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ACCURATE MAGNETIC FIELD SENSORAND

METHOD FOR WIRELESS PHASOR

MEASUREMENT UNIT

This application claims the benefit pursuant to 35 U.S.C.

119(e), of US. Provisional Application for Patent Ser. No.

61/165,003, filed Mar. 31, 2009, incorporated herein by ref-

erence.

Provided is a device and method for real-time monitoring

in the field of electrical power systems. More particularly,

provided is a real-time Phasor Measurement Unit (PMU) and

method for measurement in the field of monitoring and situ-

ational awareness of large interconnected electrical power

systems.

The operators and regional or sub-regional security coor-

dinators ofa large interconnected power system need to know

what is happening at their neighboring systems in order to

improve their situation awareness. When a large event occurs

in an interconnected power system, such as a large generator

outage, large substation outage or a large transmission line or

HVDC link outage, it is very beneficial for the operators or

security coordinators to know the estimated location, the

magnitude, and the type ofthe event in real-time, such that the

operators and security coordinators of the power systems

affected by the event will be able to work together to take

appropriate and coordinated control actions to handle the

event.

Power system operators, managers and engineers use visu-

alization systems to perform real-time monitoring, state esti-

mation, stability control and post-event analysis of intercon-

nected power systems. These visualization systems assist

power systems users in understanding and analyzing fre-

quency characteristics and disturbance events of local and

neighboring power systems. Disturbance events include gen-

erator outages, load outages. and transmission outages.

GPS-synchronized (also called GPS-based) Phasor Mea-

surement Units (PMUs) have gained in popularity as the

real-time measurement devices from which these visualiza-

tion systems obtain the necessary real-time data. including

GPS synchronized frequency, voltage magnitude. and phase

angle for each phasor. Frequency Data Recorders (FDRs)

receive and record PMU collected data. This popularity is at

least in part due to the high measurement accuracy of GPS-

synchronized PMle and FDRs, essential to success of the

visualization systems.

PMUs employ current transformers physically connected

to the transmission line, transformers or bus to obtain current

information necessary for phasor measurement. PMUs

employ potential transformers physically connected to the

transmission line, transformers or bus to obtain voltage infor-

mation necessary for phasor measurement. The physically

interconnected nature of current transformers and potential

transformers allow PMUs to achieve the necessary high mea-

surement accuracy with minimal or no degrading factors such

as interference. However, the same physical interconnections

that allow PMUs high measurement accuracy also result in

PMle that are more costly and difficult to install and main-

tain, particularly at the high voltages and currents of wide-

area electrical transmission and distribution networks. The

cost and difficulty in installing and maintaining PMUs has

significantly limited the installation ofPMUs, which, in turn.

has slowed the growth and availability of visualization sys-

tems to better monitor, protect and control large intercon-

nected electrical power systems.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a top-level block diagram of an embodiment of a

Wireless Phasor Measurement Unit.
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FIG. 2 is a sectional elevation of an exemplary magnetic

field transducer.

FIG. 3 is a schematic diagram of an embodiment of an

amplifier.

DETAILED DESCRIPTION

In certain embodiments, a phasor measurement unit

(PMU) includes a transducer for transduction measurement

ofan electrical characteristic of a current carrying element in

at least one of electrical power generation or distribution

systems. The transducer generates a transducer output signal

representative of the electrical characteristic. The PMU may

further include an amplifier receiving the transducer output

signal and generating an amplifier output signal, a filter

receiving the amplifier output signal, low pass filtering the

amplifier output signal, and generating a filter output signal. a

digital to analog converter receiving the filter output signal

and generating a digital output signal, and a processor receiv-

ing the digital output signal, calculating phasor data from the

digital output signal and generating a data output signal. The

calculated phasor data is at least as accurate as phasor data

from a phasor measurement unit or a frequency data recorder

having a transducer for nontransduction measurement of the

same electrical characteristic.

In certain embodiments, a method for phasor measurement

includes transducing an electrical characteristic of a current

carrying element in at least one ofelectrical power generation

or distribution systems, generating a transducer output signal

representative of the electrical characteristic, amplifying the

transducer output signal. generating an amplifier output sig-

nal, low pass filtering the amplifier output signal, generating

a filter output signal, converting the filter output signal to a

digital output signal, calculating phasor data from the digital

output signal, and generating a data output signal. The calcu-

lated phasor data is at least as accurate as phasor data from a

phasor measurement unit or a frequency data recorder having

a transducer for nontransduction measurement of the same

electrical characteristic.

