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Abstract— This paper describes a new wireless diﬀerential protection system for detection of turn-to-turn
faults in air-core inductors. The proposed system is
composed of a pair of ﬂoating magnetic ﬁeld sensors
placed at opposite ends of an air-core inductor, which
wirelessly communicate their measurements to a remote receiver. The receiver compares the magnetic ﬁeld
measurements from the sensors and triggers an alarm
or circuit interruption system if the mean-squared ﬁeld
diﬀerence exceeds a speciﬁed threshold. The main contributions of this paper are a description of a speciﬁc realization of this diﬀerential air-core inductor protection
system with several novel features and experimental
results that demonstrate the sensitivity and latency of
the proposed protection system. Our results suggest
that deployment of the proposed system in shuntconnected inductors could help to prevent catastrophic
damage resulting from turn-to-turn faults by detecting
and arresting these faults in their incipient stages.
Index Terms— Protection, Inductors, Transformers,
Communication systems.

I. Introduction
Distributed capacitance in AC transmission lines can
cause the voltage at the receiving end of the transmission
line to signiﬁcantly exceed the voltage at the sending end
of the transmission line. This phenomenon, known as the
Ferranti eﬀect, is especially pronounced in high voltage,
lightly loaded, long distance AC transmission lines. If left
uncompensated, overvoltages due to the Ferranti eﬀect can
cause signiﬁcant damage to switchgear and equipment.
A common solution to the overvoltage problem in lightly
loaded AC transmission lines is to employ shunt connected
inductors directly on the high voltage (HV or EHV) transmission lines at the receiving end [1]. The construction
of such HV or EHV shunt connected inductors tends
to be somewhat involved and typically requires careful
mechanical design, oil insulation, and cooling. Another
common approach is to use shunt connected inductors
on the tertiary side of a step-down transformer or autotransformer [2]. The construction of these medium voltage
(MV) inductors is relatively simple by comparison where
most are typically designed as dry-type simple cylindrical
∗ Contact information: E-mail: drb@wpi.edu; phone: 508.831.5351;
fax: 508.831.5491.
† This work was supported by Phoenix Electric Corp., Canton, MA
02021.

