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Abstract—Supercapacitor assisted surge absorber
(SCASA) technique is a unique and commercially useful
design approach for surge protector devices. SCASA
topology is based on the combination of a coupled inductor
which partly acts as a transformer, and a supercapacitor
sub-circuit. In developing the first commercial product, the
research team had to optimize the selection of the magnetic
core, based on empirical approaches and industry price
constraints. This paper presents a permeance-based
design and analytical approach to SCASA, with the
topological details of its first successful implementation.
While existing SCASA topology performs satisfactorily,
this research elucidates design techniques to improve
surge absorption by 60% and reduce load clamping by
10% based on high-performance prototypes developed
using High-Flux and X-Flux toroids. The test results
presented in this research are validated by experimental
work carried out in a high-voltage surge laboratory using
Noiseken LSS-6230 lightning surge simulator adhering to
IEEE C62.41/IEC 61000-4-5 standards. Surge immunity of
SCASA prototypes was evaluated using international test
procedures of UL-1449 3rd edition standard.

Index Terms—Magnetic permeance, SCASA, Superca-
pacitor, Surge protection, Transient absorption
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I. INTRODUCTION

With the ever increasing demand for electronic systems in
modern-day world, processing and conditioning of electrical
power has become mandatory. As predicted by international
roadmap for devices and systems (IRDS-2020), it is expected
that 80% of all electric power will be processed through
power electronic devices by 2030 [1]. Optimal tolerance range
(±6–10%) of AC utility mains is frequently downgraded
by various voltage disturbances such as RMS fluctuations,
transients, noise, and harmonics. Out of various power quality
issues, transient surges create the greatest voltage stress to
a critical load if not properly mitigated [2]. Surge protector
devices (SPDs) are engineered to minimize the transmission
of transient energy while safely absorbing/dissipating excess
energy within the SPD circuitry.

Fig. 1. Differential-mode surge protection and SCASA technique: (a)
using shunt and series-blocking elements; (b) a traditional differential-
mode surge protector with series and shunt devices; (c) commercial
implementation of SCASA; (d) SCASA circuit topology
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The main aim of this paper is to investigate the magnetic
component selection problem of a commercialized SPD named
SCASA, and present an optimization method based on high
performance circuit prototypes developed using High-Flux and
X-Flux powdered-iron toroids. First, an overview of funda-
mental principles of surge protection is presented in relation
to the traditional surge protector design.

A. Principles of surge protection

Transient surges can be frequently generated by lightning
and by inductive energy dumps occurring on the line fre-
quency sinusoidal waveform, and they are highly statistical
with a typical duration in the range of micro-seconds. Their
peak amplitude could vary from few hundred volts to few
thousand volts, and they may manifest in either common or
differential form. Many international standards are available
providing recommended surge waveforms and test procedures
as described in [3,4]. Following paragraph is an overview of
how a designer develops a surge protector using commercially
available passive components, such as capacitors and inductors
and transient absorbing devices such as metal oxide varistors
(MOV) and bidirectional break-over diodes (BBD) based on
a semi-empirical approach.

Fig. 1(a) presents how an SPD conceptually works. ZS
represents the series impedance of the electrical supply loop
which comes in series with the superimposed surge, and ZL
represents the load to be protected. Based on the voltage
division principle, an SPD protects the critical load by incor-
porating two fundamental component types. Zblock type com-
ponents such as inductors which generate large impedances
(ωL) for high-frequency transients can attenuate and block
the propagation of transient energy towards sensitive load
as shown by Fig. 1(a). In contrast, Zshunt components such
as capacitors, MOVs and BBDs show a reduced impedance
at high frequencies, diverting the transient away from the
load. In both cases, the path impedance ZS provides an extra
series protection against the surge. A traditional differential-
mode protector illustrated by Fig. 1(b) absorbs and dissipates
transients appearing between live and neutral terminals by the
use of various Zblock (inductors L1,L2) and Zshunt (MOV M1,
BBD T1 and capacitors C1X ,C2X ) devices. More information
about SPD design using MOVs/BBDs is available in [5,6].

