B19B HOM et K L Vol. 19 No.9
2011 % 9 A Optics and Precision Engineering Sep. 2011

BTt A AL St A0 & R FE HRag B FE T R AT

CHENG Chin-hsing, CHANG Min-chih, LIU Wen-fung
(Department of Electrical Engineering, Feng Chia University, Taichung 40724, China)

T AT R 5 ) 320 I i i T R A A 2 P P R LA A i T R S R R L AR SO A RLAR SR A b S R
AR VT T R D R AL AR R ST R B R W A BLAK O T SR I T R R R 3 AR AR T g A R AR R 4
o T IR B r I % 3 AU A i S5 Ak e, T it o A T R e e g B A R AR G T Ol S A AR A b b I DA B 2
A JIT R A K B e R R] AR B A B T = . AR LA I A % T O o O 2 A R O A I A 6 2% el A 0 22
RORTSRAS 2R 45, BT 52 09 4% IR 2% 7T LUIBCR A% 45 1) 26 1 FH - 555 D) 238 701 0 2 28 11 1 2

X B WeHRERBEHEREGR AL AN R RS

FES%ES:TP212.13; TM933. 3 X ERFRIZAD : A doi:10. 3788/0PE. 20111909. 2255

Electrical power sensor based on fiber Bragg
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Abstract: The measurement of power by conventional meters has some limitations due to the induct-
ance and capacitance of coils and the eddy current induction in the metal parts of the meters. Optical
fiber gratings are currently being used as sensors for a number of physical quantities such as tempera-
ture, strain and pressure; other quantities, such as current and electrical power measurements can be
detected by fiber gratings using appropriate transducers. This paper demonstrates an optical fiber sen-
sor using a Fiber Bragg Grating (FBG) and a piezo-electrical transducer (PZT) to measure real and re-
active powers. Mounting an FBG on a PZT bar, a dynamic strain simulator is constructed. The volt-
age equivalent to the product of load voltage and load current applied on PZT is converted to the dy-
namic variation of the FBG Bragg wavelength. The load power will be achieved by measuring the
changing value of the wavelength. A phase detector circuit is used to measure the phase angle between

voltage and current signals. The power factor can be obtained from the phase angle. Thus, the sensor
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can be used to measure real and reactive powers without the use of a traditional power meter.

Key words: electrical power sensor;real power; reactive power; Fiber Bragg Grating (FBG) ; piezo-e-

lectric transducer

1 Introduction

Power measurement using traditional power me-
ters is the most efficient and most accurate when
rms and real power, as well as their dependent
quantities such as reactive power and power fac-
tor, are concerned-". Electrical power is the key
to industrial progress, and efficient power man-
agement ensures it. To achieve this, the accu-
rate measurement of power is very important.
The measurement of power by conventional me-
ters has some limitations due to the inductance
and capacitance of coils and the eddy current in-
duction in the metal parts of the meters®.
Optical fiber gratings are currently being
used as sensors for a number of physical quanti-

ties such as temperature, strain and pres-

surel® ; other quantities, such as current and e-
lectric power measurements can be detected by
fiber gratings using appropriate transducers™®® .
In particular, a fiber Bragg grating (FBG) has
been used to simultaneously measure stress and
temperature” !, The FBG is proposed in this
paper to measure the apparent power of AC
power.

In this paper., we demonstrate a new ap-
proach to power measurement. The relationship
between the electrostrictive characteristic of PZT
and the driving voltage is linear., When applying
voltage to the PZT, the material will distort,
and the Bragg wavelength of the FBG attached
to the surface of the PZT will also change. The
voltage measurement produced by load power is
deduced by measuring the changing value of the
wavelength,

The advent of low-cost microcontrollers en-

ables the development of a cost-effective phase

detector circuit. This paper presents a totally e-

lectronic phase detector circuit to measure the
phase angle between the current waveform and
the voltage waveform based on Microchip Tech-
nology Inc. PIC family of microcontrollerst®, A
four digit display is used to show the phase angle
between voltage and current or the system fre-
quency. The real power and reactive power can
be computed by the apparent power and the
phase angle. Thus, the proposed sensor can be
used to measure real and reactive powers and o-
vercome some of the disadvantages of traditional

power meters.

