<]
TUDelft

Delft University of Technology

Design of a High-Voltage High-Frequency Insulation Test System Using a Ferrite-Based
Oil-Insulated Resonant Transformer

Zhao, Weichuan; Lagerweij, Gijs Willem; Niasar, Mohamad Ghaffarian

DOI
10.1049/hve2.70038

Publication date
2025

Document Version
Final published version

Published in
High Voltage

Citation (APA)

Zhao, W., Lagerweij, G. W., & Niasar, M. G. (2025). Design of a High-Voltage High-Frequency Insulation
Test System Using a Ferrite-Based Oil-Insulated Resonant Transformer. High Voltage, 10(5), 1247-1256.
https://doi.org/10.1049/hve2.70038

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.1049/hve2.70038
https://doi.org/10.1049/hve2.70038

High Voltage

| OrRIGINAL RESEARCH EEIETED

W) Check for updates

WILEY

STATE GRID

Bk Pika mnibd Lt

|
— The Institution of
| Engineering and Technology

Design of a High-Voltage High-Frequency Insulation Test
System Using a Ferrite-Based Oil-Insulated Resonant

Transformer

Weichuan Zhao' @ | Gijs Willem Lagerweij”

| Mohamad Ghaffarian Niasar!

'High Voltage Technologies, Electrical Sustainable Energy, Delft University of Technology, Delft, the Netherlands | *Prodrive Technologies, Son, the

Netherlands

Correspondence: Mohamad Ghaffarian Niasar (m.ghaffarianniasar@tudelft.nl)

Received: 18 June 2024 | Revised: 22 August 2024 | Accepted: 25 September 2024

Associate Editor: Jun Jiang

Funding: This study was supported by TKI Urban Energy (Grant 1821403).

ABSTRACT

As power-electronic (PE)-based systems become increasingly common in the electric power grid, the insulation systems used in

medium- and high-voltage (HV) applications will be exposed to high-frequency (HF) electric fields. Therefore, the insulation

materials must be characterised using HF waveforms. However, generating these waveforms presents a significant challenge

due to the large reactive power associated with the dv/dt. This paper proposes a resonant test system with a ferrite-based

transformer for HF insulation testing. The resonant circuit is formed by the transformer's leakage inductance and the insu-

lation sample capacitance, with an adjustable frequency tuning capacitor. The system can be driven with an inverter or linear

power amplifier. Increasing the test voltage level while maintaining the same test frequency presents several challenges:

transformer core grounding, high resonant current and implications for bobbin and insulation design. This paper investigates
these challenges and proposes an oil-insulated resonant transformer, capable of extending the test voltage to 23 kV, for HF
insulation tests at around 40 kHz. High-frequency breakdown tests are performed on enamelled copper wire in various insu-

lation media using the prototype resonant test system, highlighting the importance of the dielectric's thermal performance.

1 | Introduction

With the increasing introduction of PE-based systems in the
electricity grid, both medium- and high-voltage (HV) insulation
systems are subjected to voltage waveforms containing high-
frequency (HF) components in the kHz and MHz range. This
HF content results in an accelerated insulation degradation,
potentially reducing the lifetime by orders of magnitude. There-
fore, insulation materials must be characterised and tested using
HF waveforms. The major challenge in generating the HV-HF
waveforms is the enormous reactive power associated with the
dv/dt, even for capacitances in the range of hundreds of pF [1].

Although the insulation systems for PE-based components
typically experience pulsed stress, they can be characterised
with HV-HF sinusoidal waveforms, which are easier to generate
at the required frequencies. The following methods have been
used to generate such waveforms:

e Linear HV amplifier: Linear amplifiers are limited in the
available output current (HV side) and, thus, cannot be
used beyond several kHz. For example, with an HV power
amplifier of type Trek Model 30-20A, voltage levels up to
about 25 kVpx can be attained at frequencies less than
2.5 kHz with acceptable distortion [2].
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e PE-based HV source: HV arbitrary waveform generators for
insulation testing are currently under development. The
bandwidth and the output voltage level are still limited by
the available hardware [3-5].

e Vacuum tube oscillator: An oscillator with HV output can
be built with a high-power vacuum tube and resonant
anode circuit. Frequencies up to 5 MHz may be achieved,
but the voltage is limited by the tube and losses in the
resonant circuit [6, 7].

e Inverter- or amplifier-driven transformer: Linear power
amplifiers and inverters are easy to obtain. In combination
with a simple resonant transformer, the authors could
generate high voltages (approx. 10 kVy) at frequencies in
the range of 10-100 kHz [1, 8].

