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1. Funds were not sufficient to have more than one research assistant. Hence only one student worked on the

project who did major work on Impedance spectromelry and developed it for the assessment of quality of fruits

successfully.

2. For ultrasonic and optical techniques we could not get good equipments and results with the low cost
componenis and equipments are not satisfactory.

3. Thermal techniques were used to differentiate between raw and ripe mangos. However with the proto type
model non-destructive testing could not give repititve results. Hence finally this technique was also been
dropped from assessing the quality of fruit.

4. It was difficult to get students in this field because it is a multi-disciplinary project. When projects were floated frr,

post graduate and under graduate students very few students showed their interest in their implementation.
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'RECOMMENDATION (Cadangan Penambahbaikan) -

F

1.Equipment based on impedance spectrometry may be used for the assessment of quality of fruit satisfactorily. Our
analysis is based on experimentations done at 1 kHz frequency. It may be tried at other lower frequencies also.

| 2. It may help in the quality assessment of those mangos whose colour does not change whether ripe or unripe.

13. Fruits can be stored only when these are plucked at a particular stage. If plucked before that stage, fruits will never
ripe and will get spoiled. Right time of plucking can be ascertained by impedance spectrometry at low cost and in a very
simple manner. Other fruits should also be tested by our technique.

4.1t is a non-destructive technique and may be used with robots to pluck fruits at right state.

BSTRACT - Not More Than 200 Words(Abstrak Penyelidikan — Tidak Melebihi 200 patah perkataan)
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In this project it was proposed to use Electrical,thermal.Optical and ultrasonic techniques to assess the quality of the
fruits non-destructively. However, due to limited funds we started working on Electrical and thermal techniques.
Electrical impedance spectrometry proved to be very powerful technique in the characterization of raw and ripe fruits.
We developed our own probes to conduct non —destructive techniques to characterize the quality of the fruits. Initially
we developed a probe to measure the surface impedance of the fruit. However, surface impedance was not very
effective and bulk impedance proved to be a better choice. Hence another probe for the measurement of bulk
impedance was designed and fabricated.The photograph and the cross sectional view of the Probe are shown in
Fig.1&2.The characteristics of the fruits were determined in the frequency range of 1kHz to 200 kHz. However
)sensitivities were higher in the lower frequencies and we concentrated measurements at 1 kHz and could nicely
characterize the raw,ripe and over ripe fruits in terms of effective capacitances and resistances of the fruit under test.
Jist of the information obtained from the characteristics is shown in Fig.3 It shows the variation of impedance of the fruit
in eight days while fruit goes through the stages of raw,ripe and over ripe. This information has not been given in any
research paper so far.A microcontroller based system is designed fabricated and tested to assess the quality of the fruit
at remote places.This technique measures the resistive part of the impedance of the fruit. Results are quite satisfactory
and may help in the assessment of the quality of fruit successfully.

‘ : i s o \J U
Fig.1 Photograph of the probe Fig.2 Cross sectional view of the probe




Study of the variations in the value of effective resistance and capacitance
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Fig.5 Variations in the values of effective resistance and capacitance of fruit with time

Thermal technique is tried in two ways. Initially it was tried to develop a novel technique for the measurement of thermal
resistivity. The work is reported in a Journal and result is awaited. Second part dealt with non-destrctive testing of frunts In -
this case cooling of a hot body when placed on different types of fruits is studied.Decrease in temperature was studieés’in
raw,ripe and over ripe mangoes.Results are not so encouraging incomparison of impedance spectrometry. Fruit will get
affected by hot body employed for testing purposes.
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Abstract

This research paper deals with the theory, design, fabrication and test results of a new system which can be used for the remote measurement of
temperature rise of hot bodies. Due to the isolation provided by optical fiber, it can also be used in the measurement of temperature of high-potential
bodies. The proposed circuit has the capability of providing linear and precise measurement of temperature rise by suitable design of different
components. Its main application will be in the remote measurement of temperature rise under hazardous conditions. Experimentally, it has been
verified that the relationship between output signal and temperature rise is appreciably linear.

© 2007 Elsevier B.V. All rights reserved.

Keywords: Remote measurement; Optical fiber; Temperature measurement; Platinum resistance thermometer; Optical technique

1. Introduction

The measurement and/or regulation of temperature is an
important everyday application of transducers. Its measurement
and control play important role in a wide variety of con-
sumer products. The industrial and medical applications cover
a wide range of temperatures of interest. Its importance further
increases when it has to be made under injurious conditions
where the conventional methods fail. One of the burning top-
ics is the measurement of temperature of high-potential parts
of the transmission system like high-voltage transmission con-
ductors, power transformers; switch gears which play important
role in the stable operation of supply system [1-3]. Sometimes,
increase in temperature, beyond safe limit, is due to over load-
ing, friction and sparking ingide the machine or chip. Under
such situation, devices may be damaged. To avoid this damage,
proper sensors should be employed to warn timely. The sys-
tem, to be used for the purpose must be capable of operating
under extreme conditions, without affecting the real iempera-
ture, as well as must have the added feature of remote sensing
with continuous monitoring, at low cost. In this paper, we have

* Corresponding author. Tel.: +60 57169536; fax: +60 45941023.
E-mail address: mahfoozur_rehman@hotmail.com (M. Rehman).

0924-4247/3$ — see front matter © 2007 Elsevier B.V. All rights reserved.
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presented a low cost, simple and robust technique which can
be used in extreme conditions. However, it has equally impor-
tant applications in accurate measurement of temperature of
important items like ovens, rooms, and industrial processes.
It has mainly two parts, i.e., transmitter and receiver. The
transmitter (which may be designed into very small size) is
installed over the hot body during observation, while receiver
is kept at a remote place for safe study and recording of
temperatures.