2 Principles

A FBG is composed of periodic longitudinal
changes of the refractive index that are formed
by the exposure to an intense UV interference
pattern in the core of an optical fiber. If a broad-
band light is put into the FBG sensor, it reflects
onlg a partocular wavelength component, called
the Bragg wavelength. The Bragg condition is
expressed as

A = 2n.A (D
where Ap is the Bragg wavelength of the FBG, n,
is the effective refractive index of the fiber core
and A is the grating period. The Bragg wave-
length, which is determined by the Bragg condi-
tion, is reflected at the Bragg grating all other
wavelengths pass through it. If we introduce dif-
ferent Bragg wavelengths along a single strand
of optical fiber, strain data can be measured at
several positions.

The Bragg wavelength is a function of the
refractive index of the fiber core and the grating
period. If the grating is exposed to an external
perturbation, such as strain and temperature,
the Bragg wavelength change. By measuring the

wavelength change accurately, the physical
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properties can be measured. The shift of a Bragg
wavelength due to strain and temperature can be
expressed as

Adp = Ali[(&f+$f)AT+ (1 _p?)sj , (2)
P — (nz_;)l:pm _“U([)n erlz):l . (3)

where a; is the coellicient of thermal expansion,
& is the thermo-optic coefficient, and p. is the
strain-optic coefficient of an optical fiber. In Eq.
(3), vis the Poisson’s ratio, and p,; and p,, are
components of the strain-optic tensor*,

The PZT is a material with a positive piezo-
electric effect, in which its charge and strain are
proportional. There also exists a negative piezo-
electric effect, where exerting an E (electric
field) on the PZT material, strain will be pro-
duced, which is proportional to E, and can be
written as

S=dE , 4)
where d is piezoelectric strain constant, the sign
of S depends on the polarization direction of the
sample material.

When exerting E on the PZT, the strain in
the polarized direction that can be expressed as

e.=ds;U/M (5
where d; is the strain coefficient, M is the dis-
tance between the electrodes and U is the drive
voltage 1%,

Apparent power in an electric circuit is the
product of voltage and current for AC power
measurement, sO any meter designed to measure
apparent power must account for both of these
variables. A special meter movement designed
especially for apparent power measurement is
called the dynamometer movement, as shown in
Fig. 1. The horizontal coil of wire measures load
current and the vertical coil measures load volt-
age.

All circuit connections are similar to a tradi-
tional power meter (Fig. 1), and the equivalent
voltage produced by both load current i and load
voltage v are applied to the PZT. The peak value

of the load current and load voltage are measured

Electrodynamometer movement
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Fig. 1 Structure of traditional power meter
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Fig. 2 Zero-crossing detector circuits
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Fig. 3 PIC 16F877 microcontroller

through the peak detector circuits. Each circuit
consists of a diode and a capacitor. The peak
value of apparent power can be measured
through this device.

The phase detector circuit is used to meas-
ure power factor. The voltage and current wave-
forms have been converted to a train of rectangu-
lar pulses using zero-crossing detector circuits,

as shown in Fig. 2. The phase angle between
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voltage and current signals can be determined by
the PIC 16F877 microcontroller through the
train of rectangular pulses, as shown in Fig. 3.
The real power can be computed from Eq. (6)
and reactive power can be computed from Eq.
(7.

P=VIcos(4,—8,) . (6

Q = VIsin(0, —0,) D)
where 0, is the phase angle of the voltage and 0,

is the phase angle of the current.

3 Experiments

3.1 Measurement of apparent power

The PZT of PSt 150/5%5/20 produced by the PI-
EZOMECHANIK company was used in this ex-
periment. The FBG was written into a hydro-
gen-loaded single-mode fiber by using a phase
mask writing technique using a KrF excimer la-
ser (248 nm). The FBG is 15 mm in length with
a Bragg wavelength of 1 546. 384 nm. The FBG
is attached on the surface of PZT in the polariza-

tion direction as shown in Fig. 4.

FBG

) 4

Voltage
Fig.4 Diagram of sensor

The principle of FBG voltage measurement
can only be obtained if the PZT is attached to the
FBG effectively. With the electrostrictive effect
of PZT, the FBG can be modulated. Since the
output of the voltage converter is proportional to
the applied apparent power of AC circuit, the
magnitude of the apparent power can also be de-
termined. The experimental setup is as shown in

Fig. 5. Measurements of apparent power for dif-
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Fig. 5 Experimental setup
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Fig. 6 (a) Reflection spectra of the FBG sensor for
center-wavelength variations as a function of
apparent powers for load of resistor. (b)
Measured Bragg wavelength shift as a func-

tion of apparent powers for load of resistor.

ferent loads are carried out in this equipment.
Fig. 6 (a) shows the reflection spectra of the