While Fig. 1(b) shows the traditional surge protector’s
differential mode design, Fig. 1(d) depicts a new design
approach for an SPD based on supercapacitors (SCs) known
as the supercapacitor assisted surge absorber (SCASA), which
was developed by the power electronics research group at the
University of Waikato. The patented SCASA technique led to
a commercial implementation known as ”SMART TViQ” as
indicated by Fig. 1(c), manufactured by Thor Technologies,
Australia [7].

Compared to traditional surge protector designs that utilize
6-8 components, SCASA comprised of only 5 circuit ele-
ments reducing the cost, and demonstrates a reduced voltage
clamping (∼800 V) than conventional SPDs which clamp at
∼1000 V for a 6 kV transient. Performance comparison of
SCASA with two conventional SPD designs is presented in

Fig. 3. Notably, SCASA is the first topology of its kind to in-
troduce a SC sub-circuit to surge protectors facilitating greater
surge absorption and dissipation. Also, with the improvements
made to SCASA magnetic core, the present design shows
a remarkable surge endurance withstanding more than 200
consecutive transient pulses compared to conventional surge
absorbers that fail below 100 pulses. More details about UL-
1449 destructive tests are provided at the end of Section IV-B.

B. Surge withstanding capability of supercapacitors
As SCs have million times larger capacitance compared

to electrolytic capacitors (ECs), SCs possess superior energy
storage capabilities compared to ECs for the same canister size
[8]. The first emerged SCs, electrical double layer capacitors
(EDLCs) constructed using activated carbon based porous
electrodes have a low internal resistance and a low DC voltage
rating, typically in the range of 2–4 V [8]. Interestingly, due
to the extremely large capacitance, EDLCs have an extended
charging curve compared to EC type as depicted by Fig. 2(a).
If a 100 microfarad capacitor is combined with a 1 ohm
resistance in a charging loop, the capacitor will reach the full
voltage (DC supply’s voltage) within about 0.5 milliseconds.
However, if the capacitor is replaced by a supercapacitor of
1 F, it will extend this time to 5 seconds. If the DC power
supply lasts only 10 µs, in the form of a step pulse, the SC
will not be charged to a significant voltage, while the loop

Fig. 2. Voltage development across capacitors and supercapacitors
under a transient surge: (a) RC charging curve comparison under a
1000 V step pulse; (b) test results for a 6 kV, 1.2/50 µs transient
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resistance (including equivalent series resistance of SC) will
dissipate a huge share of energy.

Fig. 2(a) shows the voltage development across superca-
pacitor and capacitor when subjected to a 1000 V rectangular
pulse that lasts 10 µs. Given the nature of extended charging
curve of a SC, it is observed that the voltage build up vsc is
much smaller than vc of a normal EC capacitor (vsc << vc).
More importantly, vsc is significantly smaller than the DC
voltage rating of a SC avoiding any chances of failure under
a transient. In contrast, ECs develop bulging tops as validated
by the surge tests (Fig. 2(b)) leading to physical destruction
of the device. Table I presents a comparison of energy storage
capabilities and voltage build-up of ECs and SCs. However,
not all SC types are suited for transient surge applications.
Due to the asymmetry of electrode arrangement, hybrid SCs
and pseudo-capacitors cannot be subjected negative polarity
transients. But, due to the symmetrical electrode arrangement
of activated carbon based porous structures of EDLCs [8],
they show endurance under both positive/negative polarity
transients. More details about EDLC surge behaviour and
transient dissipation in SCs’ RC-loop are given in [9-10].

TABLE I
COMPARISON OF SUPERCAPACITOR AND CAPACITOR

CHARACTERISTICS

C. Design Configuration of SCASA Technique

The discovery of surge withstanding capability of superca-
pacitors led to the development of SPDs based on SC sub-
circuits. But, due to the low DC voltage rating (2–4 V) of
SCs, they cannot be directly placed across 230 V utility mains
to be used in a practical surge protector [10]. Therefore, in
developing the SCASA technique, a coupled-inductor topol-
ogy is adopted by utilizing a powdered-iron core (Kool µu

Fig. 3. SCASA performance comparison with two commercial surge
protectors

0077071A7- Magnetics Inc.) which has a relative permeability
µr = 60. As applied to SCASA technique indicated by Fig.
1(d), the two coupled windings are configured in such way that
the primary arm with 6 turns (N1) provides a lower impedance
path for surge propagation than the secondary with 28 turns
(N2). The combined magnetic action of the two inductive coils
helps to reduce the transient stress on the load by storing
surge energy within the SCASA toroidal core. Along with
surge absorption, the topology allows uninterrupted passage
230 V AC without impeding the 50 Hz mains frequency.
In Section II, inductance measurements of primary/secondary
coils are presented to validate circuit operation; a detailed
analytical approach based on magnetic permeance is also
presented to model the coupled inductor.