For decades, HV test systems for power-frequency AC have
utilised (quasi-)resonant circuits to compensate (a part of) the
current drawn by large capacitive loads presented by, for
example, cables and transformers [9, 10]. This concept can be
applied to achieve full resonance at any desired testing fre-
quency [11, 12]. In this paper, a resonant system is developed
which can be driven by an inverter or power amplifier for HV
testing at high frequencies ranging from 30 to 45 kHz.

1.1 | State-of-the-Art

An air-coupled (or Tesla) transformer has sometimes been used
for HV-HF testing [12]. These transformers are rather big and
less easily controlled than, for example, a transformer using a
ferrite core. Ferrite-based resonant transformers are small, easy
to build and drive and cheap [8]. However, ferrite-based reso-
nance transformers are usually not chosen due to (i) the
nonlinearity of the core material at high flux density and (ii) the
parasitic capacitance of the transformer, which can restrict the
tunable frequency range compared to a Tesla transformer-based
solution. This paper will further explore the advantages and
disadvantages in HF insulation testing.

The general architecture of the described resonant test system is
shown in Figure 1. The key component is a ferrite-core trans-
former whose secondary leakage inductance L, creates a reso-
nant circuit with the insulation sample (DUT), modelled as the
capacitance Cpyr. The resonance frequency can be tuned using

(a)

I AEIVAR

Cput

Rectifier Inverter
(b)
Input
— D §“ Cput
DC supply Amplifier

FIGURE1 | Insulation test system with an HV resonant transformer
utilising (a) PE-based pulse generator, (b) power amplifier.

an additional adjustable capacitor Cy.s. The losses in the reso-
nant transformer and DUT have a significant effect on the gain
of this system. Due to its resonant nature, the test system can be
driven with any waveform as long as it has a frequency
component at the resonant frequency. Therefore, it is possible to
drive the system with a switching (PE-based) pulse generator or
a (linear) power amplifier.

Most available literature on HF ageing of insulating materials is
limited to high frequency and medium voltage (several kV) or
medium frequency and high voltage (several tens of kV). A
series-resonant test system is proposed to extend the testable
range. The design of such resonant test systems up to a voltage
of 10 kV,x and several tens to 100 kHz can be achieved using
extremely simple means, as demonstrated in refs. [1, 8]. This
paper shows that several big challenges must be overcome to
increase the output voltage to around 23 kVp while maintain-
ing the same test frequency.

1.2 | Outline

In Section 2, two analytical models are derived for the test
system to explain the effect of the various circuit parameters on
the gain of the system. The resonant transformer design is dis-
cussed in Section 3 using a model-based approach. When
increasing the frequency, the current drawn by the DUT will
naturally increase. Even for very small DUTSs, the reactive power
may exceed the single-digit kVAs. The combination of high
current and high voltage in the limited window area results in a
complex secondary winding design. Section 4 addresses the
implications for the bobbin and insulation design. A trans-
former prototype is built and evaluated in Section 5. The pro-
totype is then used to perform breakdown tests, which show the
importance of the dielectric loss and cooling performance of the
insulation. Finally, Sections 6 and 7 provide a discussion on the
encountered issues and a conclusion on the suitability of the
designed system for insulation testing using HF sinusoidal
voltage.

2 | Resonant Test System Circuit Analysis
21 | Resonant Transformer With Ideal DUT

Ideally, the DUT can be modelled as a lossless capacitor Cpyr.
Substituting the well-known equivalent circuit for the trans-
former (leakage inductances L;; and L,;, magnetising induc-
tance Ly, and winding resistances R;; and R,;) and referring all
the components to the secondary side yield the circuit in
Figure 2. The input voltage u; in the Laplace domain (with
variable s) is transformed to the secondary side by multiplica-
tion with n. The output u, is taken across Ceq.

These components can be lumped together into an effective
transfer ratio m and a damped series RLC circuit composed of
Leg, Ceq and Reg.

"
nL’

mzi//) 1
Ly + Ly W
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Transformer

1
11 Ly ch

FIGURE 2 | Equivalent circuit of the resonant transformer-based test

IL& == Ceq

system. L, and L}, are referred to the secondary side.

Leq =La1 + Lyy|ILyy (2)
Req = R21 + Ril’ (3)
Ceq = Cput + Cres + Co» (4)

In a transformer with a magnetic core, usually Ly > Li;.
Therefore, the resonant system can be modelled using the
second-order transfer function (5) in terms of the natural fre-
quency @, and damping factor ¢.