FBG sensor for center-wavelength variations as a
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function of apparent powers for a load of resistor
(R=100 Q). The sensitivity is approximately
0.046 3 nm/VA. A plot of the measured Bragg
wavelengths as a function of apparent power for
the load of resistor, as shown in Fig. 6 (b),
showing the linearity between the Bragg wave-
length and the applied apparent power. Fig. 7(a)
shows the reflection spectra of the FBG sensor

for center-wavelength variations as a function of
45
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Fig. 7 (a) Reflection spectra of the FBG sensor for

center-wavelength variations as a function of
apparent powers for load of capacitor. (b)
Measured Bragg wavelength shifts as a func-

tion of apparent powers for load of capacitor

apparent power for load of capacitor (C = 47
pF). The sensitivity is approximately 0.044 4
nm/VA. A plot of the measured Bragg wave-
length is a function of apparent power for capaci-
tor load, as shown in Fig. 7(b), which also dis-
plays linearity between the Bragg wavelengths
and the applied apparent power. Fig. 8(a) shows

the reflection spectra of the FBG sensor for cen-

-45
el 4YA 6VA BVA by
AV /7 /. [/
ova 2NN Z 4 loval— 2VA
: 4VA
_35 =
)
=2
£ -0t
3
=
5
& 65
_?U =
_75 M i f ' ' J b
15456 1546.0 1546.4 1546.8 15472
Wavelength/nm
(a)
15468
15467 [ 1=1546.23+0.052 9%
17—
5 15466 | R=09991
15465 |
22
2
Z 15464 i ,
= = FBG Wavelengthshifi
Sensitivity:0.052 9 nm/ VA
15463 Sensitivity:0.052 9 nm/VA
15462 |
i L i 1 i 1 1 i 1
0 2 4 (] 8 10
Volt-ampere/VA
(b)
Fig. 8 (a) Reflection spectra of the FBG sensor for

center-wavelength variations as a function of
apparent power for load of inductor. (b)
Measured Bragg wavelength shift as a func-

tion of apparent power for load of inductor

ter-wavelength variation as a function of appar-
ent power for load of inductor (L = 81 mH).
The sensitivity is approximately 0.052 9 nm/
VA. A plot of the measured Bragg wavelength is
a function of apparent power for load of induc-
tor, as shown in Fig. 8(b), which also displays
linearity between the Bragg wavelength and the
applied apparent power.

3.2 Measurement of power factor (PF)

In the microprocessor-based measurement of the
phase angle between voltage and current signals,
the corresponding AC waveforms have been con-
verted to a train of rectangular pulses using zero-
crossing detector circuits. The phase angle be-
tween voltage and current signals can be deter-

mined by the PIC 16F877 microcontroller
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through the train of rectangular pulses. Meas-
urement of phase angle between voltage wave-
form and current waveform for different loads is
carried out in this equipment. There are three
possible scenarios: (1) Both LED2 and LED3
are on. (2) LED2 is off and LED3 is on,and (3)
LED2 is on and LED3 is off. Fig. 9 shows the
results of measurement for load of resistor. Of
the three scenarios, when both LED2 and LED3
are on, they are used to indicate if the voltage
and current are in phase. The phase angle be-

tween current and voltage signals is zero. When

(a) Measured phase angle

3

0600

(b) Frequency of the system

Fig. 9  Measurements of phase detector circuit for

load of resistor

LEDI is on, the device is used to measure the
frequency of the system, and when LEDI is off,
the device is used to measurement phase angle.
Similarly, Fig. 10 shows the results of measure-
ment for load of capacitor. Of the three scenari-
os, when LED2 is off and LED3 is on, they are
used to indicate current leads voltage. The phase
angle between current and voltage signals is

81.2° and it is not exactly 90° due to the resistor

= I.E'

(a) Measured phase angle

Fig. 10

(b) Frequency of the system
Measurements of phase detector circuit for

load of capacitor

(a) Measured phase angle

Fig. 11

(b) Frequency of the system

Measurements of phase detector circuit for

load of inductor
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of the capacitor. Fig. 11 shows the results of
measurement for the load of inductor. Of the
three scenarios, when LED2 is on and LED3 is
off, they are used to indicate of current lags
voltage. The phase angle between current and
voltage signals is 70. 8° and it is not exactly 90°

due to the resistor of the inductor.

4 Conclusions

It is feasible that the FBG and the PZT sensor
can be used to measure power over a wide range.
The sensing head is based on an FBG attached

on the surface of PZT in the polarization direc-
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