coils. In both cases, the purpose of the shunt connected
inductor is to change the electrical characteristics of the
transmission line in order to attenuate overvoltages due
to the Ferranti eﬀect in light load conditions [3], [4]. Both
approaches have been proven to be eﬀective and are widely
used in practice.
A common problem characteristic for both compensation approaches is the diﬃculty of detecting a turn-to-turn
fault in the shunt connected inductor in its incipient stage.
The challenge stems from the fact that an internal fault
involving a small number of turns does not increase the
line current to the level needed to trip a typical overcurrent
relay. While the fault currents are large enough to promote
thermal damage through the inductor, the line current
demand of the inductor only increases slightly during the
beginning stages of the internal fault. Only when the arcing fault escalates to the point where a signiﬁcant number
of turns are involved can the fault be detected from the
observation of the line current. At this stage, however,
thermal damage to the inductor tends to be extensive,
what is left from the inductor can not be salvaged, and
in many circumstances collateral damage also occurs.
In the 1970s, sensor coil based protection systems were
proposed as a method for detecting turn-to-turn faults in
shunt connected inductors [5], [6]. These sensor coil protection systems were shown to be successful at detecting
turn-to-turn faults in their incipient stages. Unfortunately,
the systems described in [5], [6] required the installation of
large sensing coils mounted at both ends of the inductor on
solidly grounded structurals. While this design was feasible
for installation on oil-ﬁlled HV and EHV shunt connected
inductors, it was infeasible to install the sensor coils on
the MV dry-type simple cylindrical inductors commonly
used on the tertiary side of a step-down transformer or
autotransformer.
This paper presents a new diﬀerential sensor coil based
protection system that addresses this and several other
shortcomings of the original sensor coil protection systems
in [5], [6]. Speciﬁcally, our proposed wireless diﬀerential
protection system employs a pair of small, inexpensive,
ﬂoating sensors equipped with wireless digital transmitters. The ﬂoating sensors are installed at opposite ends of
the dry-type cylindrical inductor but do not require any
wiring or extensive structural modiﬁcations to the inductor. The transmissions from the sensors contain digitized
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information about the magnetic ﬁeld strength at opposite
ends of the inductors and are time-multiplexed so that
they do not interfere with each other. A receiver, tuned
to the same frequency as the transmitters, decodes the
transmissions to obtain the local ﬁeld measurements of
the sensors. This information is then used to compute the
mean-squared ﬁeld diﬀerence which can be used to activate
an alarm or trip signal. The main contributions of this
paper are a description of a speciﬁc wireless diﬀerential
protection system and a presentation of experimental results, obtained from a prototype of our wireless diﬀerential
protection system, that demonstrate that the proposed
system is eﬀective at quickly identifying small turn-to-turn
faults in air-core inductors.
This paper is organized as follows. Section II reviews
the basic concepts of diﬀerential protection and provides a
theoretical analysis of the line current, faulted section current, and magnetic ﬁeld diﬀerences that occur in a faulted
cylindrical air-core inductor for faults of various sizes
and positions. Section III describes the proposed wireless
diﬀerential protection and provides a speciﬁc design example of a prototype system constructed for laboratory
experimentation. Section IV presents experimental results
on the sensitivity and protection latency of the wireless
diﬀerential protection system using an air-core inductor,
prototype sensor/transmitter pair, and prototype receiver.
Finally, Section V summarizes the main contributions of
our work and outlines potential areas for future research.
II. Sensor Coil Approaches for Internal Fault
Protection of Shunt Reactors
Sensor coil protection schemes for shunt connected inductors are motivated by the fact that turn-to-turn faults,
especially in their early stages, typically only cause small
increases in the line current demand of a faulted inductor. Consequently, conventional overcurrent protection is
usually inadequate for detecting this type of fault in its
early stages. Sensor coil protection systems attempt to
solve this problem by measuring the ﬁeld disturbances,
rather than the line current through the inductor, that
result from a turn-to-turn fault. This section describes the
basic principles of operation behind the original sensor coil
protection system for shunt connected inductors described
in [5] and [6] and extends these ideas to dry-type cylindrical inductors.
The original sensor coil protection system was designed
to protect expensive oil-ﬁlled insulated-core inductors typically used in HV and EHV transmission systems. The ﬁrst
application of this idea was for a two-column inductor
structure as shown in Figure 1. In this example, a pair
of identical (grounded) yokes are placed on either end of
the two-column inductor structure. A sensor coil is placed
around each yoke. Under normal operating conditions, the
total ﬂux entering each sensor coil is equal to the total ﬂux
leaving each sensor coil, hence the voltage induced in each
sensor coil will be approximately equal to zero. When a
turn-to-turn fault develops, a magnetic disturbance occurs
instantaneously, the ﬂux distribution becomes unbalanced,

and the resulting sensor coil voltages will not be equal to
zero. The original sensor coil protection system in [5] uses
the series voltage of the sensing coils to operate a voltage
actuated relay in order to quickly arrest the fault and
protect the inductor from any additional thermal damage.
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Fig. 1.
Sensor coil protection system for a two-column shunt
connected inductor (from [5]).

While the original approach in [5] was designed for a
particular two-column inductor structure, the sensor coil
concept can also be easily adapted to a single-column
cylindrical inductor as shown in Figure 2. In this case,
the large yokes and sensor coils are replaced with a pair
of relatively small, identically constructed “puck” shaped
sensor coils (called sensor A and sensor B). These sensors
are placed at opposite ends of the cylindrical inductor and
are wired in series so that the series voltage is equal to
the diﬀerence voltage vA − vB . Under normal operation,
the magnetic ﬂux linked by the sensors is approximately
equal due to the symmetry of the magnetic ﬁeld at the
opposite ends of the inductor. Consequently, the induced
voltages vA and vB at the output of the sensors’ pickup coils will be approximately identical and the diﬀerence
voltage vA − vB will be approximately zero. Note that,
unlike the original system shown in Figure 1, the voltages
vA and vB in this system are not equal to zero under
normal operation. The diﬀerence voltage vA −vB , however,
will be approximately equal to zero. As such, we denote
this system as a diﬀerential sensor coil protection system.
When a turn-to-turn fault occurs in a non-central (x = 0)
segment δ of the inductor, the magnetic ﬁeld distribution
in the interior of the inductor becomes asymmetrical.
Assuming without loss of generality that the fault occurs
above the midpoint of the cylindrical inductor, sensor A
links a smaller magnetic ﬂux than sensor B and the voltage
diﬀerence vA − vB becomes negative. As in the original
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system, this voltage can be used to actuate a protective
relay to quickly arrest the fault.
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Fig. 2. Diﬀerential sensor coil protection system for a single-column
cylindrical inductor.