Uo(s) mw?
ui(s) 2+ 2{@2 + w? ®)
oy = —— ©

\/Leqceq
R R C

R i o
0Leq eq

2.2 | Resonant Transformer With Lossy DUT

In practice, the DUT is not perfectly capacitive, and an additional
loss component must be considered. The origin of this loss can be
the dielectric loss (tan &), partial discharges or conductivity of the
dielectric. The loss is modelled with an additional resistance Ry, in
parallel with the DUT capacitance. The transfer function of the
equivalent circuit in Figure 3 is given in Equation (8). By reducing
R, (i.e., increasing loss), the damping of the circuit is increased,
and the resonance frequency drops.

Uo(s) ma?
- R 1 R (8)
ui(s) 52 + S(L—: + Rpceq) + w%(Ri: + 1)

In the most general case, R, will be a function of frequency,
voltage, temperature and other environmental influences. To
accurately predict the output voltage of the test system, dielec-
tric loss and partial discharges should be accounted for.

3 | Transformer Design Procedure

The capabilities of the resonant test system are limited in part by
the transformer design. They may be evaluated in terms of the
load diagram (Figure 4), which is also typically provided for
low-frequency resonant test systems [10]. The transformer
design aspects influencing this diagram are

Leq Req
—
LI
mui(s) Ceq T R,
FIGURE 3 | Equivalent circuit of the resonant transformer-based test

system. The lossy DUT is modelled as a parallel RC circuit.

******* — max
Un)ax PSEC
S
=
o 101
on
53
3
>
3
oy
3
)
100 Cmin l
109 101 102 103

Load capacitance Ceq (pF)

FIGURE 4 | Load diagram of the designed transformer system (see
parameters in Section 5). Operation outside the indicated operating
area may be possible with waveform distortion or partial discharges.

e Quality factor (i.e., losses) of the transformer,
e Thermal performance,

e Insulation system and secondary winding design.

The limiting curves of the load diagram should be designed to
allow for testing at the desired voltage Uyax With a maximum
load capacitance Cpax and test frequency fmax. The minimum
load capacitance Cp;, is equal to the self-capacitance of the
system. The secondary power limit Pga* will be discussed in a
subsequent section.

The following sections describe the design of a ferrite-based
resonant transformer, aiming to generate an HF voltage of at
least 20 kV.

3.1 | Parameter Calculation

The required leakage inductance of the resonant transformer
follows directly from the range of the test frequency and
the available load capacitance consisting of the DUT capaci-
tance Cpyr and the optional variable capacitor Cps using
Equation (9).

Leg=—— ©)
T @rf)Ce

The secondary current increases with frequency and capacitive

load and is given by Equation (10) when the resistive compo-

nent of the DUT is neglected.
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L = 21fCeqU. (10)

Where I is the secondary current and U, is the output voltage.

3.2 | Core Selection

A split winding configuration creates a large leakage inductance
with the windings on two legs of a UU-shape core. The desired
leakage inductance can be realised with a large number of
secondary turns. In addition, a large window area is needed to
ensure sufficient clearance between the secondary winding and
core. The split configuration aids in increasing the clearance
between the primary and secondary windings.

Core saturation is not a major concern because the voltage
applied to the primary is low (gain is on the order of 10%), and
the number of turns is relatively high. The flux density B in the
core is calculated using the primary volt-seconds in Equa-
tion (11), where U, is the primary peak voltage, N, is the pri-
mary turns, and A, is the effective core area.

U,
B=—_® (11)
2nfNAe

3.3 | Leakage Inductance Estimation

No analytical formulas are currently available for the split
winding configuration chosen for the resonant transformer.
Attempts have been made, but are generally inaccurate [13, 14].
Therefore, the leakage inductance is simulated using a finite
element model (FEM), as shown in Figure 5.

The model uses a single homogenised volume to model the
secondary winding. This approach has been verified against
more detailed models for a low number of turns (multiple layers
and each winding modelled as a realistic wire). The simplified
model has an error of below 6% in a fraction of the computation
time, which is satisfactory for the leakage inductance estimate.
The results are compared and shown in Figure 5 and Table 1.

freq(1)=25 kHz

o
1%
Flux density (p.u.)

FIGURE 5 | FEM model for leakage inductance with excitation
current in the secondary winding and short-circuited primary winding
(50:600). The contour and colour map show the H and B-field,
respectively. The colour is given in p.u. since its magnitude
depends on the excitation.

