result of subtracting each measured transformer efficiency curve from
Figure 9a from the losses of the electronics (labeled Electronic and marked with a dashed
line) from Figure 9a. Efficiencies of more than 90% are obtained for all PCB transformers
in a frequency range between 1.5 MHz and 2 MHz. For drive frequencies of 150 kHz, the
Octagonal and Circular coil geometries are most suitable. For frequencies between 150 kHz
and 1.4 MHz, the Thin Corner and Square coil geometries are preferable. A significant
improvement in the efficiency of PCB transformers may be achieved by reducing the DC
resistances, e.g., by using thicker copper layers or by using primary and secondary coils
connected in parallel on different copper layers. In addition, further measurements of the
voltage signals at different frequencies of 150 kHz and 1.75 MHz of the control electronics
are shown in the Appendix A. The voltage curves at the primary and secondary wind-
ings of all transformers can also be found in the Appendix A for frequencies of 150 kHz
and 1.75 MHz. Taking into account the optimization strategies from the literature and
the coil geometries investigated in this work, a transformer efficiency of more than 90%
excluding the electronics can be achieved with an insulation strength of 50 kV and 60 W
power transmission.

To test the isolated DC power supply in operation, an IMS with ultra-high resolving
power of Rp = 270 was used. The isolated amplifier and data acquisition were at high
drift voltage potential of 55 kV. The output power was about 30 W. The noise of the
measured ion current was compared using the isolated DC power supply and using the
rechargeable battery. Figure 10 therefore shows two ion mobility spectra recorded with the
IMS. The blue ion mobility spectrum shows the measurement using a rechargeable battery
as power supply for the isolated data acquisition of the instrument. The red ion mobility
spectrum shows the measurement using two isolated DC power supplies connected in
series. The spectra shown are an average of 16 individual measurements. The standard
deviation measured from 9 ms to 18 ms is 8 pA and is identical for both ion mobility spectra.
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Furthermore, there is no difference in peak shape, peak position, noise amplitude, and
signal amplitude.
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Figure 10. (a) Ultra-high resolving power IMS (Rp = 270) measurement with different power supplies
for isolated signal amplification and data acquisition. The blue ion mobility spectrum is recorded
using a rechargeable battery and the red ion mobility spectrum using two isolated DC power supplies
connected in series. The standard deviation from 9 to 18 ms is 8 pA and is identical for the isolated
DC power supply and the rechargeable battery. All parameters used for the operation of the IMS
are shown in Table A2. (b) The same spectra from Figure 10a are shown, but the range of the y-
axis is modified to show the signal to noise ratio for both the isolated DC power supply and the
rechargeable battery.

4. Conclusions

This paper presents an isolated DC power supply with 50 kV isolation voltage for the
supply of isolated measurement electronics. In addition to the design of the electronics
and the required high-voltage insulation, the efficiency of various PCB transformers with
different geometries for use in the isolated DC power supply were investigated. The highest
efficiency of the isolated DC power supply of 82.5% was achieved with the reference Qi
transformer consisting of two Qi coils on a PCB. The Octagonal and Circular coil geometries
are most suitable for PCB transformers with drive frequencies of 150 kHz. For frequencies
up to 1.4 MHz, the Thin Corner and Square coil geometries are preferable. The functionality
of the isolated DC power supply was successfully demonstrated using an ion mobility
spectrometer having a 55 kV drift voltage using two DC power supplies connected in series
to power (30 W) the isolated amplifier and data acquisition electronics connected to a high
drift voltage potential. There was no discernible difference in the spectra recorded with the
ion mobility spectrometer using a rechargeable battery or the isolated DC power supply,
which is suitable for continuous measurements without the need to recharge bulky batteries.

Author Contributions: Conceptualization, M.H., M.L. and J.T.; methodology, M.H., O.B. and A.N.;
software, J.T., O.B.; validation, M.H., A.N. and M.L.; formal analysis, M.H.; investigation, M.H.; data
curation, M.H. and O.B.; writing—original draft preparation, M.H.; writing—review and editing,
M.L., A.N. and S.Z.; visualization, M.H.; supervision, S.Z.; project administration, S.Z.; funding
acquisition, S.Z. All authors have read and agreed to the published version of the manuscript.



Electronics 2022, 11, 923 14 of 21

Funding: Supported by the German Federal Ministry of Education and Research (BMBF) under
the Grant 13N14888. Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—396430937. Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation)—263334553.

Acknowledgments: We thank Christian-Robert Raddatz, Nic Solle and Eduard Sailer for their help
during this work. We want to acknowledge Cameron Naylor for his advice during editing.

Conflicts of Interest: The authors declare no conflict of interest.

Appendix A

dwitdh = 1
dthickness·1550 ·

0.725

√
Ipeak

k·∆Trise
0.44

with kinner layer = 0.024, kouter layer = 0.048
(A1)

Table A1. Parameters for the calculation of inductance for the different coil geometries.