2. Theory and design

The circuit of the proposed technique is shown in Fig. 1.
The platinum resistance sensor (Pt100 size, 2mm x 5 mm) is
used to measure temperature rise, in the device. The sen-
sor is connected in the feed back loop of an inverter. The
output of the inverter is connected in the circuit of a sum-
ming amplifier together with the supply voltage (Vg). Output
of the inverting amplifier may be given by following expres-
sion:

Rt
Vo= R Vs (€))

Output of the summing amplifier maybe obtained through
following standard procedure. Considering only the output
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Convertor

Amplifier I
Receiver

Fig. 1. Circuit diagram of the proposed temperature rise measuring system.

developed, at the output of the summer, by the output of the
inverter,

10R Rt 10RT
Vs s Vo= =10 =225 ) Ve 22V 2
01 R 4 ( Rl) 5 Ry 4 @

The output developed, when supply voltage, Vs, is connected
through a resistance (R) in the summer circuit:

Voo = —%—VS = —10Vs 3)

Total output, Vo3 will be the sum of voltages given in Egs.
(2) and (3).

R .
Vos = Vo1 + Vo = -!RR—T-VS — 10Vs = 10Vs i
Ry R

10V
= 'EE(RT —Ry) = K1AR @)

However, increase in resistance is due to rise in tempera-
ture and relationship between temperature rise and increase in
resistance may be developed as follows.

Suppose initial temperature is 7 and final temperature is 77,
and R; and R; are resistances at these temperatures, respectively.
For metallic resistances, relationships between temperature and
resistances may be written as follows [4]: :

Ry = Ro(1 +aTy) ©)
and
Ry = Ro(1 + 1) ©)

where Ry, Ry, Ry are resistances of the detector at 0, T; and
T, °C, respectively. a is the temperature coefficient of resistance
of platinum.

Subtracting Eq. (5) from Eq. (6), we get

Ry — Ry} = AR = aRo(Th» — T1) = aRgAT 0]
Replacing AR by AT in Eq. (4), we get
Voz = K1e¢RoAT = KAT (8)

where K =aRgK;

Eq. (8) shows that the output voltage of the summer is directly
proportional to the temperature rise of the hot body. It is a very
important outcome and may be used to display the temperature
rise using a seven-segment display system. To convert it into
optical signal, a transistor and an LED is used as shown in Fig. 1.
Output of the summer is connected to the base of the transistor
[5]. The transistor current may be given by following expression:
L L ©)

E

where It is the current which will pass through the LED and
optical power developed will be directly proportional to it if it
is assumed that LED is operating in the linear region. V3 is the
voltage applied at the base of the transistor and may be taken
equal to Vp3. V is the forward voltage of the LED and R is the
total resistance of the emitter circuit.

Now substituting Vg = V3 = KAT, we get

_ KAT — Vg
- =

To make It directly proportional to AT, it is neces-
sary to bias the fransistor through collector voltage, as
shown in Fig. 1. The resistance of the biasing circuit
will be so adjusted that the LED just starts conducing
when summer voltage increases above zero value. Under
this condition, expression for Iy miay be written a$ fol-
lows:

: KAT
I = e—
T Rz an

Current given by Eq. (11) will pass through the LED and
will produce optical power which may be given by following
expression [6]

It (10)

Py = KoIt (12)

This power will be launched into the multimode optical
fiber. The signal, representing temperature rise, will travel
through the optical fiber and will produce current in the photo
diode which will be converted into voltage with the help of
current to voltage converter. Expression for output voltage may
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be dev;lobed as follows [7,8]:

KAT
Ip =RPy=RKoIT = mKoT = va’rAT
E

13)
where Ip is the photo diode current, : the responsivity of
the photo diode and K1 = KoK/Rg. R is given by following
expression:

ne
R = hf 14)
where 7 is the quantum efficiency of the photo-diode, e the
charge on the electron, % the Plank’s constant, and f is the
frequency of the incident light.

Eq. (13) shows that photo-diode current is directly propor-
tional to incident optical power at constant quantum efficiency.
Under this condition, photo-diode current is directly propor-
tional to temperature rise which is the basic requirement of the
experimental work. Photo diode is interfaced with the current
to voltage converter which has a feedback resistance of Rg. The
output voltage of current to voltage converter will be

Ve = —IpRp (15)
Ifitis further amplified with the help of an inverting amplifier
the final output voltage will be
Ry
V= ——V 16
R C (16)

Substituting the value of Vc, we get

R4
' = —IpR 17
Vo R, DRr 17
Substituting the value of Ip from Eq. (13), we get
Vo= %RFMK-’I-AT (18)
3

At constant responsivity of photo diode, Eq. (18) may be
written as follows

V= KTAT (19)

where KT = K.’rRFS‘iR4 /R3 is constant for constant responsiv-
ity of the photo diode. Eq. (19) shows that output voltage of the
receiver is directly proportional to increase in temperature of the
device which is under monitoring. It is a very important result
and can be used in the remote measurement of terperature with
good order of accuracy and linearity.

3. Experimental methods and results

Initially, experiments were conducted to study the self-
heating effect of the platinum resistance detector (type Pt100
size, 2 mm x 5mm, 110 £2) when current is passed through it.
For best results, the current passing through detector should be
less than the current which causes the rise in temperature. The
graph representing the self-heating of the platinum detector is
shown in Fig. 2. It is observed from the graph that tempera-
ture does not change up to a current of 10mA. The temperature

50

R D D P P
Current (mA)

Fig. 2. Self-heating curve of platinum resistance detector.
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Fig. 3. Relationship between temperature rise of hot body and output of the
optical receiver.

measuring circuit should be designed in such a way that cur-
rent passing through sensor should not be more than 10maA.
Platinum resistance detector, used in this paper has a resistance
of 110 only. To limit the current, through it, to be less than
10maA, a supply voltage of 1.0V is used. The controlled heating
system is made of a carbon resistance of square cross section and
platinum detector is pasted on its one side. It is heated by pass-
ing dc current and temperature is measured with the help of a
digital thermometer as well as by the proposed sensor., A multi-
turn variable resistance is used in place of forward resistance
of the inverter and it is so adjusted that output of the summing
amplifier is zero volt precisely when heating is not started. After
setting this condition, remaining circuit, consisting of transistor
and LED is completed. With the help of biasing of the transis-
tor, output power of the LED is brought to zero level. Under
this condition, output of the photo detector should also be zero.
Now, current, through the carbon resistance, is increased slowly
and a set of readings between output voltage of the receiver and
temperature of hot body are taken. Results are repeated many
times and average value is plotted in Fig. 3. It is appreciably
linear. It is very much in conformity with the theory developed
in Eq. (19).