3.4 | AC Resistance Estimation

Because many turns can be required to obtain the desired
resonance frequency and leakage inductance, multi-layer
windings are usually necessary. If the designs are limited to a
single layer, very thin windings must be created, negatively
impacting the corona inception voltage and winding resistance.
Since the desired operating frequencies are in the range of
25-50 kHz, the skin and proximity effect should be taken into
account to determine the gain of the system correctly. The AC
resistance Rac can be estimated using the procedure presented
by Biela [15].

, aM?* -1
Rac(f) = 2Rpc| R(f) + N°Gr(f) ——=—| (12)
12b3

where Fr(f) and Ggr(f) represent the skin and proximity effect,
N is the number of turns per layer, M is the number of layers
and br is the winding height. The DC resistance Rpc is calcu-
lated from the winding geometry and wire diameter dc,. The
results shown in Figure 6 show good agreement between the
measured and calculated AC resistance. For multi-layer wind-
ings, the resistance increases significantly with frequency owing
to the proximity effect. Using a small wire in a single-layer
winding results in less variation with frequency but limits the
number of turns.

3.5 | Resonant System Gain

The gain of the resonant system depends on the turns ratio n of
the transformer, as well as the quality factor Q of the system

TABLE 1 | Comparison of detailed and simplified FEM simulation
results.

Value
Parameter Case 1 Case 2 Case 3
Turns ratio N,:N; 10:10 10:20 10:30
Detailed winding (uH) 39 11.3 19.9
Simplified winding (uH) 4.1 11.5 20.1
Error (%) +5.1 +1.8 +1.0
200% T T I1II T T T T IIIT T T \\H/—
—dcy = 0.5mm, N = 600, M = 15
——dcy =0.2mm, N =300, M =1 y
100 avalt

Resistance ()
wn
S
T
|

20 |- 7 n

10 | RN | R | NN
102 103 10* 105
Frequency (Hz)

FIGURE 6 | AC resistance calculation (solid line) and measurement
(dashed line) on two secondary winding designs.
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(e.g., the resonant gain). The latter is determined by the com-
bination of the transformer Qr and the load Q,,,q (DUT and
resonant capacitor), as calculated in Equation (13) derived from
Equation (8).

Q=010 —(i+ ! ) (13)
-t foad = QT Qload

The gain can then be expressed as G = nQ. With a well-
designed transformer (i.e., with high Qr), the DUT usually de-
termines the value of Q.

3.6 | Transformer Turns Ratio

The secondary number of turns is selected based on the FEM
simulation as discussed in Section 3.3. With the preceding
calculation results, the turns ratio and number of primary turns
can be chosen. To achieve the desired output voltage from a
source with limited output voltage, a minimum » is required.
On the other hand, the secondary current is reflected back to the
primary, leading to a maximum n for a current-limited source.

1 Umax

n> 6 U?nax’ (14)

Imax

n<-Se, (15)

— ymax
IS

where U; is the input voltage, and I, is the current from the DC
source. The superscript ‘max’ indicates the maximum value.

3.7 | Core Grounding

If the potential of the core is not defined, it will be determined
by the parasitic capacitances between the windings and the core.
This may cause the core to attain a high potential [16]. For
testing at voltages below 10 kVy, this is not typically a problem.
However, to avoid partial discharge (PD) between the core and
LV winding, the core should be grounded [17].

If the core halves of the transformer are grounded by the copper
foils, as shown in Figure 7, the gain of the resonant transformer
is reduced significantly. This phenomenon can be explained as
follows: Due to the large secondary leakage magnetic field, eddy
currents are induced in the foils. The losses generated by these

Leakage flux links |

with copper foil /7™ //\\\
I’ K \ P
] \ 77~ N
! / ‘\\ \ s <y Y =~
~. )
| W N, =
, |= //"‘\ % L‘E
| s>\ E B
SN
” \ \pz J o E
/i OEE
>~ o
/1 Ve m .§
/1 | r"‘) \ -
\_/ | VAR T
/ <<’
-
./ \ / .
N~ N Top view

FIGURE 7 | Schematic of transformer grounding using a copper foil.

eddy currents can significantly reduce the quality factor of the
transformer.

Two methods are implemented in Figure 8 to reduce the eddy
current losses: First, the cross-sectional area in which the eddy
current can circulate is reduced by using narrow copper wires
instead of a wide foil. Second, these wires are placed far from
the secondary winding to reduce the linking leakage flux.