Fig. 3.

Equivalent circuit of a faulted cylindrical inductor.

In order to derive expressions for the circuit elements in
Figure 3 in terms of the physical properties of the inductor,
it will be convenient to establish additional notation. We
deﬁne the segment lengths i (in meters) as

h−δ
− x,
(2)
2
2 = δ, and
(3)
h−δ
+ x,
(4)
3 =
2
where h, δ, and x are deﬁned in Figure 2. Under our
assumption that the fault occurs above the midpoint of
the inductor (x > 0), these quantities correspond to the
lengths of the shorter unfaulted segment, the faulted segment, and the longer unfaulted segment, respectively. Note
that all lengths are speciﬁed in meters unless otherwise
A. Line Current Analysis of a Turn-to-Turn Faulted stated.
Cylindrical Inductor
With the notation established, the resistances in (1) can
To develop theoretical predictions for the line current be calculated as
through a faulted cylindrical inductor, a simple lumped
πDN i
R0
i ∈ {1, 2, 3}
(5)
Ri =
circuit model for a faulted inductor is given in Figure 3. In
h
order to analyze this system, we ﬁrst derive the governing where D is the diameter of the inductor, h is the height
equations for the currents and voltages in the system as of the inductor, N is total number of turns, and R0 is the
a function of the resistances, inductances, and mutual nominal resistance per meter of the wire used to construct
inductances in the circuit. We then derive expressions for the inductor.
these circuit elements in terms of the physical properties
The self-inductances L1 , L2 , and L3 , in (1) can be
of the inductor.
calculated using standard methods for circular coils of
Under the assumption that the fault impedance is zero, rectangular cross section described in [7, p. 143]. This
the currents and voltages in the circuit shown in Figure 3 yields
are governed by the matrix expression
 2
2
D
N i


−1 2
=
10
π
Ki
i ∈ {1, 2, 3}
(6)
L
i
R1 + R3 + jω(L1 + L3 + 2M13 ) jω(M12 + M23 )
i
h
×
R2 + jωL2
jω(M12 + M23 )

 

where the units of Li are in µH and Ki < 1 is Nagaoka’s
V
I
(1) correction which is a function of the ratio D/i requiring
=
0
I2
table lookup in [7].
where ω = 2πf , f is the frequency of the power system,
Recognizing that the inductors L1 , L2 , and L3 are
V = V ∠0◦ , and V is the rms voltage of the power system. coaxial, the mutual inductances M12 , M13 , and M23 can
The following sections makes the intuitive description
of the diﬀerential protection system for single-column
cylindrical inductors more precise. We ﬁrst describe a
lumped circuit model for a faulted cylindrical inductor
to obtain theoretical predictions for the increase in line
current that results from a turn-to-turn fault. We then
derive theoretical predictions for the magnetic ﬁelds at
both ends of the inductor in order to accurately describe
the mechanism by which the diﬀerential protection system
works.

1

=

4

TABLE I
Distances between ends of inductor i and j used in the
mutual inductance calculations.
i, j = 1, 2

i, j = 1, 3

i, j = 2, 3

x1 (i, j)

1 + 2

1 + 2 + 3

2 + 3

x2 (i, j)

2

2 + 3

3

x3 (i, j)

1

1 + 2

2

x4 (i, j)

0

2

0

Normalized Faulted Winding Current
δ / h (Fault Size)
0.1000
0.0250
0.0125

2.00

1.50

1.00
0.0

In all three mutual inductance calculations, both inductors have the same diameter D and winding density N/h.
Deﬁning
 
2
D
+ x2k (i, j),
(7)
rk (i, j) =
2

0.0500

2.50

Normalized Faulted Winding Current I2 / I0

be calculated by using the standard methods described in
[7, p. 123]. It is convenient to deﬁne x1 (i, j), . . . , x4 (i, j) as
as the four distances between the ends of inductor i and
the ends of the inductor j. Expressions for these distances
are given explicitly in terms of 1 , 2 , and 3 in Table I.

0.1

0.2
0.3
Normalized Fault Location x / h

0.4

0.5

Fig. 4. Normalized current through the faulted section (I2 /I0 ) of the
inductor as a function of normalized fault location and normalized
size of faulted section.