As introduced above, the novel approach adopted in SCASA
topology is the inclusion of a supercapacitor sub-circuit. A 1 Ω
high power resistor and a 5 F SC is placed at the two ends of
coupled-windings (Fig. 1(d)) to ensure that SCs’ rated voltage
is never exceeded. In addition, two MOVs (Var 1 and Var 2) are
used to dissipate excess surge energy while maintaining a safer
clamping voltage to protect the load. Fig. 3 compares SCASA
clamping voltage across the load with two other commercial
SPDs for a range of transient conditions (1 kV–6 kV).

In Section III, oscilloscope waveforms will be analysed to
validate the operational modes of the SCASA transformer;
experimental setups used for monitoring RMS and transient
currents will also be discussed under this Section. Further-
more, SCASA prototypes designed using high performance
magnetic materials (Kool µu, High Flux and X Flux) and
circuit improvements will be presented in Section IV.

II. PERMEANCE MODEL FOR THE COUPLED INDUCTOR
OF SCASA

In this Section, the transformer core of SCASA surge
protector is studied in detail using a non-ideal circuit model
based on magnetic permeance. Given the above summary
of first successful implementation of the SCASA protector,
one problem faced was the selection of the magnetic core,
within industry price constraints. It was experimentally proven
that pure ferrite cores did not perform well [10], while a
commercially available powdered-iron toroid such as Kool µu
0077071A7 from Magnetics Inc. [11] was able to satisfactorily

Fig. 4. Magnetic flux distribution in and around a toroidal core: (a) side
view; (b) top view [12]
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perform. Given the need to estimate the required coupled-
inductor turns ratio to achieve optimum surge absorption,
varying the number of primary and secondary turns helped in
only a limited way. Therefore, a new analytical approach based
on magnetic permeance was used as the theoretical framework.
First, fundamental differences between magnetic permeability
and permeance are discussed as below.

A. Permeability vs Permeance

The permeability (µr) of a magnetic material is a measure
of the ease in magnetizing the material, and it is a funda-
mental property which depends on the magnetic material. The
permeance Λ is a derived property which depends on both per-
meability and geometrical configuration of the core [13]. With
regard to a toroidal core (as in SCASA), important geometrical
characteristics are magnetic path length lc and cross-sectional
area Ac (Fig. 4). Since the physical magnetic flux relating
to a toroid can appear in two forms (magnetizing flux Φm

and leakage flux Φσ) as depicted by Fig. 4, the definition for
permeance comes in two basic forms: magnetizing permeance
(Λm) and leakage permeance (Λσ) [14]. Λm is useful in
determining the magnetizing inductance of the coil wound
to a toroid, whereas Λσ can be used to express the leakage
inductance of a coil.

In literature, Λm is also defined as the magnetizing induc-
tance per unit square turns [14], which corresponds to the
inductance possessed by the coil due to magnetizing flux.
The mathematical relationship between Λm, µr, Ac and lc
is expressed by (1):

Λm =
µrµoAc

lc
(1)

where µr is the relative permeability and µo is the perme-
ability of free space. This further justifies how magnetizing
permeance has a dependency on magnetic material and core
geometry.

In industrial applications, Λm is known as the induc-
tance factor AL. The predictive capability of magnetizing-
inductance (L = ALN

2) for a coil (with a given number of
turns) wound to core whose permeance coefficient Λm (AL)
is known provides a useful theoretical base for transformer
modelling. Table II presents a comparison of AL values
of different powdered-iron and ferrite based alloys used for
SCASA prototype designs. More details about inductance
measurements of coupled-inductor windings using these core
types are included in Section IV.