4 | Secondary Insulation Design

Special attention must be paid to the secondary winding design.
Due to the relatively small window area of the core halves, the
desired HV output voltage may have the possibility to flash over
across the winding or to the core.

41 | Bobbin Design

A disc-type structure is chosen for the secondary winding, with
the number of discs selected to limit the maximum turn-to-turn
voltage. A single isolation turn between adjacent discs separates
the wire bundles and eliminates disc-to-disc discharges. Figure 9

Fo

FIGURE 8 | Resonant transformer grounded by thin wires to the top
and bottom core half.

FIGURE 9 | Resonant transformer secondary winding with isolation
turns in the inter-segment slots. One of the isolation turns is highlighted
in blue.
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shows the designed secondary bobbin with rounded corners and
sufficient disc-to-disc distance to prevent flashovers.

The wire used to construct the secondary winding has a
breakdown voltage of 3.3 kV,x. Since the turns are wound
manually in a semi-random pattern, the chance of the disc
voltage occurring between neighbouring turns is small. Never-
theless, to minimise discharges between the turns, the second-
ary winding is divided into 12 segments to limit the disc voltage
to 1.7 kV,x at an output voltage of 20 kV. Although this is
around 50 % of the breakdown voltage of the wire, this potential
difference will never occur in practice.

4.2 | Insulation Design

When using the designed bobbin in air, discharges may occur
in the winding and between the winding and the grounded
core at relatively low voltages due to the sharp edges of the
core. An additional insulating material prevents these dis-
charges while providing adequate heat dissipation from the
secondary winding. For the desired output of 20 kVp, the
required secondary power is already 10 kVA at Ceq = 180 pF
and f = 45 kHz. Some inspiration for the insulation design is
taken from high-power solid-state transformers. In the power
range of 15-60 kVA, several different types of insulating ma-
terials are used: silicone gel [18], oil-impregnated paper [19],
silicone rubber [20] and epoxy resin [20, 21]. The insulator
should provide good cooling (conduction for solids or con-
vection for liquids).

Therefore, two types of dielectrics are considered for the design
of the HF resonant transformer: liquid (transformer oil and
silicone oil) and solid (epoxy CY225 and silicone rubber). Liquid
dielectrics offer good breakdown strength, recovery after
breakdown and provide excellent cooling by convection of the
insulated equipment [9]. According to the measurement results
in Table 2, they have a very low dissipation factor tan § at high
frequency. The dielectric constants ¢, are similar. Solid insu-
lation offers several benefits over liquid dielectrics: they allow
for compact insulation systems, are easy to work with and
maintain and are environmentally friendly. The dielectric
properties of solid dielectrics are typically better and more stable
over temperature. Solid insulation can only provide cooling by
conduction and is typically modified with fillers to increase the
thermal conductivity x. In addition, they can be more resistant
to environmental factors such as moisture and contami-
nants [22].

TABLE 2 | Insulation material properties (refer to Figure 16).

Transformer oil is chosen as the insulating liquid for the pro-
totype transformer because of the good insulation properties,
low dielectric losses and good cooling performance.

5 | Experimental Results
5.1 | Prototype Transformer

A prototype transformer was designed for the parameters pre-
sented in Table 3. Parameters with an asterisk are design targets.
The maximum required test power is around 10 kVA and the
secondary output current is 0.71 Ayps.

The transformer uses two U93/76/30 core halves of material
3C90 (permeability ~#1900) owing to the sufficient window area.
A 26 AWG MW35-C wire was chosen for the HV winding,
resulting in a current density of 5.1 A/mm?. According to the
FEM simulation result, the number of secondary turns should
be 600 to reach the desired leakage inductance of approx. 130-
140 mH, which is computed based on the frequency and load
capacitance Ceq range. Based on the primary source limitations,
a turns ratio of 12 was chosen, resulting in 50 primary turns.
The bobbin is 3D printed according to the design presented in
Section 4. Transformer oil of type MIDEL 7131 is used as the
insulating liquid. The prototype transformer is depicted in
Figure 10.

TABLE 3 | Prototype system parameters.