Normalized Line Current
1.32
δ / h (Fault Size)
0.1000

the mutual inductances can then be written as
 2 2 2
π D N
Mij = 10−1
×
2h2

r1 (i, j)B1 (i, j) − r2 (i, j)B2 (i, j)−

0.0250
0.0125
1.24

(8)

where the units of Mik are in µH and Bk (i, j) is a function
of the ratio D2 /rk2 (i, j) requiring table lookup in [7].
Using these analytical results, Figure 5 plots the normalized rms line current (I/I0 where I0 is the line current
in the non-faulted state) as a function of the normalized
fault location x/h and the normalized size of the faulted
section δ/h. Figure 4 also plots the normalized rms current
through the faulted section (I2 /I0 ) against x/h and δ/h.
The parameters used to obtain these results were R0 =
8.6 mΩ/meter, N = 333 turns, h = 0.9398 meters, D =
0.6096 meters and V = 120 volts.
The results in Figure 4 show that turn-to-turn faults,
including those that only involve a limited number of
turns, can cause the current in the faulted section to
increase to a point where thermal damage leads to fault
propagation across the inductor. Increased current in the
faulted section, however, does not cause a similar increase
in the line current of the inductor. The results in Figure 5
show that the line current through a faulted inductor does
not increase signiﬁcantly during the initial stages of a
turn-to-turn fault, i.e. when δ/h is small. In fact, when
δ/h < 0.05, the normalized line current does not increase
beyond I/I0 < 1.10. Since this increase in line current
is unlikely to be detected by an overcurrent protection
system, these results motivate the development of a protection scheme that does not rely on line current to detect
turn-to-turn faults. The following section shows that the
ﬁeld distribution at the ends of the inductor can serve as

Normalized Line Current I / I0


r3 (i, j)B3 (i, j) + r4 (i, j)B4 (i, j)

0.0500

1.16

1.08

1.00
0.0

0.1

0.2
0.3
Normalized Fault Location x / h

0.4

0.5

Fig. 5. Normalized line current (I/I0 ) of the inductor as a function
of normalized fault location and normalized size of faulted section.

a more sensitive indicator of turn-to-turn faults in their
incipient stages.

B. Field Intensity Analysis of a Turn-to-Turn Faulted
Cylindrical Inductor
A current i ﬂowing through a circular hoop of radius
D/2 creates along the hoop’s radial axis, at a distance z
from the plane of the hoop, a magnetic ﬁeld intensity of
[8, p. 289]
H(z, i) =
2

 D2
4

D2
4 i

+ z2

3/2

.

(9)

This expression enables the calculation of the magnetic
ﬁeld intensities at the ends of the faulted cylindrical
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inductor as
HA =

1
0

H(z, I) dz +

1 +2
1

several advantages over standard overcurrent protection,
there are some practical limitations to the approach shown
in Figure 2 which we are discuss in the following section.

H(z, I2 ) dz+
h
1 +2

H(z, I) dz

(10)

and
HB =

3
0

H(z, I) dz +

2 +3
3

H(z, I2 ) dz+
h
2 +3

H(z, I) dz

(11)

where the segment lengths 1 , 2 , and 3 are deﬁned in
the previous section, I and I2 are deﬁned in Figure 3, and
h = 1 + 2 + 3 is the overall height of the inductor.
The normalized diﬀerential voltage that results from the
diﬀerence between the magnetic ﬁeld phasors H A and H B
is deﬁned as
|H A − H B |
,
(12)
∆V =
|H 0 |
where H 0 denotes the base ﬁeld intensity under normal
(non-faulted) operation when H A = H B = H 0 . This
quantity is plotted in Figure 6 as a function of the
normalized fault location x/h and the normalized fault
size δ/h.
Normalized Differential Voltage
0.6

C. Practical Limitations of the Diﬀerential Protection System
While the prior sections demonstrated that diﬀerential
protection can, unlike conventional overcurrent protection,
detect turn-to-turn faults in air-core inductors in their
incipient stages, there are some practical limitations to the
approach shown in Figure 2. Perhaps the most signiﬁcant
limitation is the need to run signal wires from sensor A
and sensor B to a protective relay. In most cases, the
signal wires will require a ground reference which may be
diﬃcult or infeasible even in medium voltage applications.
Moreover, due to the high magnetic ﬁeld intensities in the
vicinity of the inductor, there is potential for the signal
pairs from sensor A and sensor B to be unintentionally inﬂuenced by external ﬁelds and/or noise. If the signal wires
are not carefully routed and shielded, the noise picked up
by these wires may cause the diﬀerential protection system
to generate false alarms or trips.
The following sections describes a new wireless diﬀerential protection system that uses ﬂoating sensors and
a wireless digital communications link to address these
limitations. The basic concepts of the proposed wireless
system are described ﬁrst and then the details of a speciﬁc
prototype implementation are presented.