Another significant use of Λm and Λσ is that these param-
eters can be combined to represent the self-inductance of the
core windings. A permeance based circuit model was devel-
oped for the transformer windings of SCASA in a separate
research [15]; summary of the SCASA permeance model is
presented next.

B. Magnetizing and leakage effects of SCASA trans-
former

Given the successful implementation of SCASA as a com-
mercial surge protector, a theoretical model was developed

TABLE II
COMPARISON OF RELATIVE PERMEABILITY, SATURATION LEVEL AND

PERMEANCE COEFFICIENT (Λm) OF DIFFERENT POWDERED-IRON AND
FERRITE BASED ALLOYS USED IN SCASA PROTOTYPE DESIGN [16]

to understand the transient propagation through the magnetic
core. This analytical approach lead to useful relationships as
per equations (2) to (6) discussed below.

The two coupled inductor windings of SCASA transformer
possess magnetizing and leakage inductances corresponding
to magnetizing and leakage flux of the core. Fig. 5 illustrates
magnetizing inductances (L1,L2) and leakage inductances
(l1,l2) associated with primary and secondary windings of
SCASA toroidal core.

Fig. 5. Equivalent circuit model of SCASA coupled inductor windings

As per the details given in [14], self-inductance of the
primary and secondary Lp and Ls can be expressed as:

Lp = L1 + l1 (2)

Ls = L2 + l2 (3)

By incorporating both magnetizing permeance (Λm) and
leakage permeance (Λσ) into L1, L2 and l1, l2 [15]:

L1 = ΛmN1
2 and l1 = ΛσN1

2 (4)

L2 = ΛmN2
2 and l2 = ΛσN2

2 (5)

However, in SCASA transformer design where leakage
inductance is significant (as in Kool µu powdered-iron core),
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Fig. 6. Frequency dependence of SCASA transformer inductances: (a) variation of self inductance of secondary - Ls; (b) variation of self

inductance of primary - Lp; (c) variation of leakage inductance of secondary - l2; (d) variation of leakage inductance of primary - l1

and considering the symmetry of windings, 50% of leakage
permeance (Λσ/2) is considered for each winding [11,14].

Next, an investigation is presented on how each of these in-
ductive components varies for Kool µu powdered-iron toroidal
core (0077071A7-Magnetics Inc.) in SCASA, and compare the
measurements with permeance based theoretical predictions.
Open-circuit/short-circuit measurements of the transformer
core were carried out to obtain self inductances (Lp,Ls) and
leakage inductances (l1,l2); series/inverse-series test methods
were used to determine mutual inductance M [13,14].

All inductance measurements of both windings were carried
out using an LCR meter (Fluke PM6304) over a range of
frequencies from 1 to 15 kHz. Such procedures confirm the

TABLE III
MAGNETIZING AND LEAKAGE INDUCTANCES OF POWDERED-IRON CORE

(0077071A7) BASED ON OPEN-CIRCUIT AND SHORT-CIRCUIT TEST
MEASUREMENTS AT 3 KHZ

accuracy of test results as frequency components of a 1.2/50
µs surge waveform are significant in the kilohertz range
[17]. Table III summarizes selected measurements taken for
powdered-iron core at 3 kHz; other test results up to 15 kHz
are presented in Fig. 6.

Theoretical predictions in Table III were determined as per
(4), (5) and (6). Magnetizing and leakage permeance coeffi-
cients were extracted from the manufacturer (Magnetics Inc.)
specifications of Kool µu powdered-iron core (0077071A7):
Λm = 61 ± 8% nH/turn2 and Λσ = 42 ± 8% nH/turn2

respectively [11].
LCR-meter based measurements (from 1 to 15 kHz) for

SCASA primary (N1=6) and secondary (N2=28) transformer
windings are shown in Fig. 6, deviation between predicted and
measured values is also indicated.

With the permeance based analytical approach described
above, it is possible to evaluate the magnetic coupling between
the SCASA coupled-inductor coils to better understand its
transformer action. More details about theory development and
experimental measurements are presented next.