Parameter Description Value
U (kVpk) Output voltage 20
f* (kHz) Frequency 30-45
Cioad (pF) Load capacitance 100-180
Qioad Load quality factor >55
U (Vpk) Input voltage <30
Lrc (A) Input current <9

Secondary
winding |

tané (10°%) @ x
Material & 10 kHz (W/(mK))
Transformer oil 3.2 1.6 0.14
Silicone oil 2.7 3.0 0.15
Epoxy 2.8 100 0.21 winding
CY225+HY925
Silicone rubber 31 25 0.30 FIGURE 10 | Transformer prototype with a plastic tank for trans-
former oil.
6 of 10 High Voltage, 2025
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5.2 | Transformer Parameter Extraction

The equivalent circuit parameters of the designed resonant
transformers are extracted using the procedure of ref. [1] and
presented in Table 4. The winding resistances are measured at
25 kHz. The secondary leakage inductance L,; obtained from
the FEM simulation described in Section 3 is 139.2 mH, which is
an error of less than 5% compared to the measurement. Both
results lie within the range of the required Leq. Using the
extracted parameters and characteristics of the driving circuit,
the load diagram of Figure 4 is derived.

Although the physical construction is small, the parasitic
capacitance C, is extremely small compared to the capacitance
of a reasonable DUT, which is typically more than 50 pF. Pro-
vided that the transformer is constructed properly, this dispels
reason (ii) given in Section 1.1.

5.3 | Resonant Transformer Response

Next, the response of the resonant transformer is measured by
exciting the primary with a small square wave voltage and
measuring the peak output voltage of the transformer. The gain
is calculated from the output voltage and the fundamental
component of the input voltage. The measured resonance peak
is compared to the analytical results of Equations (5) and (8) and
shown in Figure 11. When dielectric loss is accounted for, the
measured result matches the response predicted by Equa-
tion (8). The measured gain corresponds well to the calculated
G =nQ=12 x 57 = 680, where Q is predominantly deter-
mined by Qjpaq-

TABLE 4 | Extracted transformer parameters.

Parameter Measured value Calculated value Error

L 3.3 mH 3.5 mH +6.0 %
Ly 133.8 mH 139.2 mH +4.0 %
Ry 011 Q 012 Q +9.1%
Ry 27.3Q 253 Q -73%
Cs 5.8 pF
T \ \ \ \
103 + —»— Measurement |
I —Eq. (5 i
I ——Eq. (8) ]

Gain

102

20 25 30
Frequency (kHz)

FIGURE 11 | Response of the transformer with a load consisting of
the DUT (Cpyr = 170 pF, tand = 300-10~% @ 25 kHz) and an
additional Cyes = 120 pF with no dielectric loss.

The harmonic content of the output waveform has an important
effect on the insulation lifetime. Ideally, a pure sinusoidal
voltage should be obtained from the resonant transformer. In
Figure 12, the harmonic content is shown in the case of (i) si-
nusoidal primary voltage and (ii) square-wave primary voltage.
As expected, the harmonics produced by the resonant test sys-
tem are negligible.

The output voltage of the resonant transformer is approximately
linear with the input voltage, as shown in the input-output
characteristic in Figure 13. The gain of the linear fit is
G~ 790 V/V. Experiments on various materials have shown
that the gain and linearity are heavily dependent on the prop-
erties of the DUT.

5.4 | Breakdown Characteristics of Insulated
Twisted Wires

In transformer and electrical machine applications, enamelled
copper wires are wound on a coil former or magnetic core. In
this configuration, there will be contact points between neigh-
bouring turns with a potential difference between them. To
evaluate the breakdown behaviour of such a configuration at
high frequencies, the twisted-wire samples shown in Figure 14

T T T TT1T7T T [LIIII T T T TTTT

Sine input

) —— Square input
2 20
Q
<
2
a —40
£
<
=
2 —60
s
5
S —80

—100

102 10* 10° 106

Frequency (Hz)

FIGURE 12 | Frequency spectrum of the output voltage of the
resonant transformer driven by a square-wave (red, THD = 0.3 %)
and sinusoidal voltage (black, THD = 0.2 %).

25
x  Measurement
20 — Vout = G‘/m
>
=2
& 15
ﬁ
S
>
5 10
o
=
]
5
0
0 10 20 30

Input voltage (V)

FIGURE 13 | Input-output characteristic of the resonant transformer
system when driven with an inverter with variable DC link voltage.
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are made of 26 AWG enamelled copper wire (MW35-C heavy
film). To homogeneously distribute the contact points, strands
are finely twisted. To prevent the discharges between the non-
insulated ends of the wire, these are physically separated.

Twisted wire samples are submerged in oil or cast in one of the
solid dielectrics. The samples are then subjected to a 35-kHz
sinusoidal voltage waveform with linearly increasing ampli-
tude. The sample breakdown voltages are analysed using Wei-
bull statistics in Figure 15.