δ / h (Fault Size)
0.1000

III. Wireless Differential Protection System
for Air-Core Inductors

0.0500
0.0250
Normalized Differential Voltage ∆ V

0.0125
0.4

0.2

0.0
0.0

Fig. 6.
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Normalized diﬀerential voltage ∆V in a faulted inductor.

The results in Figure 6 demonstrate that measuring
the diﬀerential ﬁeld intensity is an eﬀective method of
detecting turn-to-turn faults in their early stages. This fact
motivates the use of a diﬀerential protection system, rather
than standard overcurrent protection, for detecting turnto-turn faults in air-core inductors. If a turn-to-turn fault
occurs at any location other than x = 0, the diﬀerential
protection system can detect the resulting imbalance in
the magnetic ﬁeld intensity and quickly halt the ﬂow of
current to the inductor before more extensive thermal
damage can occur. While diﬀerential protection oﬀers

In this section, we describe a wireless diﬀerential protection system that addresses the most signiﬁcant practical
limitations of the hardwired diﬀerential protection system
described in Section II. The primary diﬀerence is that
our proposed system replaces the hardwired analog link
between the sensors and the protective relay with a digital
wireless communications link. While the wireless communications link removes the requirements for grounding and
for careful routing of the signal and common wires between
the sensors (and the digital nature of the link also improves the ﬁdelity of the ﬁeld measurements), this feature
poses new challenges due to the requirement for active
electronics in the sensors to realize a useful wireless communications link. A key feature of the proposed system is
an additional power supply coil and a voltage regulator in
each sensor to provide a self-contained means for powering
the sensor’s electronics without batteries or external power
connections. These features allow the wireless sensors to
be easily installed and virtually maintenance free.
Figure 7 shows the main features of the proposed wireless diﬀerential protection system. The proposed system
relies on the same basic principle of operation as the
original diﬀerential protection system shown in Figure 2,
but allows for a simpler installation and improved safety,
accuracy, and ﬂexibility with respect to the original approach.
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Fig. 7. Wireless diﬀerential protection system for air-core inductors.

A prototype of the system shown in Figure 7 was
constructed using oﬀ-the-shelf electronic components. The
balance of this section describes the speciﬁc details of a
prototype wireless diﬀerential protection system built to
verify the eﬃcacy of the proposed approach and used to
obtain the experimental results presented in Section IV.
While the design presented in this section is not unique, we
present it here as a tangible demonstration of our approach
and also to describe several speciﬁc design choices that we
believe result in a highly practical and useful system.
A. Sensors/Transmitters
A block diagram of the wireless sensor/transmitter
developed for the wireless diﬀerential protection system
prototype is shown in Figure 8. An important feature of
the sensor/transmitter is that the same device is used
in both sensor positions (A and B) with no conﬁguration other than the orientation of the sensor (sensor B must be inverted with respect to sensor A). Moreover, the sensor/transmitter design is fully self-contained,
maintenance-free, and could be completely potted in
epoxy, if desired, without any loss of functionality. The
details of the sensor/transmitter prototype are described
in the following subsections.
1) Sensor/Transmitter Power Supply: The wireless sensor/transmitter requires at least a simple power supply
to drive the active components in the circuit. While it
is possible achieve this by directly connecting AC power
to the sensor, this approach would increase the installation costs and signiﬁcantly reduce the advantage of
using a wireless communication link. A battery-powered
sensor/transmitter is also undesirable due to the inconvenience of periodic battery replacement. The approach used
here is to supply power to the active components in the
sensor/transmitter by scavenging power directly from the
inductor’s magnetic ﬁeld.
A simple power supply was constructed as follows. A