C. Magnetic coupling between coupled-inductor windings
During SCASA operation, as surge currents propagate

through the coupled-inductor windings, the magnetizing flux
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that links the two coils circulates through the toroidal core
as shown in Fig. 4. The mutual flux common for the two
coils is quantified by the mutual inductance M of the coupled
inductor. According to the definition based on magnetizing
permeance Λm [14], the mutual inductance between primary
and secondary windings can be expressed as:

M =
N1Φ12

i2
=

N2Φ21

i1
= ΛmN1N2 (6)

where N1 is the turn number of the primary winding, i1 is the
primary current, Φ12 is the magnetic flux linking the primary
due to current in the secondary, N2 is the turn number of
the secondary winding, i2 is the secondary current and Φ21 is
the magnetic flux linking the secondary due to current in the
primary.

The magnetic coupling between the two windings of
SCASA transformer is determined from the mutual and self-
inductances as per the definition of coupling coefficient k
given by [14]:

k =
M√
LpLs

(7)

where Lp and Ls are the self-inductances of primary and
secondary coils respectively.

Due to the non-ideal characteristics of SCASA core with
significant leakage effects in the secondary (Fig. 6), the k
value for drops below the ideal coupling level where k=1.
Calculations associated with k determination are included in
the following explanation.

Next, coupling coefficient of the coupled-inductor is ex-
pressed using the permeance values specified to Kool µu
powdered-iron core. Starting from (4), (5) and (6), it is possible
to incorporate both magnetizing permeance (Λm) and leakage
permeance (Λσ) into (7) as below:

k =
ΛmN1N2√

[ΛmN1
2 + Λσ

2 N1
2][ΛmN2

2 + Λσ

2 N2
2]

(8)

By rearranging (8),

k =
ΛmN1N2√

[Λm + Λσ

2 ]
2
N1

2N2
2

=
Λm

Λm + Λσ

2

(9)

Substituting Λm and Λσ from the manufacturer (Mag-
netics Inc.) specifications of Kool µu powdered-iron core
(0077071A7):

k =
61 nH/turn2

61 nH/turn2 + 42
2 nH/turn2

= 0.7439

Based on experimental measurements for series/inverse-
series tests as described in [14] and open-circuit tests, the
coupling coefficient for SCASA non-ideal transformer core
can be practically evaluated as k = 0.7484.

From above k values, it is clearly seen that the permeance-
model prediction and the experimental measurement are in
excellent agreement with a minimum percentage deviation
(∼1%). Furthermore, it is possible to identify how SCASA
magnetic core deviates from the ideal transformer behaviour
with significant leakage effects which leads to k < 1.

III. OPERATIONAL MODES OF THE TRANSFORMER
CORE AND EXPERIMENTAL VALIDATION

The SCASA topology (Fig. 5) has two distinct operational
modes: 50 Hz AC steady state, and transient propagation
state. With the permeance model presented previously, in
this Section, it is aimed at investigating the surge protector
operation under these contrasting voltage conditions. Here,
it is considered that two transformer coils which act as
a coupled-inductor, share both RMS and transient currents
under 230 V AC/6 kV voltage conditions. However, the two
operational modes are governed by the impedance level of
both primary and secondary windings under these distinct
frequency conditions: 50 Hz mode versus 100 kHz-10 MHz
multi-frequency transient mode.

A. 50 Hz AC steady state
By considering the full equivalent circuit model of SCASA

with a high-power load device connected to the output, steady
state operation is validated as shown in Fig. 7. Under 230 V
AC, neither of the varistors Var 1 and Var 2 are fired; hence,
they do not conduct currents as MOVs have megaohms level
resistances [18] during non-conduction phase. In 7(a), these
open-circuit conditions are indicated using dotted lines; under
such conditions RMS currents only pass through the two
inductor arms.