4. Conclusions

Alow-cost system is developed for the remote measurement
of temperature rise of hot bodies. In this application, platinum
resistance sensor is used to sense the temperature rise with high
degree of accuracy and LED is used to convert the electrical
signal into optical signal linearly and it also provides optical
isolation between input and output circuits. It can be devel-
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oped in very small size which can be properly pasted on hot
surface under measurement which may be the cable of an elec-
trical installation whose safety we are planning or it may be the
surface of the conductor of over head transmission line whose
temperature is being monitored from a safe distance. Optical
fiber is made of insulating material and ground display system
may safely monitor the temperature. Similarly the temperatures
of generators, switch gears, etc. may be safely monitored. It can
be installed on the cables of rooms containing highly important
documents to save them from internal short circuits. Signals in
the form of sound signals may be generated when temperature
rise is beyond pre-specified value. It can also be developed in
the form of MEMS with further development work.
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Abstract: The paper deals with the development of an interesting technique which can help in the
remote measurement of electrical current, using magnetic and optical devices. Major advantage of the
presented technique is the isolation provided by Hall sensor as well as by the optical devices of
measuring system from the actual power circuit. It will help in the repair of measuring system without
closing the main circuit which is a crucial requirement of supply system. Output of the optical receiver is
interfaced with the microcontroller to display the current as well as to instill intelligence to the system. It
has been successfully used for the measurement of currents up to 60 A and relationship between current
under measurement and output of the system is appreciably linear. Copyright © 2008 IFSA.

Keywords: Hall effect sensor, Fiber optic sensor, Remote measurement, Measurement of current,
Microcontroller based measurement

1. Introduction

The measurement of Electrical quantities, without making contact with the circuit under test, is a very
important requirement and it will avoid the closure of the main circuit during testing or making any
modifications in the measuring systems. For the measurement of current and voltages, without electrical
contact, current and potential transformers are used on AC circuits but they also can not fulfill the basic
requirements because open circuiting of secondary winding of current transformer may create problems,
and is not advised under standard practices [1]. This paper adopts Hall Effect sensor to isolate the main
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“circuit from the measurement circuit as well as it reduces the amplitude of the signal to low value: Asa——

second step, low level signal is converted into an optical signal with the help of LED by choosing the
most linear part of the LED characteristic. Resulting optical signal is transmitted with the help of optical
fiber and is finally converted into a voltage signal with the help of optical detector. Output of the optical
detector is further amplified then interfaced with the microcontroller to display the current as well as
intelligent steps to incorporate special warnings at the receiving end. Main circuit and measuring circuits
do not have any undesirable reflections to cause any sort of damage of chips. It has been used for the
measurement of currents up to 60 A successfully. With, higher rating Hall sensors/proper shunts still
higher ranges may be covered. For long distance transmission, LED optical source may be replaced by
Laser and multimode Optical Fiber may be replaced by single mode fiber. Currents at high voltages may
be measured with out any danger to equipment and personals due to high order of isolation between
power circuit and measuring system.

2. Basic Principles

In the proposed scheme, initially high values of currents are converted into low values of voltages with
the help of Hall sensor [2]. The output voltage of the Hall sensor is used to forward bias the LED to
produce light which is transmitted to remote place with the help of Optical Fiber. At the destination,
optical signal is converted into electrical signal with the help of optical receiver circuit. OQutput of the
optical receiver is interfaced with the microcontroller to provide intelligence as well as to display the
current, under measurement, with high degree of isolation. The theoretical aspects of different devices,
used in the scheme, are given below.

2.1. Magnetic Field and Current Sensing Integrated Circuits Based upon Hall Effect

The Hall Effect was discovered in 1879 by Edwin Hall. It arises from the Lorenz force experienced by a
charged particle moving in a magnetic field .If the carriers are flowing in a slab of metal or
semiconductor; they are deflected preferentially to one side of the slab, producing a voltage as shown in
Fig. 1. Referring to Fig.1, the Hall voltage is given by, [2]

R,I1,B
VH=_1‘L1«¥_’ (1)

where R, =Hall coeff. @?*/C), I =Current through the sensor (Amp), B,=Flux density in sensor
(Tesla), T'=Plate thickness (m).

The Eq.(1) is valid for L>> W >>T, approximately, L is not much greater than W and W>>T for cases
where the equation is valid, and nonlinearity in Hall coefficient can be neglected, the Hall voltage is
directly proportional to-the current and the magnetic flux density and inversely proportional to the
thickness of the plate. The R, is between four and five orders of magnitude larger for semiconductors

than for most metals due to the fact that the carrier density is much smaller in semiconductors. This
translates directly into increased sensitivity. Hall Effect devices are easy to fabricate and can be made as
an intrinsic part of neatly any bipolar or MOS process. A great deal of thought has been given to realize
high quality Hall devices from available active circuit processes. Allegro Micro Systems have developed
a chip for the measurement of current linearly and have incorporated Different signal conditiomng
blocks to get linear output without the effect of noise and tempﬁrature [3]. Its block diagram is shown in
Fig. 2. It has five terminals and out put is available on 3™ terminal. The relationship between output
voltage is input current is appreciably linear in different temperature ranges. It has low output impedance
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—and can be easily connected witheut loading problems: It will play important role-in-the devetopment of
remote measurement presented here.

=+
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Fig. 1. Basic Hall Sensor.
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Fig. 2. Hall Sensor (Allegro Micro System).