An accurate magnetic field sensor and method for a Wire-

less Phasor Measurement Unit (Wireless PMU) is provided.

Embodiments ofthe Wireless PMU and method therefore are

described in greater detail with reference to FIGS. 1-3. It

should be noted that the figures merely show illustrative

embodiments ofthe Wireless PMUandmethod therefore, and

the scope of the Wireless PMU and method therefore is not

intended to be limited by the illustrative embodiments shown

in the figures.

An embodiment ofthe Wireless PMU, indicated generally

in FIG. 1 by the numeral 10, provides phasor measurements

of electrical characteristics of at least one electric transmis-

sion line, transformer or bus 11 (collectively, transmission

line 11) using at least one transducer 15 not physically inter-

connected to transmission line 11.

Transducer 15 measures by transduction an electrical char-

acteristic of a current carrying element such as transmission

line 11 in electrical power generation and/or electrical power

distribution systems, and generates at least one output signal

16 representative of that characteristic. Output signal 16 is

received by an amplifier 20. Amplifier 20 generates an output

signal 22 that is received by a low pass filter 30. Low pass

filter 30 generates an output signal 32 that is received by an

analog to digital (A/D) converter 40. A/D converter 40 gen-

erates a digital output signal 42 that is received by a processor

50.

A global positioning system (GPS) detector 60 has a

receiving device such as an antenna 62. and provides a GPS
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synchronization signal 64 to processor 50. Processor 50 cal-

culates phasor data such as current phase angle. frequency

and/or net current phasor, and provides the data Via a gener-

ated data output signal 52 to a data transmission device. In

certain embodiments, wireless data transmission device 70

may transmit phasor data over any wireless network or sys-

tem. Alternatively, the data transmission device may transmit

phasor data over a wired. such as an Ethernet, network or

system (not shown). A power supply 80 furnishes required

power to Wireless PMU 10 components, as shown in FIG. 1.

The calculated phasor data is at least as accurate as phasor

data from a PMU or FDR having a transducer for nontrans-

duction measurement of the same electrical characteristic.

Further characteristics of Wireless PMU 10 components and

signals are discussed below.

A broader understanding ofthe components and signals of

a PMU that is to be wireless (that is, not physically connected

to the line whose electrical characteristics are being mea-

sured), economical to install and maintain, and have the nec-

essary high measurement accuracy, may be obtained from a

discussion of various underlying factors.

The electrical characteristics oftransmission line 11 moni-

tored and calculated by Wireless PMU 10 may be found

without physical connection to transmission 11 through mea-

surement from the magnetic and electric fields generated by

electric currents carried in transmission line 11, known as

transduction. In accordance with Ampere’s Law, an AC cur-

rent flow through a power line will generate a time varying

magnetic field which has the exact same frequency as its

associated current. By approximation, this is also true for

other current carrying elements, such as a station bus. And in

the case of poly-phase networks where separate conductors

are utilized for each phase current, the resultant total time

varying magnetic field will be a superposition having the

same frequency as each single phase current. In accordance

with Faraday’s Law, a magnetic flux passing through a turn of

a coil induces a voltage in the coil turn that is directly pro-

portional to the rate of change of the magnetic flux with

respect to time. A coil with multiple turns has an induced total

voltage equal to the sum of the voltage induced on each

individual coil turn. For these reasons. when a coil of wire is

placed in the magnetic field of a transmission line 11, the

coil’s induced voltage may be measured and used to deter-

mine such electrical characteristics as the phasor value of the

current.

We have found that the greater the magnitude of the coil’ s

induced voltage, the greater the accuracy of Wireless PMU

10. Consequently, it is desirable to design and construct a coil

to be used as magnetic field transducer 15 to provide the

maximum possible output signal 16. On the other hand. for

reasons ofeconomy and portability it is desirable to make the

coil as small as possible.

As seen in FIG. 2 where a vertical sectional elevation ofan

exemplary electrical coil 150 having a magnetically transpar-

ent housing 151 is shown, electrical coils may be specified by

their number of turns 152, a coil inner diameter 153, a coil

outer diameter 154, and a coil length 156. The voltage

induced upon a coil by a magnetic field is directly propor-

tional to the magnetic flux permeability within the coil’ s core.

that is. the center of the coil. Thus, it is possible to achieve

greater coil output voltages with smaller physical dimen-

sioned coils when iron is placed in the center of the coil. We

have found that for exemplary coil dimensions an iron-cored

coil produces an induced voltage fifteen times greater than a

like dimensioned air-cored coil. However, we have also found

that when a coil is placed within the magnetic field of a

transmission line 11, even order harmonics are produced that

10

15

20

25

30

35

40

45

50

55

60

65

4

exhibit nonlinearities within any iron core in the coil. These

nonlinearities generate harmonics that significantly reduce

measurement accuracy and are not feasible to remove by

filtering. Consequently, in certain embodiments. the mag-

netic field transducer coil in Wireless PMU 10 may not

include a magnetically permeable material to increase the

magnitude of the voltage induced upon the coil where that

material exhibits nonlinearities.