Fig. 7. 50 Hz AC operation of SCASA: (a) measurement system
using current transformers (Tektronix A622); (b) primary and secondary
currents for 230 V AC

Considering both resistive and reactive elements, it is pos-
sible to determine the total impedance in the primary path as,

|Z1| =
∣∣∣∣R+ jωL1 + jωl1 +

1

jωC

∣∣∣∣ (10)
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Fig. 8. Transient operation of SCASA: (a) experimental setup using the lightning surge simulator (LSS-6230), isolated channel digital oscilloscope
(Tektronix TPS2014) and high voltage probes (Tektronix P6015A); (b) measurement system for transformer currents using high-power resistors;
(c) test waveforms for primary and secondary transient currents under a 6 kV/3 kA combinational surge; (d) LTSpice simulated waveforms for
primary/secondary transient currents and load voltage fluctuation

where L1,l1 are primary magnetizing and leakage inductances
and C is the capacitance of 5 F supercapacitor (SC) utilized in
SC sub-circuit. Moreover, R is the 1 Ω high-power resistor in
the SC sub-circuit. Similarly, the total impedance in the sec-
ondary can be expressed as a sum of two inductive reactances:

|Z2| = |jωL2 + jωl2| (11)

Based on the SCASA inductive components in Table III, it is
possible to evaluate |Z1| and |Z2| as ∼ 1.002 Ω and ∼ 0.04 Ω
respectively. Consistent with the theoretical prediction of these
impedance values, nearly 95% (CH1) of the RMS current is
measured to flow in secondary; whereas only 5% (CH2) passed
through the primary coil (Fig. 7(b)/Table IV). Oscillogram
shown in Fig. 7(b) was produced by the internal saving
option of oscilloscope (Tektronix TPS2014). All currents were
measured as RMS values using clamp meters (Tektronix A622)
connected to the oscilloscope; the total RMS current drawn
from the wall socket was expected to be ∼5 A for the 1200 W
load (electric iron) under 230 V.
B. High frequency transient state

Here, an explanation about the transition of SCASA trans-
former from 50 Hz AC to transient conditions is presented.

TABLE IV
COMPARISON OF PRIMARY AND SECONDARY RMS AND SURGE

CURRENTS OF SCASA COUPLED-INDUCTOR DURING 230 V AC AND
6 KV TRANSIENT OPERATION

Under high voltage transients, both Var 1 and Var 2 exceed
their breakdown points; thus, enter into their conduction
modes. Consequently, the open circuit conditions must be
replaced with appropriate ”ON resistances” (RON ) as illustrated
in Fig. 8(a). According to the varistor model [18] of V20E275
(UltraMOV Series-Littlefuse) utilized in SCASA circuit, ON
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resistances of both Var1 and Var2 under transient currents is
between 0.2-1 Ω [15,18].

To verify the transient operation, a lightning surge simulator
(NoisenKen LSS-6230), isolated channel digital oscilloscope
(Tektronix TPS2014) and high voltage probes (Tektronix
P6015A) were used as the main instruments (Fig. 8(a)).
Decoupling network inside the LSS ensures that none of the in-
jected surge pulses flow back to the utility mains. Moreover, an
isolation transformer was placed between LSS and wall socket
as a safety precaution. Surge current propagation through the
core was indirectly measured by capturing the variations of
voltages across externally inserted high-power resistors (Fig.
8(b)). Here, a parallel combination of five 1 Ω, 10 W high-
power resistors was placed (0.21 Ω) across the primary and
secondary sides of SCASA transformer core, and the voltage
variations were captured across them. Then, these peak voltage
values were divided by 0.21 Ω to find the corresponding peak
surge currents. In observing the transient operation, different
magnitudes of 1.2/50 µs surge voltage pulses were generated
using the LSS-6230 and injected into SCASA prototypes.
These combinational surge waveforms are defined by IEEE
C62.41/IEC 61000-4-5 standards [3,17], and are reproducible
up to 1000 consecutive pulses using the LSS-6230 with a
minimum charge time of 10 seconds. Typical wave shapes
1.2/50 µs voltage wave and 8/20 µs current wave are described
in a previous publication [16]. Since the criteria for surge
testing was based on Underwriters’ laboratory test procedures
(UL-1449 3rd Ed.) [4], oscilloscope waveforms were recorded
for 6 kV (1.2/50 µs wave) peak voltage as illustrated by Fig.
8(c). Table IV presents a summary of test results captured
for a peak surge current under a 6 kV/3 kA combinational
surge. Moreover, clamping voltages across Var1 and Var2 were
recorded by the oscilloscope using Tektronix P6015A high-
voltage probes; Figs. 3(f)-(h) indicate clamping waveforms
captured for different SCASA prototypes. In addition, LTSpice
simulated waveforms for primary/secondary transient currents
and load-voltage fluctuation (Var2) are shown by Fig. 8(d).