2.2. Use of Light Emitters to Convert Electrical Signal into Optical Signal

Light Emitters convert Electrical signal into a corresponding Optical signal that can be transmitted with
the help of optical fiber. A light Emitting diode is a semiconductor p-n junction that is optimized to
release light of approximately the band gap energy under forward bias when electrons fall from the
conduction band to the valence band. LED can work at low current densities but the emitted photons
have random phases and the device is an incoherent optical source. LED is preferred over Lasers due its
distinct advantages like simpler fabrication, low cost, reliability, less temperature dependence, simpler
drive circuitry and linearity. These advantages combined with the development of high radiance,
relatively high bandwidth devices have ensured that the LED remains an extensively used source of
optical power. The power internally generated in an LED is given by following expression [4]:
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hel

P =n — 2
= T~ (2)

where, 7,,= LED Internal quantum efficiency, A = Wavelength, # = Planck constant, 7, = drive
current through LED, e = charge of an electron, ¢ = velocity of light.

However, emitted light of the LED is of main significance because it will reach the photo detector to
produce current. The emitted light will be different from the internally generated light due to the effect
of materials used in the fabrication of LED. Following equation gives the expression for the emitted
optical power.

— £ int Fy nz 3
o an? ®)
where P, is the emitted optical power, P, is the internally generated power, F' is the transmission
factor of the semiconductor-external interface, n is the refractive index of the optical fiber, n,is the
refractive index of material of LED.

Substituting the value of internally generated power in (3) we get

N hel, F.n?
R="r =K. (4

For a particular construction, X, is constant and emitted light may be taken proportional to load current.

The drive current 7, depends upon the output voltage of the Hall sensor as discussed in previous section.

If the output voltage of Hall sensor is Vy at a particular Primary current of I Amp then resulting current
through the LED is

Ip=—2— | )

where, V', is the forward voltage of the LED.

Current given by Eq.(5) will pass through LED and will produce Optical power which may be given by
following expression [4]

_Pe = K 21 L (6)
This power will be launched into the multimode optical fiber by polishing the optical fiber nicely. Now
the signal representing the current under measurement will travel through the Optical Fiber and in the

receiver side this light will fall upon the Photo Diode and produce a current, 1,,. Expression for detector
current may be given by following expression:

Ip,=RP =RKI,, )
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___where I,is the photo diode current-andR—is-the respensivity of -the-diode-and may be given by
following expression:

_m
gR_hf’ (8)

where 7 is the quantum efficiency of the diode, e is the charge on the electron, /4 is the Plank constant,
S is the frequency of the incident light.

Substituting the value of I, in (7) we get

Vy =V,
I, =9RK,. ”R £ ©)
T
Substituting the value of ¥}, in (9) we get
1 Ryly.B
Ip =9“Keil————”' 7Vl (10)

For a particular chip we can make some assumptions and final expression may be written as follows:
I, =K1y -K,. (11)
Eq. (11) shows that the relationship between I, and I, , may be represented by a straight line. I, can be

converted into voltage using the current to voltage converter and may be further amplified using an
inverter. A summing amplifier at the end may be used to develop linear relationship between 7, and 7,

as shown in Fig. 3. The output voltage of the current to voltage converter may be given by following
expression: :

Vo=—Ip.Ry (12)
The output of the inverter, with a gain of— &, , will be
Vor = IpK;5.Ry (13)
Substituting the value of I,, we get
Voo =K Re (K Iy — K,) (14)

A summer amplifier is so designed that it will subtract a voltage equal to K, x R, x K, from the voltage
V4, - The final expression will be:

Voo =K3.Rp K\ Iy =K, Ty (15)

25



Sensors & Transducers Journal, Vol. 93, Issue 6, June 2008, pp. 21-28

Eq. (15) shows that output voltage, V;, of the summer will be proportional to primary current in the input —
circuit and relationship between ¥, and I, will be linear.

100KC2

429491 Old

Current Receiver
Convertor Amplifier

Sumimer Inverer

= Trarsmitters Rezeiver Circuit

Cireuit

MICROQCCONTROLLER
& LCD DISPLAY

AVidSIq ain

Fig. 3. Circuit diagram of the proposed technique.

3. Experimental Results

Initially, the characteristics of the Hall Sensor, Optical transmitter and optical receiver were determined
and verified in the laboratory and it was found that the devices gave quite repetitive characteristics. To
verify the scheme, connections were made as shown in Fig. 3. It was tested for Direct Currents due to
some limitations of the equipment. To get better sensitivity, ends of the optical fiber were pohshed with
great care and then they were fixed inside the transmitter and receiver carefully. The connections in the
primary circuit were checked to avoid loose connections which may give rise to terminal heating.
Constant voltage supply of 5 volts was given to the photo diode and LED to avoid noise. Current was
increased in steps of 5 A and resulting output of the photo detector circuit was recorded with the help of
a multimeter. Observations were repeated a number of times and at different ambient temperatures. It
was observed, for the temperature variations in an air-conditioned Laboratory, there was no variation in
the results.

The results are shown in Fig. 4. Same observations were repeated after interfacing the optical receiver
with the microcontroller followed by the LCD display system. The results obtained are shown in Fig. 5..
According to the theoretical derivations developed in Eq. (15), relationship between the current under
measurement and output voltage is appreciably linear.

4. Conclusions
A novel scheme is presented for the measurement of largs values of currents without making direct

contact with the main power circuit. It employs the famous Hall devices for current sensing and optical
sources and detectors for transmitting the signals to remote places for safe measurement. Any changes

- may be made in the measurement circuit, beyond the output of the of the Hall sensor, without affecting

the main power circuit and hence without being affected by the high voltage of the primary circuit, due
to perfect isolation. Linearity, accuracy and reliability of the measurement mainly depend upon the Hall

26



Sensors & Transducers Journal, Vol. 93, Issue 6, June 2008, pp. 21-28

is 5% while maximum error is 1% only [3].Accuracies of transmitter and receiver may be much better
than this. Repeatability of the circuit has been tested through rigorous experimentation. With further
development work, accuracy, reliability and repeatability of circuit may be improved. Complete circuit
is compact, robust and can be prepared at low cost. It may be further extended for the measurement of
a.c. current, and voltages and power.

o o = = =
o ©® 2 N AN o
1 1 1 1 1 J

Output of Recelver Circuit ,V
o
o

I
o N
'

10 20 30 40 50 60
Current under Measurement,A

o

Fig. 4. Relationship between current under measurement and Ontput Voltage of the receiver.