The breakdown results show two interesting conclusions: First
of all, transformer oil has the highest breakdown voltage, even
though it is one of the most lossy materials under consideration.
Second, silicone rubber performs better than epoxy, which
agrees with the general idea that lower-loss material should
perform better under HF electrical stress. In the next paragraph,
these statements are confirmed through dielectric spectroscopy.
Besides a low dielectric loss, high thermal conductivity is also
desired for insulation materials used at high frequencies.

5.4.1 | Relation to Material Properties

The dielectric spectrum of cylindrical raw material samples was
recorded using the Novocontrol dielectric spectrometer, shown
in Figure 16. The linear behaviour of the permittivity of trans-
former oil and silicon oil versus frequency is due to their simple
molecular structures and minimal dipolar relaxation mecha-
nisms, resulting in stable dielectric properties over a wide fre-
quency range. In contrast, epoxy resin and silicon rubber exhibit
nonlinear permittivity and loss behaviour after 1 kHz due to
their complex molecular structures, leading to frequency-

(a) Enamel (b)
removed

i

FIGURE 14 | Twisted-wire samples used for breakdown tests in
(a) liquid dielectric and (b) epoxy/silicon rubber.

88 L Transformer oil
§ 75 |- Silicone oil
E’ sol —— Epoxy
= Silicon rubber
<
= 25
o
2
Z 10| 7
<
Zos)
~ F

S
|

Breakdown voltage (kV i)

FIGURE 15 | Weibull analysis of the breakdown voltage of the
twisted wires. The dashed lines mean the confidence interval.

dependent dielectric relaxation processes that become promi-
nent at higher frequencies.

Both dielectric liquids have a low tan § in the range of interest
(10-100 kHz). The big difference in viscosity causes the signif-
icant difference in breakdown voltage between transformer and
silicone oil: transformer oil is much less viscous and, therefore,
provides better convective cooling. In the range of interest, the
dielectric loss tan § of epoxy (1.0%) is significantly higher than
that of silicone rubber (0.2%). Since the two materials have
similar thermal conductivity, silicone rubber is less prone to
thermal runaway breakdown.

The permittivity e, of the materials is similar, meaning that
there will not be a significant difference in the parasitic capac-
itance of the transformer. This property has a minor influence
on the resonance frequency.

6 | Discussion

A resonant test system is designed to generate a high-voltage,
high-frequency sinusoidal waveform for insulation testing. The
system topology, transformer secondary winding design and
insulation material selection are crucial to achieving an efficient
and steady test system operation.

T T T T T 1T T T T T T T T T T T T 11T

—
©
=
w
[N}
T

w
T
I

I
o0
T
i

Relative permittivity e,

o
o
/
i

N 8 A I 1 R W R A
0=t 10 10t 102 10 10*  10°
Frequency (Hz)

—
O
~

102

Dissipation factor tan § (10~4)

10! | |
Transformer oil 1
Silicone oil I
—— Epoxy
Silicon rubber
100 N A M1

10—t 109 10t 102 10® 10*  10°
Frequency (Hz)
FIGURE 16 | Dielectric spectrum of evaluated insulation materials.

(a) Dielectric constant & and (b) dissipation factor tan . Parts
(a) and (b) share the same legend.

8 of 10

High Voltage, 2025

85U8017 SUOWIIOD A0 8(qeoljdde ayy Aq pausenob afe sejole YO ‘8sn JO Sa|n 10} AIq1T8UIUO A8]IAA UO (SUONIPUOD-PUe-SWLBIWI0D A8 | ARe.q 118U JUO//:SdnL) SUORIPUOD pue suie 1 8Y) 88S *[5202/60/80] U ARiqiTauliuo A(IM ‘Hied AiseAlun eoluyoe L A 8800L ZoAU/6F0T OT/I0p/uoo A 1M AeIq Ul juo"yoJessa i 1//Sdiy Wolj papeoiumod ‘0 ‘¥92..6€2



6.1 | Transformer Secondary Winding
Optimisation

The secondary voltage distributes nonuniformly along the disc
winding, and the winding discs adjacent to the HV input take
most of the voltage drop, meaning discharges and breakdown are
more likely to occur [23]. Thus, an extra isolation turn is intro-
duced; see Figure 9. This isolation turn is wrapped around the
bobbin once to ensure that the last turn of the upper disc segment
does not touch the adjacent lower disc segment. Without this
single isolation turn, the disc-to-disc discharges will likely occur
between adjacent discs at the HV side. Sufficient distance is also
provided to reduce the probability of flashover.