Transient current monitoring method described above yields
slightly diminished current values (due to the insertion of ad-
ditional 0.21 Ω resistors); however, the ratio between transient
currents (i1/i2) stays the same. Therefore, the percentages of
isurge shared among both coils can be determined. According
to Fig. 8(c), it is clear that ∼ 62% (CH1) total surge current
propagates through the primary, whereas only ∼ 38% (CH2)
flows through the secondary. This current sharing ratio is quite
distinct from the steady-state 50 Hz RMS operation.

IV. DEVELOPMENT OF HIGH PERFORMANCE CIRCUIT
PROTOTYPES

A. Inductance properties and magnetic coupling of
Kool µu, High Flux and X Flux toroids

With the success of theorized permeance model,
RMS/transient current propagation through the SCASA
transformer core was predict accurately. As the next step,
the research team established a collaboration with Magnetics
Inc. (USA) to model the potential core samples based on
materials such as “Kool µu, High Flux, X Flux and W-Ferrite”

TABLE V
COMPARISON OF INDUCTANCE PROPERTIES OF SCASA PROTOTYPES

BASED ON KOOL µU, HIGH FLUX, X FLUX TOROIDS

(Fig. 9(a)/Table II), within the commercial price constraints
applicable to the product family known as Smart TVIQ2/3.

With the aim of investigating surge absorption levels of
these toroid samples, circuit prototypes (Fig. 9(c)–(e)) were
constructed with similar configurations to SCASA topology
based on the coupled-inductor design (primary: 6 turns and
secondary: 28 turns). However, due to the reduced permeabil-
ity (µr = 26) in X Flux core, the primary and secondary turns
were increased 8 and 44 turns respectively to get the desired
self-inductances comparable to other designs. Prior to surge
testing, essential inductance measurements were taken for
High Flux (058071A2) and X Flux (078550A7) toroids with
comparisons to Kool µu (0077071A7) core. Table V presents a
summary of inductance properties of SCASA prototypes based
these toroid samples. The most noticeable comparison in Table
V is the variation of magnetic coupling coefficient k between
the cores. High Flux core has a relatively weaker coupling
with k = 0.61 and slightly dominant leakage inductance
(l2 = 39.8 µH) compared to Kool µu toroid (k = 0.74 and
l2 = 34.6µH). Interestingly, the X Flux core having the lowest
relative permeability shows the greatest secondary leakage
(l2 = 43µH). This is further reflected by the reduced magnetic
coupling of X Flux toroid which is the lowest of all with
k = 0.56. Based on this observation it can be inferred that the
high concentration of air bubbles distributed inside X Flux
toroid (leading to permeability reduction) has a significant
impact on the leakage flux as well as magnetic-coupling; these
are useful characteristics for surge protection applications.

B. Comparison of surge absorption of Kool µu, High Flux
and X Flux toroids

In order to facilitate surge testing of SCASA prototypes,
experimental setup depicted by Fig. 8 was implemented
in combinational surge-waveform generation. Here, standard
1.2/50 µs surge pulses were generated using the LSS-6230;
thus, oscilloscope waveforms were recorded for 6 kV/3 kA
peak settings across Var1 and Var2 as shown in Fig. 9.
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Fig. 9. SCASA prototypes using powdered-iron and ferrite core samples: (a) unwound core samples; (b) SCASA base topology; (c) prototype using
Kool µu; (d) prototype using High Flux; (e) prototype using X Flux; (f)–(h) oscilloscope waveforms under a 6 kV/3 kA transient; (i)–(k) simulated
waveforms using LTSpice (Note: circuit prototypes designed using W-Ferrite toroids are described in [19])