We further have found that one exemplary coil configura-

tion suitable for use as magnetic field transducer 15 in Wire-

less PMU 10 is a coil 150 with 400 turns 152, an air core, a coil

length 156 of 1.5 cm, a coil inner diameter 153 of5 mm, and

a coil external diameter 154 of 1 cm. When placed in a

magnetic field having a flux density of 1 microTelsa (HT), the

induced voltage on this exemplary coil wouldbe about 0.0045

V. This flux density is useful for approximating the output

signal voltage 16 because currents of from about 1000 A to

2000 A at transmission line voltage levels of from 138 kV to

500 kV produce a magnetic field strength at the industry

standard measurement point (edge of the right-of-way

(ROW) at a height of3.28 ft (1 m)) offrom about 1 HT to 2 HT.

Coil configurations of 600 and 800 turns have also been

tested.

Wireless PMU 10 components may be selected and con-

figured to be economical and maximize overall measurement

accuracy. A digital processor or microcontroller controls

Wireless PMU 10 and performs the necessary calculations to

determine all desired phasor measurements. The analog out-

put signal 16 from transducer 1 is converted to a digital signal.

A/D converter 40 performs this function. However, the reso-

lution of the digital signal output 42 from A/D converter 40.

and the overall measurement accuracy, is significantly

improved as the magnitude of the input signal to A/D con-

verter reaches the maximum magnitude that A/D converter 40

can process. In other words. the closer the voltage magnitude

ofthe input signal is to the input limit ofA/D converter 40, the

more accurate will be the resulting digitized signal. Thus,

amplification of analog output signal 16 is desirable to

increase measurement accuracy of Wireless PMU 10. More-

over, because the current carried on transmission line 11 can

vary over several orders of magnitudes, the magnitude of

analog output signal 16 also varies significantly. For this

reason. it is also desirable to provide for a like variation in the

gain of the amplifier.

FIG. 3 presents a schematic diagram of an exemplary

amplifier 40 for use with Wireless PMU 10. Amplifier 40

includes two stages of amplification 401 and an adjustable

gain selection circuit 402. A first stage of amplification 410

may be provided by an operational amplifier 411 such as the

Model OP177 Ultra Precision Operational Amplifier (Op

Amp) from Analog Devices, Inc. of Norwood, Mass. 10

Kiloohm (KS2) resistors 412, 413 are respectively, electrically

connected between the input voltage signal 16 and the invert-

ing input 411 ofOp Amp 410, and ground and the noninvert-

ing input of Op Amp 410. Op Amp 410 also includes a 2.2

megaohm (M92) feedback resistor 414, and two 0.1 micro-

Farad (uF) capacitors 416, 417. Configured in this manner,

first stage amplifier 410 provides a gain ratio of 200.

A second stage ofamplification 420 may be provided by an

Op Amp 421 such as the Model OP17 Precision Op Amp also

from Analog Devices, Inc. Op Amp 421 includes like valued

and electrically connected resistors 422. 423 and 424, and

capacitors 426, 427 as provided with Op Amp 411. In order to

accommodate the range of gains necessary for the different

current magnitudes in transmission line 11. adjustable gain

selection circuit 402 is provided and includes two maintained

contact selector switches 403, 404 each having two-positions
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identified as l and 2, and two 2.2 M92 resistors 406, 407. The

selector conductor of switch 403 is electrically connected to

the output of Op Amp 421. Switch 403 position 1 is electri-

cally connected to one side of resistors 406. 407, and 424.

Switch 403 position 2 is electrically connected to the opposite

side ofresistor 407, and the selector conductor of switch 404.

Switch 404 position 1 is electrically connected to the opposite

side ofresistor 406, and switch 404 position 2 is unconnected.

Configured in this manner, second stage amplifier 410 pro-

vides a gain ratio of200 when switch 403 is in position 1 and

switch 404 is in position 2, a gain ratio of 300 when switch

403 is in position 2 and switch 404 is in position 1. and a gain

ratio of400 when switches 403 and 404 are both in position 2.