Microcontroller Output (Decimal Numbere

0 < T T : T T T 1}
0 10 20 30 40 50 60

Current under measurement ,A

Fig. 5. Relation ship between current under measurement and microcontroller output.
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INTRODUCTION

This paper deals with the development of a non-destructive Impedance spectroscopic technique which
may assess the conditions of the fruits to pluck them with the help of robotic arms. The characterization
of fruits has been an important issue in the automatic sorting of fruits from the harvest site as well
as from the cool storage. The quality of the fruits, at the time of consumption, also depends on the
maturity stage reached at the time of harvest. Characterization techniques may be divided into two".
groups i.e., non-destructive and destructive techniques. For automatic sorting of fruits, with the help
of robotic arms, generally, non-destructive techniques are preferred. Impedance spectrometry has been’
successfilly used in the characterization of fruits (Harker and Dunlop, 1994; Harker and Maindonald,
1994; Inaba et al., 1995; Bauchot et al., 2000). However, their aim was to analyze the fruits with the
help of impedance spectroscopy and they used both destructive and non-destructive techniques for this*
purpose. They did not plan to develop any technique for the characterization of fiuits for commercial
purposes (Bauchot et al.2000). Non-destructive techniques based on Ultrasonic, optical, microwave and
semiconductor sensor have been used successfully for the testing of fruits, for commercial purposes..
A tomato maturity predictive sensor was developed to be used at packing houses for detecting unripe -
tomatoes that will never turn red by making spectral and colour measurements of green-mature
tomatoes just after harvest. Colour was measured daily and used as an index for classifying harvest
day spectral data into ripe or unripe (Hahn, 2002). Preliminary investigations are made with the help of
two terminal probes and an accurate LCR meter. The bulk impedance of tomatoes have been measured
to characterize raw and ripe fruits.

METHODOLOGY

A fiuit can be represented by an electrical equivalent circuit which is composed of resistances and
capacitances connected, in a specific manner, according to the structure of the fruit. When bulk
impedance is measured between two points, effective impedance may be composed of capacitances
and resistances. If the effective impedance (Zef) is measured with the help of a bridge, either series
or parallel mode may be used. However, in the present investigations, parallel combination of¢ |
effective capacitance (Cef) and effective resistance (Ref) are measured. It may be given by following -
expression: :

1/ Zef= 1/Reftj Cef (1)

The values of these capacitances and resistances will depend upon the structure of the fruit. These will
be different when measured for raw, ripe and over ripe vegetables/fruits of nearly same size because .
impedances offered by skin, pulp and seed of the fruit/vegetable will be different. In this case, raw -
and ripe fruits /vegetables may be characterized in terms of their effective resistances and effective
capacitances, measured at low frequencies. Suitable frequency, at which maximum difference occurs
between impedances may be determined by determining their effective resistance versus frequency
and effective capacitance versus frequency characteristics in the frequency range of 1 kHz to 200
kHz.
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3
; RESULTS AND DISCUSSION

The Change in Effective Resistance, with time, at 1kHz for the case of Tomatces

Inthe case of tomatoes of selected size, the effective bulk resistance varies from 8424} { nesipe gresajat
1 kHz to 616.1 kQ (ripe, red) at 1kHz,for a selected size of the probe, as shown m Table-1.The resals
show that resistance increases by a factor of 7.3 from unripe to ripe and this facior rederes 2 43 on
fifth day. Appreciable difference exists between the resistance of the raw and ripe frsirs snd hence this
technique may be successfully used to differentiate between raw and ripe tomazces.

The change in Effective Capacitance, with time, at 1kHz, for the case of tomazoes

In the case of tomatoes of selected size, the effective bulk capacitance varies from 0.882eF {uripe,
green),at 1 kHz to to 0.421nF (ripe ,red) at 1kHz,for a selected size of the probe, as shows = Table-1.
On comparison it is observed that the effective capacitance decreases by a factor of 2.1 Fom @w
to ripe state and on fifth day it rises to 0.722nF. It can be easily analyzed that effective capacins

§ increases when tomato enters the over ripe condition. However, change in capaciiance s mok so high
8 as change in resistance when tomato passes from the phase of raw to ripe condition.

Day | Resistance Average (Kohm) Capacitance Average (nf)
1 34.2 0.882
2 207.5 0.661
3 3354 - 0.512
4 616.1 0.421
5 363.8 0.722
CONCLUSION

: In the light of experimental data, it can be concluded that impedance spectromeiry may be saecessiuily
& used to differentiate between the ripe and raw tomatoes. Color of the fruit together with &s test bas
been used to differentiate between the raw and ripe fruits. For automatic operation resisiapce to volmge
;a‘:onvertiﬁg circuits together with the microcontrollers may be used to create suitzble signals o pinck
R the tomato from the bush. .
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Abstract

This paper deals with the development of a non-destructive Impedance spectroscopic technique
which may assess the conditions of the fruits to pluck them with the help of robotic arms.
Preliminary investigations are made with the help of three- terminal probe and an accurate LCR

meter. The bulk impedance of mango has been measured to characterize raw and ripe fruits.

. Bffective resistance and effective capacitance versus frequency characteristics have been

determined. The bulk effective resistances, of the ripe fruits, are found to be more than those of

' the raw fruits, in the frequency range of 1-6kHz.In the same frequency range, effective

capacitances of the raw fruits are found more than those of the ripe fruits. In the light of the data
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obtained, it can be said that the effective resistance may be used to differentiate between raw and

ripe fruits in the frequency range of 1-6 kHz.