To understand the surge absorption by the magnetic core,
operation of the coupled-inductor design under transient con-
ditions was considered. In a separate research given by [19],
it was proven that an indication about the energy storage
capability of SCASA coupled-inductor windings is given by
the difference (vs − vp) between secondary induced voltage
vs and primary induced voltage vp. This effect is due to the
design configuration of SCASA topology in which secondary
coil possesses a much larger self-inductance Ls (∼60 µH)
than the primary self-inductance Lp (∼3.8µH). Therefore, as
transient currents propagate through the coupled-inductor core,
vs > vp results an inductive energy release given by vs−vp. In

identifying this fine operation, oscilloscope waveforms across
Var1 and Var2 were captured, and compared with SCASA
prototypes designed using different powdered-iron and ferrite
based toroids. Test results are presented in Fig. 9 and Table VI.

Figs. 9(f)–(h) illustrate oscilloscope waveforms captured
for different toroidal cores under a transient of 6 kV/3 kA.
As described above, the inductive energy release (from the
magnetic core) given by vs − vp is indicated by the voltage
variation across Var2, specially the reverse sided (negative)
voltage peak shown by all waveforms in Figs. 9(f)–(h) reveal
the extent of energy storage shown by corresponding toroids
as summarized by Table VI. By comparing the magnitudes
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TABLE VI
COMPARISON OF ENERGY STORAGE CAPABILITY AND CLAMPING

VOLTAGES OF KOOL µU, HIGH FLUX, X FLUX CORES USED IN SCASA
PROTOTYPES

of negative voltage peak (vs − vp) relating to different cores
under test, it is possible to identify that the most substantial
voltage spike (–1160 V) is demonstrated by the X flux toroid
(078550A7) as per Fig. 9(h). Thus, it can be asserted X
Flux core shows relatively better capacity in storing surge
energy. Conversely, as shown in Fig. 9(g), High Flux toroid
(058071A2-4) with a minor reversed voltage (∼ −100 V)
indicates the least flux storage capability. Noticeably, Kool µu
toroid (0077071A7) which is presently utilized in the original
SCASA design exhibits a substantial, yet a moderate energy
absorption level with –860 V according to Fig. 9(f). This is
relatively a lower voltage magnitude in comparison with High
Flux, and based on this observation it can be inferred X Flux
toroid is superior to Kool µu toroid in terms of its energy
absorption.

Furthermore, as X Flux material possesses a low µr = 26
compared to µr = 60 of Kool µu, it is possible to identify that
the distributed air-gap concentration is greater in X Flux type
enhancing its energy storage capability. Also, as X Flux toroid
shows ∼60% better saturation flux capacity (16,000 gauss)
compared Kool µu (10,500 gauss), functional limitations of
SCASA at high-magnitude surges can be prevented. Hence,
X Flux core prototype can be subjected to a wide range of
combinational transients without magnetic saturation effects.
This allows SPD designers to develop more versatile surge pro-
tectors (class B and class C) using X Flux material compared
to the limited applications of Kool µu. Usability and clamping
voltage level of these powdered-iron cores used in SCASA
designs are summarized in Table VI; this further proves that X
Flux core with greater energy storage yields a ∼10% reduction
in clamping voltage safeguarding the critical load. Moreover,
as verified by UL-1449 destructive surge tests [4], X Flux
design demonstrated better surge endurance withstanding more
than 200 consecutive surges, whereas Kool µu and High Flux
prototypes failed below 200 pulses.

V. CONCLUSIONS

SCASA, a relatively new technique for designing low cost
surge protector devices is based on a coupled-inductor wound
to a toroidal core and a supercapacitor sub-circuit. In design-
ing the magnetic component of SCASA, a permeance based
analytical approach is adopted to identify the impact of various
magnetic materials and shapes, in terms of their permeability

and the core geometry. Out of several commercially available
magnetic materials, optimum range of core permeability was
found to lie within µr = 26− 60, and the wound component
should be such that the magnetic coupling coefficient lies
within 0.56 < k < 0.74. The paper also indicates the validity
of permeance theory, and its verifications based on theoretical,
experimental and simulated results for both continuous line
frequency energy transfer as well as the transient energy
absorption to protect the vulnerable load. In future research
work, it is aimed to extend permeance based analytical work
to investigate the usability of commercial air-gapped ferrite
cores on SCASA technique.
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