power supply coil (separate from the signal coil) with a
ferrite core was built as an integral component of the
sensor/transmitter with its output connected to a fullwave rectiﬁer made of General Semiconductor 1N5817
rectiﬁer Schottky diodes. The output of the rectiﬁer is
ﬁltered by a 330µF electrolytic capacitor. To produce
the stable +/-3Vdc signals required for accurate signal
conditioning and analog to digital conversion, a Texas
Instruments TPS77030DBVT 3V 50mA low drop out
linear voltage regulator and a MAXIM MAX665 voltage
inverter are used. The output speciﬁcations of the power
supply vary depending on the ﬁeld intensity of the aircore inductor in which it is installed, but this power
supply was more than adequate to meet the requirements
of the sensor/transmitter in the small prototype inductor
described in Section IV.
2) Sensor/Transmitter Signal Path: The sensor/transmitter in the wireless diﬀerential protection system uses
a signal coil with a ferrite core to acquire an induced
voltage signal proportional to the magnetic ﬂux density
at one end of the inductor. Unlike the system in Figure 2, however, the wireless diﬀerential protection system’s
sensor/transmitter performs several local operations on
the measured signal before communicating this signal to
the decision-making components of the protection system.
This section describes the details of our approach to the
design of a simple sensor/transmitter signal path.
In our design, the signal coil generates an induced
AC voltage waveform proportional to the magnetic ﬂux
density at one end of the inductor. Since the diﬀerential
protection algorithm does not need to know the polarity
of the measured signal, the AC voltage waveform from the
signal coil is rectiﬁed with a precision rectiﬁer composed
of a pair of Texas Instruments OPA4342PA op-amps, four
General Semiconductor 1N5817 Schottky diodes and several 1% tolerance resistors. The precision rectiﬁer circuit
also includes a gain control to prevent undesirable clipping
in the op-amps while also maximizing use of the dynamic
range of the analog to digital converter (ADC).
A PIC12F675 microcontroller with a built in ADC is
used to sample the rectiﬁed signal coil waveform and to
digitize the samples for the remaining processing. The
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ADC in the microcontroller is programmed to sample the
waveform at 480Hz with each sample providing 10 bits
of resolution. A 16 bit cyclic redundancy check (CRC)
[9] is calculated and updated as each sample is obtained.
After the ﬁnal sample of each period is acquired the CRC
calculation completes. When the synchronization pulse is
received from the comparator, the microcontroller dynamically Manchester encodes and simultaneously sends the
data to the 916.5MHz wireless digital transmitter. Speciﬁc
details of the communication protocol are discussed in
Section III-B.
The 916.5MHz wireless digital transmitter used in our
sensor/transmitter is an RF Monolithics TR1100 amplitude shift keyed (ASK) transceiver. While the TR1100
contains both a transmitter and receiver, the system is
designed to operate with a unidirectional communication
link and the receiver is not used by the sensor/transmitter.
The TR1100 has very low power consumption and meets
all FCC requirements for unlicensed transmission in the
900MHz band. The antenna, chosen for its small size and
good performance, is a surface mount Linx Technologies
Splatch antenna.
All electronics in the sensor/transmitter were chosen for
low power consumption to allow the sensor/transmitter
to work eﬀectively in a low ﬁeld intensity environment.
Experimental results with a prototype sensor showed that
the electronics in the sensor/transmitter signal path draw,
on average, approximately 7mA on the +3Vdc rail and
4mA on the -3Vdc rail.
B. Communication Protocol and Synchronization
An important part of the overall wireless diﬀerential
protection system is the design of an eﬃcient and reliable
communication protocol between the sensor/transmitter
and receiver. This section describes the basics of the
custom communication protocol used in our prototype
wireless diﬀerential protection system.
The TR1100 ASK transmitter is conﬁgured to transmit
data at a rate of 150 kbits per second. Recall that the
sensor/transmitter samples the precision rectiﬁer output
at a rate of 480Hz. Rather than transmitting the measured
data continuously (which would be power-ineﬃcient as
well as require the two transmitters to operate at diﬀerent
frequencies or use a code division multiple access scheme
to avoid mutual interference), the data over one period of
the power cycle is buﬀered by the microcontroller and sent
as a short burst transmission at the start of the following
period. The TR1100 transmitter remains in an oﬀ state
except during this burst transmission interval at the start
of each period.
To compute the total time required for the burst
transmission, recall that each ADC sample contains 10
bits. Hence, the sensor/transmitter generates 80 bits of
measurement data in each 60Hz power cycle. To maximize eﬃciency, these bits are packed into 10 bytes of
data called the payload. The payload is prepended by
one synchronization byte to aid timing recovery of the