Key words: Electrical Impedance spectroscopy; Quality assessment of fruits, Impedance

Measurement, Non-Destructive Testing of fruits, Post harvest Assessment.
1. Introduction

The characterization of fruits has been an important issue in the automatic sorting of fruits from
the harvest site as well as from the cool storage. The quality of the fruits, at the time of
consumption, also depends on the maturity stage reached at the time of harvest. Characterization
techniques may be divided into two groups i.e., non-destructive and destructive techniques. For
automatic sorting of fruits, with the help of robotic arms, generally, non-destructive techniques
are preferred. Impedance spectrometry has been successfully used in the characterization of
fruits in a very high frequency range (Harker and Dunlop, 1994; Harker and Maindonald, 1994;
Inaba et al., 1995; Bauchot et al., 2000). However, their aim was to analyze the fruits with the
help of impedance spectroscopy and they used both destructive and non-destructive techniques
for this purpose. They did not plan to develop any technique for the characterization of fruits for
commercial purposes. Non-destructive techniques based on Ultrasonic, optical, microwave ,
Image Categorization and semiconductor sensors have been used successfully for the testing of

fruits, for commercial purposes (Krairiksh et al., 2004, Mizrach, 2000,Rocha et al 2010; Xiao-bo

et al,2010 and Alonso et al 2003). Non-destructive ultrasonic tests have been used to elucidate
the influences of storage temperature and time on the softening process of avocado fruit. This
method is based on the measurement of acoustic wave attenuation in the fruit tissue, by means of

ultrasonic probes in contact with the fruit peel (Mizrach, 2000). An automated firmness
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monitoring system, for apples, was developed based on non-destructive acoustic impulse
response technique to estimate the firmness during storage and determine the time when cool
stores should be opened (Belie et al., 2000). An application of high frequency electromagnetic
waves was developed to test the mango by measuring its dielectric property at 12.4 GHz
(Krairiksh et al., 2004). A tomato. maturity predictive sensor was developed to be used at packing
houses for detecting unripe tomatoes that will never turn red by making spectral and colour
measurements of green-mature tomatoes just after harvest. Colour was measured daily and used
as an index for classifying harvest day spectral data into ripe or unripe tomato (Hahn, 2002). An
application of ISFET sensors (semiconductor sensors) to analyse calcium, potassium and nitrates
in several apple varieties, both in juice and in situ fiuit has been developed. Results show that the
analysis of potassium, calcium and nitrate permits to distinguish among apple varieties and can
also be used to determine correctly the concentrations of these ions (Alonso et al., 2003).
Impedance spectrometry is a low cost and simple technique and has a lot of potential to be used
to characterize fruits non-destructively in vivo and at the site of harvest and storage. It has been
recently used for the analysis of eggplant pulp (Wu et al., 2008). Effects of drying, freezing and
thawing treatments on its impedance characteristics have been determined. An integrated
approach to electrochemical impedance spectroscopy has been presented by Orazem et al., 2008,
Impedance microbiology has been successfully used for the quantification of bacterial content in
milk by means of capacitance growth curves (Felice et al., 1998). In another research work
impedance spectroscopy has been used in the study of apple juices and apple pasteurized pulp
(Ryszard et al., 2005). In the present study, an attemopt has been made to develop a low cost
technique for the characterization of raw and ripe fruits, through non-destructive impedance

spectroscopy, for commercial applications. In practice, impedance is measured as either bulk
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impedance or surface impedance. Both techniques have their advantages and limitations. In this
study, bulk impedance (assuming parallel combination of resistance and capacitance) is used for
the assessment of the ripeness of the mango fruit. For this purpose, effective capacitance versus
frequency and effective resistance versus frequency characteristics have been determined for the

cases of mangoes.
2.0 Materials and Methods
2.1 Fruit characterization by Electrical properties

The equivalent circuit of a fruit may be represented by the electrical equivalent circuit shown in
Fig.1. If effective impedance (Ze) is measured, with the help of a bridge, either series or parallel
mode may be used. However, in the present investigations, parallel combination of effective
capacitance (Cef) and effective resistance (Rer) is selected. It may be given by the following

expression:

1/ Ze=1Rerjo Cos (1)

The values of the effective capacitance and effective resistance will depend upon the structure
of the fruit. Effective values are taken because it will not be pure resistance or pure capacitance
but combination of resistances and capacitances due to the complex nature of the equivalent
circuit (Hague and Foord 1971].These will be different when measured for raw, ripe and over
ripe fruits of nearly same size because impedances offered by skin, pulp and seed of the fruit will
be different in above conditions. Hence raw and ripe fruits may be characterized in terms of their
effective resistances and effective capacitances. Optimum frequency, at §vhich maximum

difference among impedances of raw, ripe and over ripe fruits may be achieved, may be assessed
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by determining their effective resistance versus frequency and effective capacitance versus

frequency characteristics in the frequency range of 1 kHz to 200 kHz.

The effective impedance of a fruit, as measured by a probe and LCR meter may depend upon a
number of factors. The effect of some factors may be assessed systematically while others which
affect randomly may be determined statistically. Hence impedance of a fruit may be represented

by following expression:
Zef= f(Xl, X9y XFsassannmon Xn) (2)

wﬁere X1y X2, X3eeueonnnns xn are the variables which affect the value of Z in two ways. Either it
will be a systematic effect or random effect. The corresponding changes due to systematic effect
in Z,s may be obtained by careful experimentation. Similarly the effect of the factors which
affect randomly may be assessed by taking large number of readings and determine the eifect

statistically. Some of the factors are discussed below:

X; is attributed to the condition of the fruit which is the function of time i.e. it may be unripe,
ripe or over ripe. This should represent the major systematic change in Ze with time. Our aim is
to use this change to characterize the fruit. It may be obtained by measuring the effective

impedance at suitable time intervals.