Layout c1 c2 c3 c4 dout in mm din in mm

Square 1.27 2.07 0.18 0.13 56 12
Octagonal 1.07 2.29 0.00 0.19 54.5 13.7
Circular 1.00 2.46 0.00 0.20 59 13.5

din = dout − 2n·dwitdh − (2n− 2)dspace (A2)

davg =
dout − din

2
(A3)

ρ =
dout − din

dout + din
(A4)

Table A2. Operating parameters of the ultra-high resolving power IMS.

Parameter Value

drift length 306 mm
drift region diameter 21 mm

X-ray tube filament current 662 mA
X-ray tube acceleration voltage 5 kV

drift voltage 55 kV
drift region field 180 V/mm

ionization region injection field 550 V/mm
ionization region length 3 mm

extension region injection field 900 V/mm
extension region length 2 mm

extension region blocking field 20 V/mm
Ionization / extension region switching time 240 µs

repetition rate 36.6 Hz
IMS pressure 1018 hPa

IMS temperature 30 ◦C
dew point of the drift and sample gas −90 ◦C (90 ppbv water vapor concentration)

drift gas flow 120 mL/min



Electronics 2022, 11, 923 15 of 21

Table A3. Notation list.

Symbol Description Unit

c1

current sheet expression
constant 1 individual for each

coil geometry

c2

current sheet expression
constant 2 individual for each

coil geometry

c3

current sheet expression
constant 3 individual for each

coil geometry

c4

current sheet expression
constant 4 individual for each

coil geometry
dout coil outer diameter mm
din coil inner diameter mm

dwitdh PCB track witdh mm
dthickness PCB copper thickness mm

dspace
PCB distance between two

tracks mm

davg average diameter of the coil mm
µ0 magnetic constant Vs/Am
n number of turns
ρ see Equation (A4)

kinner layer
factor for temperarture rise

inner layer

kouter layer
factor for temperarture rise

outer layer
Ipeak peak current A

∆Trise temperature rise K

Figure A1a,b show the voltage signals at the output of the control electronics driving
the primary winding of the transformer before the coupling capacitor. Figure A1a shows
the left output, see Figure 3, of the control electronics in blue with the corresponding
input signal from the Agilent 81150A function generator in orange. Figure A1b shows the
inverted signal of the right output of the control electronics at the same time; again, orange
indicates the function generator and blue the output signal. These signals are shown as
an example at 150 kHz for the Circular PCB transformer; all other transformers show no
significant difference.

Figure A2a,b show the voltage signals at the input of the voltage rectification and
regulation electronics at the secondary winding of the transformer after the coupling
capacitor. Figure A2a shows the left input, see Figure 4, in blue at 150 kHz with the Circular
PCB transformer, and Figure A2b shows the other input at the same time; both signals are
referenced to ground. These signals are shown as an example; all other transformers show
no significant difference.
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Figure A1. (a) Left output of the control electronics in blue with the corresponding input signal in
orange from the Agilent 81150 A function generator, at 150 kHz with the Circular PCB transformer;
all other transformers look almost identical. (b) Shows the inverted signal of the other output of the
control signal at the same time; again, blue is the output signal and orange is the signal generator.
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Figure A3. (a,b) Show the voltage signals at the primary winding of the transformers at 150 kHz. 

Figure A2. (a) Left input of the voltage rectification and regulation electronic in blue after the
transformer with the coupling capacitor referenced to ground, at 150 kHz with the Circular PCB
transformer; all other transformers look almost identical. (b) Shows the other input at the same time
also referenced to ground.

Figure A3a,b show the voltage signals at the primary winding of the transformers
at 150 kHz. Figure A3a shows the primary winding connected directly to the control
electronics and Figure A3b shows the primary winding connected through the coupling
capacitor to the control electronics shown in Figure 3.
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Figure A3. (a,b) Show the voltage signals at the primary winding of the transformers at 150 kHz. Figure A3. (a,b) Show the voltage signals at the primary winding of the transformers at 150 kHz.

Figure A4a,b show the voltage signals at secondary winding of the transformer at
150 kHz. Figure A3a shows the secondary winding connected directly to the voltage rectifi-
cation and regulation electronics and Figure A4b shows the primary winding connected
through the coupling capacitor to the voltage rectification and regulation electronics in
Figure 4.
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Figure A5a,b show the voltage signals at the output of the control electronics driving
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1.75 MHz for the Square PCB transformer; all other transformers show no significant difference.
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Figure A5. (a) Left output of the control electronics in blue with the corresponding input signal in
orange from the Agilent 81150A function generator, at 1.75 MHz with the Square PCB transformer;
all other transformers look almost identical. (b) Shows the inverted signal of the other output of the
control signal at the same time; again blue is the output signal and orange the signal generator.

Figure A6a,b show the voltage signals at the input of the improved voltage rectification
and regulation electronics, see Figure 5, at a higher frequency of 1.75 MHz with the Square
PCB transformer.
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Figure A6. (a) Left input of the improved voltage rectification and regulation electronic, see Figure 5,
in blue after the transformer with the coupling capacitor referenced to ground, at 1.75 MHz with the
Square PCB transformer; all other transformers look almost identical. (b) Shows the other input at
the same time, also referenced to ground.
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Figure A7a,b show the voltage signals at the primary winding of the transformers at
1.75 MHz.
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