Manchester encoded signal at the receiver and appended
by one phase identiﬁer byte and two CRC bytes to allow
the receiver to detect errors in the payload. Additionally,
each byte includes a start and stop bit. The total packet
length is thus equal to 14 bytes and is shown in Figure 9.
Conversion to the Manchester encoded format (required by
the TR1100 transceiver) results in a total of 28 bytes (280
total bits including start and stop bits) to be transmitted
once per period of the 60Hz power system. The total burst
transmission thus requires approximately 1.87ms at the
TR1100s transmit rate of 150 kbits per second.
8 bits (16 bits after Manchester encoding)
sync data0 data1 data2 data3 data4 data5 data6 data7 data8 data9 phase CRC0 CRC1
time

t0
Fig. 9.

t0 + 1.87ms

Data packet sent once per period per sensor/transmitter

Since the sensor/transmitters are identical and operating autonomously, it is important to provide a mechanism
in the communication protocol to ensure that the transmissions of diﬀerent sensors do not temporally overlap and
cause a loss of data due to mutual interference. There
are several possible solutions to this problem with varying
degrees of complexity. An elegant and simple solution to
this problem is to synchronize the transmissions to occur
at positive-slope zero-crossings of the waveform at the
output of the signal coil. Applied directly, this approach
causes both sensor/transmitters to transmit at exactly
the same time, which is undesirable, but inverting one
sensor causes the positive-slope zero-crossing of sensor A
to occur 180 degrees out of phase from sensor B. Consequently, the burst transmissions of a sensor pair (with
one sensor inverted) occur approximately 8.3ms apart.
This provides a more than adequate guard time between
successive transmissions to avoid interference even in a
severe multipath channel.
We note that the sensor/transmitter transmission times
are short enough to allow deployment of the wireless
diﬀerential protection system in a three-phase 60Hz power
system. Such a system would require three pairs of sensor/transmitters but only one receiver and one personal
computer to protect three inductors. Assuming that one
sensor of each pair is inverted, the sensors will all automatically synchronize to unique 2.8ms timeslots in the
60Hz period. In this case, guard times between successive
transmissions remain approximately 1ms. Although we
have not tested this conﬁguration, our analysis suggests
that the system has suﬃcient margins to ensure that
mutual interference will be automatically avoided in threephase power systems. Moreover, the sensor/transmitter
and protocol design is universal and can be applied in
single- or three-phase systems without modiﬁcation.
C. Wireless Receiver
A custom receiver was also designed for the wireless
diﬀerential protection system as an interface between the
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wireless data and the PC. A block diagram of this receiver
is shown in Figure 10.
antenna

wireless
digital
receiver
(916.5MHz)

+3Vdc

complex
programmable
logic device
(CPLD)

voltage regulator

to PC
USB port

USB
serial UART
interface
module

power
data +
data -

4MHz oscillator

Fig. 10.

Receiver block diagram.

The receiver uses an identical Splatch antenna and
TR1100 transceiver as the sensor/transmitter to receive
and demodulate the incoming ASK data. In this case,
the transmitter function of the TR1100 transceiver is not
used. The Manchester encoded data at the output of the
TR1100 transceiver is sent to the custom programmed
ALTERA MAX EPM9320LC84-20 CPLD for decoding,
frame synchronization, and time stamping. The CPLD
output is then sent to a DLP-USB232M USB-Serial UART
interface module to allow for high-speed communications
with the PC through a standard universal serial bus
(USB) port. We note that the maximum throughput of the
DLP-USB232M is 3 Mbits per second, which exceeds the
throughput requirements of the overall wireless diﬀerential
system. To simplify the design, we also considered directly
interfacing to the PC via a standard serial RS-232 port,
but this option was ruled out due to the fact that the
throughput of most PC RS-232 serial ports does not meet
the requirements.
D. Diﬀerential Protection Software
The ﬁnal component of the wireless diﬀerential protection system is the PC running a custom software package
that reads data from the wireless receiver (through the
USB port) and provides the user with powerful real-time
analysis as well as an intuitive and informative graphical
user interface.
A simple Windows-based test application was written to
verify the operation of the wireless diﬀerential protection
system. Key features of the software included a pair of
signal strength meters to show the status of the wireless
links, an oscilloscope-style display of one period of the
60Hz waveform received from each sensor/transmitter and
the calculated diﬀerence between the waveforms, and a
user selectable alarm threshold.
The software computes the mean-squared diﬀerence
(MSD) between the two waveforms each time a new
valid data packet is received from either transmitter.
Denote the most recent 8-sample data packet as x0 =
[x0 (1), . . . , x0 (8)] where x0 (1) is the oldest sample and the
x0 (8) is the most recent sample in the packet. The packet
received one half cycle before the x0 packet is denoted
as x−1 and the packet received a full cycle before the x0
packet is denoted as x−2 . Note that packets x0 and x−2

are received from the same sensor/transmitter and packet
x−1 is received from the opposite sensor/transmitter.
When packet x0 has been received, the mean-squared
diﬀerence is computed as
M SD =