X5 factor may be related to the shape of the fruit. If fruit is symmetrical, impedance may remain
approximately constant when measured across a certain periphery having nearly same diameter,
like apple, tomato etc. In the case of unsymmetrical shape, bulk impedance will have different
values i.e., mango. However, in the case of mango, two nearly parallel surfaces may be used to

define the bulk impedance for analysis purposes.
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X4 factor may depend upon the size/weight of the fruit. Size will decide the distance between the

electrodes as well as the parallel paths in the fruit. It may be assessed by measuring impedances
of the fruits of different weights to develop a relationship between capacitance/resistance verses

mass.

X4 factor will decide the value of impedance depending upon the contact area of the electrodes of
the probe. It will decide the value of the impedance which will be measured by the LCR Bridge.
For small area, value of impedance will be large while large areas will offer small impedance

only. However, for constant area probe there will be no variation in impedance.

X5 factor may be the temperature of the fruit. It will affect the impedance directly and can be

assessed by measuring the impedance at different temperatures.

X is a factor which will change the impedance of the fruit at constant controlled temperature
due to random variation of temperature around the controlled temperature as well as due to the
random variation of contact resistance. Effect may be assessed by measuring the impedance
several times with in a very short interval of time. Its effect may be assessed in terms of standard

deviation.

X7 is a factor which affects the impedance of the fruit by changing the position of the probe
slightly around one point only. The change may be due to the variation in the impedance offered -

by the fruit at different positions in a symmetrical surface.

X to Xy factors will affect the measured value of the impedance of the fruit. Main aim of this
study is to categorize unripe, ripe and over ripe fruits which are available at a place or on a tree,
with the help of measurement of impedance of the fruit. However, at a particular instant, fruit

will have one condition i.e. it will be ripe, unripe or overripe. With the help of impedance
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measurement, it is to be proved that the variations in the value of Zg, due to variables other than
time, are negligible or very small in comparison of variations due to time. This variation is our
requirement and will be measured with good order of accuracy. However, the variations in the
value of Ze, due to random effects will be ascertained in terms of standard deviations using
Excel software. The effects of other variables which affect the measurement systematically will
be minimized by making the ﬁeasurements under controlled conditions. Condition of the fruit is
assessed on sensory basis only due to non-availability of facilities for chemical analysis etc. The
variety of mango which is available on the trees of University area is ﬁsed for testing purboses. It
changes colour from dark green to bright yellow colour on ripening. The change in impedance
and change in colour follow one another and yellow fruit is appreéiably sweet when tested by a
number of staff and students. If raw and ripe fruits have distinctly different impedances at a
particular frequency, a signal proportional to the impedance of the ripe fruit may be generated to

actuate a robot to pluck a ripe fruit (Edan, 1995).
2.2 The bulk impedance measuring system

The bulk impedance measuring system is shown in Fig. 2(a) and its full cross sectional view is
shown in Fig. 2(b). Lower potential electrode is spring loaded and can be moved in vertical

direction only. It can be fixed in its position at the time of experimentation. Higher potential

_electrode can be moved in vertical direction as well as in the horizontal direction (towards or

opposite to the position of lower potential electrode). The order of impedance offered by the fruit
will be governed by the cross sectional area of the electrodes. Bigger cross section will provide
low resistance and higher capacitance and will not be able to make good contact with the fruits
which mostly have curved surfaces. Smaller cross section of the electrode will provide higher

resistance as well as low capacitance and will be able to make good contact with the surface of
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the fruit. Different cross sections were tried and finally electrodes of 5mm diameter were
selected. Fruits of maximum width 7.2 cm and maximum height 8.5cm may be tested for their
bulk impedances by the designed setup. The pressure applied on the fruits will be governed by
the high potential electrode because lower potential electrode is stationary as well as spring
loaded. The mass of the fruit is measured with the help of a Digital mass measuring system
installed in the bottom of the device while temperature is measured with the help of temperature
sensor AD590. To provide uniform temperature inside the container exhaust fan and holes are

provided.
2.3Post Harvest Experiments

2.3.1 Determination of effective resistance versus frequency and effective capacitance

versus frequency characteristics of Mango

For the preliminary investigations, the bulk effective impedances {(Hague and Foord, 1971) of the
fruits have been measured, with the help of an LCR meter [LCR-800, Gw Instek] and two
terminal probe, developed for this project, as shown in Fig.2(a) & (b), to characterize the
conditions of the fruits. The bulk effective Impedance is measured in terms of the parallel
combination of effective capacitance and effective resistance in the frequency range of 1 kHz to
200 kHz. LCR meter have digitally controlled Frequency & voltage variations. It can measure
impedance in series or parallel mode which can be easily selected from the front panel. Sample
are selected of uniform size and weight and are properly cleaned and their dimensions, weight
and temperature is correctly recorded. Proper contacts are made between the electrodes of the
probe and the fruit skin. Arrangements are available to measure the mass and width of the fruit in

the system. Effective resistances and effective capacitances of the samples are measured at one
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voltage and very high frequencies are not used to avoid self heating. Fig.3 shows the variations
of the effective resistance of a mango fruit when subjected to frequencies from 1 kHz to 200 kHz
for seven days. Similarly Fig.4 shows the variations of effective capacitance with frequency for
seven days. In this duration, unripe mango becomes ripe/ overripe depending upon the condition
of the fruit in the beginning. It is concluded, after the analysis of the characteristics shown in
Fig.3&4,that fruits have highest effective resistance and capacitance at 1 kHz (in the frequency
range of 1 kHz to 200 kHz). Hence it is decided to ascertain the variations, in the values of

impedance of the fruit, at 1 kHz.

2.3.2 Study of variation in the values of effective resistance and capacitance due to random

variations of contact resistance and temperature

The effect of the random variations of contact resistance (due to random changes in contact
pressure) and random variation of temperature, on the measured values of the effective
impedances of the fruit, are ascertained by measuring the impedances of the fruit, at 1kHz, in a
batch of ten readings where each reading is the average of three readings. These measurements
were made at a controlled temperature of 25° C. The data with standard deviation is given in

Table-1

2.3.3 Study of the effect of the weight of the mango on the impedance when measured at

1kHz.