This provides a total gain ratio from amplifier 40 of 40,000,

60,000 and 80,000. for the respective positions of switches

403 and 404.

Under real measurement conditions, we have found ampli-

fier 20 output signal 22 includes several deleterious anoma-

lies, including a direct current (DC) offset, internal device and

external environmental induced noises, harmonics, oscilla-

tions and nonsinusoidal components. Hardware RC filtering

removes the DC offset, but fails to remove all remaining

noise, harmonics and nonsinusoidal components. We have

also found that the use of a third order Butterworth design,

digital low pass filter having a second order cutoff frequency

at 70 Hertz (Hz) as low pass filter 30, and hardware shielding

described below, substantially eliminates or at least signifi-

cantly reduces all remaining deleterious anomalies. Also.

unlike a conventional hardware RC filter. a digital filter does

not introduce additional noise.

The exemplary magnetic field transducer 15 and the exem-

plary digital low pass filter 30 described above together with

a power supply fumishing :15 V produces a maximum, peak-

to-peak voltage in output signal 32 reaching 30 V, and

improving the overall measurement accuracy of Wireless

PMU 10 by bringing the magnitude of the input signal 32 to

A/D converter 40 to the maximum magnitude that A/D con-

verter 40 can process. known as the input magnitude limit.

The magnetic field transducer 15 may be partially shielded

and/or conductors from magnetic field transducer 15 carrying

its output signal 16 may be shielded by aluminum foil or other

suitable shielding material. Components ofWireless PMU 10

may be placed in an enclosure providing magnetic shielding,

for purposes of illustration but not by way of limitation, such

as an iron enclosure.

A comparison of the overall current phasor measurement

accuracy of Wireless PMU 10 with that of a directly con-

nected PMU or FDR can be made using a statistical compari-

son offrequency measurement over random intervals oftime.

Because wireless PMU measurement data contains more

noises and outliers, it is appropriate to perform this compari-

son using the statistical smoothing function of a Moving

Median Filter (MMF). An analysis using an estimated 31

points MMF upon random sampled data over intervals of300

seconds revealed that the overall current phasor measurement

accuracy of Wireless PMU 10 is as high as that of a directly

connected PMU or FDR.

An accurate magnetic field sensor and method for a Wire-

less Phasor Measurement Unit (Wireless PMU) is therefore

provided. The Wireless PMU is much less costly and easier to

install and maintain than PMUs that use current transformers

and potential transformers to measure phasor data. While the

transduction measurement of an electrical characteristic of a

current carrying element by the Wireless PMU is carried out

wirelessly, the transmission of the phasor data may proceed

wirelessly or via a wired network.
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In certain embodiments, the Wireless PMU may include a

coil for magnetic field transduction measurement of phasor

data in a transmission line having a widely variable current.

The coil output is amplified by a two stage, high gain, select-

able gain ratio amplifier that maintains a substantially con-

stant order ofmagnitude in the amplifier output as the current

varies. A digital low pass filter of a third order Butterworth

configuration substantially reduces deleterious anomalies

appearing in the amplifier output. Shielding is provided to

further reduce anomalies. Phasor data is calculated by a pro-

cessor, and is at least as accurate as phasor data from a PMU

using transformers to measure the same electrical character-

istic, and FDR devices under both steady state and dynamic

conditions.

The Wireless Phasor Measurement Unit and method there-

fore is not limited to the specific embodiments described

above, but includes variations, modifications, and equivalent

embodiments defined by the following claims. The embodi-

ment described above is not necessarily in the alternative, as

various embodiments may be combined to provide the

desired characteristics.

We claim:

1. A phasor measurement unit comprising:

a magnetic field transducer for transduction measurement

of an electrical characteristic of a current carrying ele-

ment in at least one of electrical power generation or

distribution systems, said transducer generating a trans-

ducer output signal representative of said electrical char-

acteristic, wherein

a) the current carrying element generates a magnetic

field,

b) the magnetic field transducer is a coil having an air

core producing substantially no magnetic nonlineari-

ties when the coil is in the magnetic field, and

c) the transducer output signal is transduced from said

magnetic field;

an amplifier receiving said transducer output signal and

generating an amplifier output signal;

a filter receiving said amplifier output signal, low pass

filtering said amplifier output signal, and generating a

filter output signal;

an analog to digital converter receiving said filter output

signal and generating a digital output signal; and

a processor receiving said digital output signal, calculating

phasor data from said digital output signal and generat-

ing a data output signal, wherein said calculated phasor

data is at least as accurate as phasor data from a phasor

measurement unit or a frequency data recorder having a

transducer for nontransduction measurement of the

same electrical characteristic.