1
8

4


2
x−1 (n) − x−2 (n + 4) +

n=1
8


2
x−1 (n) − x0 (n − 4)
. (13)

n=5

In a single-phase 60Hz power system, packets arrive every
8.33ms and the MSD is computed 120 times per second.
The diﬀerential protection software allows the user to
manually set alarm and trip thresholds. When the MSD
exceeds these thresholds, the software signals that a fault
has been detected by activating one or more logic-level
outputs in the PC’s parallel port. This signal can be used
by a protective relay to arrest the fault and remove the
faulted coil from the power system.
IV. Experimental Results
An air-core cylindrical inductor was constructed for testing purposes from 333 turns of 14 awg wire with a diameter
of 24 inches and a height of 37 inches. This reactor draws
approximately 8 amps when plugged directly into a 120V
wall outlet and produces a large enough magnetic ﬁeld to
power the wireless sensor/transmitters. Small segments of
insulation were removed from multiple turns on the top
half of the inductor to facilitate simulation of turn-to-turn
faults by shorting the turns with a small segment of 14
awg wire. Experiments with this inductor showed that
the proposed wireless diﬀerential protection system was
able to detect turn-to-turn faults as small as ﬁve turns
(δ/x ≈ 0.015) at all positions except the midpoint of the
inductor (x = 0).
The most important characteristic of this protection
system is that it detects faults quickly and accurately.
Experimental results show that the proposed wireless
diﬀerential protection system detects faults within a few
cycles of the 60Hz power system. It was necessary to use
external equipment to measure the time diﬀerence between
a fault and its detection due to the speed of detection.
Using an analysis system, including a logic analyzer and an
oscilloscope, test data was acquired from the PC parallel
port and from a current clamp around the shorting wire.
The analyzer was conﬁgured to trigger on the rising edge
of the parallel port data pin and capture a 100ms history
of analog data from the current clamp. From this analog
data, the latency of a single test is the time between
when the AC signal appears on the current clamp and
the time when rising edge appears on the PC’s parallel
port. Figure 11 shows a histogram of the fault detection
latency of approximately 500 experiments. Note that the
experiments were not synchronized to the 60Hz power
system.
Figure 11 shows that a majority of faults are detected
within two 60Hz periods. There is a 8.33ms periodicity
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Histogram of Fault Detection Latency

errors in the receiver. Future prototypes of this system
would likely beneﬁt from some form of channel coding
to reduce the likelihood of communication errors, improve
the range, increase the reliability, and reduce the overall
latency of the proposed wireless diﬀerential protection
system.
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in the latency since a new transmission packet arrives
and the MSD is computed every half cycle. The peaks
in the histogram occur at these 8.33ms locations because
a fault is most likely to be detected if there is an entire
half cycle of faulted ﬁeld measurements in the buﬀer. The
quickest detections occur after roughly one cycle, while
even the slowest detections occur in less than ﬁve cycles.
All of the detections that occur past the second cycle
have been determined to be due solely to bit errors in the
wireless transmissions. The results in Figure 11 suggest
that, in the absence of bit errors, the maximum latency
of the proposed wireless diﬀerential protection system is
approximately 33ms.
V. Conclusions
This paper describes a new diﬀerential sensor coil protection scheme that can be applied directly to cylindrical
air-core inductors commonly used for overvoltage compensation in lightly loaded AC transmission systems. The
proposed wireless diﬀerential protection system addresses
many of the shortcomings of the original hardwired sensor
coil protection systems while retaining the essential sensitivity of the sensor coil approach. The proposed system
can be constructed of inexpensive, oﬀ-the-shelf electronic
components, is relatively easy to install, uses unlicensed
frequencies, and is essentially maintenance free. Experimental results demonstrate that the proposed system is
able to detect turn-to-turn faults in their incipient stages
and can issue a trip signal to a protective relay within a
few cycles of detection.
To avoid false alarms and trips, the prototype system
presented in this paper used a communication protocol
that speciﬁed a CRC checksum in each packet from each
sensor. This checksum allowed for the detection of bit
errors in the packet, but did not facilitate correction of
these errors. More sophisticated channel coding in the
sensors would allow for both detection and correction of
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