6.2 | Loss Considerations

The losses generated in the resonant test system decrease the
system output gain G and could lead to the thermal breakdown
of the system components. The losses are categorised into
dielectric losses (e.g., the DUT and transformer insulation) and
losses in system components (e.g., amplifier and resonant
capacitor). Measurement results shown in Figure 11 indicate
that the DUT can be lossy. Additionally, analytical results
illustrated in Figure 6 confirm that the AC resistance of the
secondary winding will be large at high frequency due to the
skin and proximity effect, which results in a large amount of
secondary winding losses. An insulation material with low tan &
is chosen for the resonant transformer to reduce the losses.
Based on Figure 16b, the transformer oil of type MIDEL 7131 is
selected due to its low tan & in the 10-100 kHz range.

Of the two resonant test systems presented in Figure 1, the
inverter-based system requires much less driving current than
that based on a linear power amplifier, as shown in Figure 17.
Therefore, the inverter-based system is preferred. As shown in
Figure 13, a stable system output gain G can be achieved with
the inverter-based test system.

6.3 | System Topology Considerations

The frequency of the proposed test system is tuned using a
variable capacitance. The mechanical construction of such a

25 —T—T— T T
Inverter

20 |-| — Amplifier N

15 |-

Input current (A)

Output voltage (kV i)

FIGURE 17 | Low-voltage current draw versus output voltage for the
inverter and linear amplifier-based test systems.

system is more straightforward than an inductance-tuned sys-
tem, which is more common for 50/60 Hz testing. The fringing
losses associated with the variable air gap are eliminated. The
secondary leakage of the transformer is used as the resonant
inductance. As shown in Figure 12, the quality of the output
waveform is excellent, with negligible system-induced
harmonics.

In the current implementation, the stability of the output
amplitude and system resonant frequency is not yet guaranteed.
Dielectric losses and temperature fluctuations in the DUT and
variable capacitor can influence these parameters. Therefore, a
closed-loop control system should be implemented to ensure a
stable output voltage over time.

Due to the losses in the transformer, changing the leakage
inductance is better than increasing the capacitive tuning range
to achieve a larger test frequency range. This variable leakage
inductance can be realised using separate transformers or by
switching segments of the secondary winding (i.e., tuning the
number of secondary turns).

6.4 | Resonant Test System Output Limitations

The maximum output voltage of the system depends on many
factors related to the transformer and the load, as described in
the load diagram in Figure 4. The auxiliary components, such as
insulators, tuning capacitors and HV probes, can also have a
considerable impact. All auxiliary components must be PD-free
at the desired frequency and voltage. In Figure 18, HV wave-
forms captured using two different probes (Elditest GE3830 and
North Star VD-100) are shown. Some distortion is present on the
GE3830 waveform, which is attributed to PD. The voltage
amplitude on the negative half-cycle is reduced from the zero
crossing until the peak, indicating that PDs take energy from the
resonant circuit during this period. With a suitable, PD-free
high-voltage probe, operation up to 23 kV was achieved at
approximately 35 kHz (red waveform). The waveform is
perfectly sinusoidal without any distortion. Higher voltages
could be achieved if a DC supply with a larger output voltage
capability is used.

I
20 |- —— GE3830
—— VD-100
-~ 10
o
>
=
> 0
g
S —10 |
—920 |-
| | |
0 20 40 60 80 100

Time (us)

FIGURE 18 | Output voltage waveforms measured with two high-
voltage probes: Elditest GE3830 and North Star VD-100. Note the PD
distortion at the peaks of the waveform captured using GE3830.
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7 | Conclusion

A capacitance-tuned resonant test system based on a ferrite
transformer has been designed and validated. This test system
can generate an HV-HF sinusoidal output waveform with an
amplitude up to 23 kV in the frequency range of 30-45 kHz.
The waveform has very low distortion. The system can be driven
with a power electronic inverter or a linear power amplifier,
although the latter has a comparable larger current draw. The
resonant transformer within the system is insulated by the
transformer oil of type MIDEL 7131, which has excellent
dielectric characteristics. Also, its secondary winding has been
optimised using an extra isolation turn to separate the adjacent
disc segments and avoid the occurrence of disc-to-disc dis-
charges. PD-free auxiliary components are required to obtain a
stable, undistorted, high-voltage output.
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