2. The phasor measurement unit of claim 1 wherein said

coil has about 400 turns, a coil length of about 1.5 cm. a coil

inner diameter of about 5 mm, and a coil external diameter of

about 1 cm.

3. The phasor measurement unit of claim 1 wherein said

analog to digital converter has an input magnitude limit, and

said amplifier output signal has a maximum peak-to-peak

voltage magnitude approximating said input magnitude limit.

4. The phasor measurement unit of claim 1 wherein the

current carried by said current carrying element varies over at

least one order of magnitude, and said amplifier has a plural-

ity of selectable gain ratios to maintain a substantially con-

stant order ofmagnitude in said amplifier output signal as said

current varies.

5. The phasor measurement unit of claim 1 wherein said

amplifier includes a plurality of successive stages.
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6. The phasor measurement unit of claim 1 wherein said

filter substantially reduces deleterious anomalies appearing

in said amplifier output signal.

7. The phasor measurement unit of claim 6 wherein said

filter is a digital low pass filter of a third order Butterworth

configuration having a second order cutofffrequency at about

70 Hertz.

8. The phasor measurement unit of claim 1 wherein con-

ductors carry said transducer output signal, and said trans-

ducer output signal conductors, said amplifier, said filter, said

analog to digital converter, and said processor are shielded

from magnetic field interference.

9. The phasor measurement unit of claim 1, further includ-

ing a wireless data transmission device.

10. The phasor measurement unit of claim 1, further com-

prising a GPS detector adapted to provide a GPS synchroni-

zation signal to said processor.

11. A method for phasor measurement comprising:

transducing an electrical characteristic from a magnetic

field generated by a current carrying element in at least

one of electrical power generation or distribution sys-

tems, comprising transducing said electrical character-

istic from a coil having an air core producing substan-

tially no magnetic nonlinearities when said coil is in said

magnetic field;

generating a transducer output signal representative of said

electrical characteristic;

amplifying said transducer output signal;

generating an amplifier output signal;

low pass filtering said amplifier output signal;

generating a filter output signal;

converting said filter output signal to a digital output sig-

nal:

calculating phasor data from said digital output signal: and

generating a data output signal based on said calculated

phasor data, wherein said calculated phasor data is at

least as accurate as phasor data from a phasor measure-

ment unit or a frequency data recorder having a trans-

ducer for nontransduction measurement of the same

electrical characteristic.

12. The method for phasor measurement of claim 11

wherein said transducing said electrical characteristic from a
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coil having an air core includes transducing said electrical

characteristic from a coil having about 400 turns, a coil length

of about 1.5 cm, a coil inner diameter of about 5 mm. and a

coil external diameter of about 1 cm.

13. The method for phasor measurement of claim 11

wherein an analog to digital converter having an input mag-

nitude limit performs said converting said filter output signal,

and said amplifying said transducer output signal includes

amplifying said transducer output signal to a maximum peak-

to-peak voltage magnitude approximating said input magni-

tude limit.

14. The method for phasor measurement of claim 11

wherein the current carried by said current carrying element

varies over at least one order of magnitude, and said ampli-

fying said transducer output signal includes selecting a gain

ratio from a plurality ofgain ratios to maintain a substantially

constant order ofmagnitude in said amplifier output signal as

said current varies.

15. The method for phasor measurement of claim 11

wherein said filtering includes substantially reducing delete-

rious anomalies appearing in said amplifier output signal.

16. The method for phasor measurement of claim 15

wherein said filtering includes filtering using a digital low

pass filter of a third order Butterworth configuration having a

second order cutoff frequency at about 70 Hertz.

17. The method for phasor measurement of claim 11

wherein a transducer generates said transducer output signal,

conductors carry said transducer output signal, an amplifier

generates said amplifier output signal, a filter generates said

filter output signal, an analog to digital converter generates

said digital output signal, and a processor generates said data

output signal, said method for phasor measurement further

including shielding from magnetic field interference said

transducer output signal conductors, said amplifier, said filter,

said analog to digital converter, and said processor.

18. The method for phasor measurement of claim 11

wherein generating the data output signal includes receiving

a GPS synchronization signal from a GPS detector and gen-

erating GPS-synchronized phasor data.

* * * * *