To study the variation of impedances with weight, four samples of different weights are selected
from the same branch of the tree. The impedance is measured at 1 kHz ten times under controlled

conditions and average value of the effective resistances and capacitances of the samples are

volt, in the frequency range of 1 kiHz to 20U kiz and results are shown In Iig.5cc4. Higher
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measured with the help of designed probes and precision grade LCR meter. The data obtained is

tabulated in Table No.2 for analysis purposes.
3. Results and Discussion

3.1 Effective Resistance versus Frequency Characteristic of mango

The effective resistance versus frequency characteristic is shown in Fig.3. In the case of raw
mango of selected size, the effective bulk resistance varies from (28.840.8) kQ at 1 kHz to
(8.310.8) k€ at 200 kHz when measured with the help of the designed probe system, including
the random effects. However, the same mango on the sixth day, when it is nearly ripe (when
color changed from dark green to yellow), offers an effective resistance which varies from
(271.510.8) k2 at 1 kHz to (36.610.8) kQ at 200 kHz .The results show that appreciable ratio
(9.42) exists between the effective resistances of ripe and raw fruits at 1 kHz. On the other hand
the ratio reduces to 4.41 at 200 kHz. The variation in effective resistance of the fruit (Mango) at
1 kHz, which is shown in Fig.5, is enough to characterize raw and ripe fruits in terms of their
effective resistances only. The variation due to random effect is nearly negligible under
controlled conditions. However, changes in effective resistance from raw to ripe mango is so
large that small variations due to changes in size, temperature and contact resistances will not
affect the final assessment of the fruit. Hence, an electronic circuit which may develop signals
proportional to effective resistance and effective capacitance separately may be used in the
development of a low cost fruit characterization instrument (Rehman& Hasan 1998). The
referenced circuit could be effectively used to characterize fruits in terms of the ranges of
resistances. The bats to represent random errors in effective resistance versus frequency are not.

used as errors are nearly negligible in comparison of resistances shown by the LCR meter.
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3.2 Effective Capacitance versus Frequency Characteristic of mango

Effective capacitance versus frequency characteristic is shown in Fig.4. The effective
capacitance varies from (0.65+.021) nF at 1 kHz to (0.13%.021)nF at 200 kHz in the case of
raw mango (first day, dark green). The same mango, on the sixth day, has effective capacitance,
which varies from (0.12+.021)nF at 1 kHz to (0.0284.021)nF at 200 kHz. It can be easily
concluded that the ratio between the effective capacitances of raw and ripe fruit at 1 kHz is 5.42
which is quite low in comparison of the ratio between the effective resistances of ripe and raw

fruits (9.42).
3.3 Effective resistance and effective Capacitance versus time Characteristic at 1 kHz

To study the variations in the values of impedances offered by the fruit, under test, at 1 kHz, data
is extracted from the characteristics shown in Fig.3 &4. It is redrawn in Fig.5. It clearly shows
that effective resistance of the fruit under test increases with time and reaches a peak-and starts
decreasing with the passage of time. Initially when fiuit was clearly raw and had green color,
effective resistance was lowest and effective capacitance was highest. When fruit started
changing colour effective resistance started increasing and effective capacitance started
decreasing and reached a highest value and lowest value respectively on the same day as shown
in Fig.5. With further delay, effective resistance started decreasing and reached a new lowest
value on eighth day. It is the most important characteristic which may be utilized to establish
relation ship between condition of fruit and effective resistance and effective capacitance as
measured by the bridge. The duration is so selected that it covers all the conditions of frnit from
raw to over ripe. The frequency selected is 1 kHz which is suitable with respect to its effect on

the fruit due to self heating caused by different type of losses. Resistance characteristic is nearly
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the inverse characteristic of resistance. It shows that the ratio of effective resistance of ripe to
raw fruit is 9.42 while ratio of effective capacitance of ripe to raw fruit is 1/5.42. This fact
shows the effectiveness of the resistance measurement over capacitance measurement, to

characterize the raw and ripe fruits.
4. Conclusion

The impedance spectrometric technique has been developed and applied successfully in the
characterization of raw and ripe mangos in the frequency range (1kHz to 200kHz). It has been
observed that the effective capacitances as well as effective resistances of the samples decrease
sharply with increase in frequency (1 kHz to 6 kHz) and finally varies very slowly after 30 kHz.
By measurihg the effective resistances and effective capacitances of the fruits, at a particular
frequency, raw and ripe conditions may be established. The characterization, through impedance
spectrometry, will be simpler and low cost at lower frequencies. The effect of random variation
of temperature and pressure is also determined and found negligible in comparison of change in
effective capacitance and resistance due to ripening process. The ratio between the effective
resistances of ripe and raw mango, measured at 1 kHz, is 9.42 while ratio between effective
capacitances of ripe and raw mangos is 1/5.42. Hence the effective resistances and effective
capacitances of mango fruits may be used to differentiate between raw and ripe mangos.
However, the ratio of effective resistances of raw and ripe mangos is more than'thé ratio of
effective capacitances of raw and ripe mangos. Hence effective resistance measurement may be
used to differentiate between raw and ripe fruits in the presence of all sources of error for

commercial purnoses.
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Fig. Captions
Fig. 1 Electrical Equivalent circuit of mango
Fig. 2 Photograph of the Experimental set-up

Fig.3 Effective Resistance versus Frequency characterictics of Mango

Fig. 4 Effective Capacitance versus frequency characreistics for mango

Fig.5 Effective resistance and capacitance variations for a mango, with time
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365 Fig. 2 (a).Photograph of the Experimental set-up Fig.2(b) Cross sectional view
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396  Table-1 Study of the random variation of the effective resistance and capacitance of a mango sample with
397  respect to contact area of the electrodes and temperature. (Readings are taken at the same point). Applied

398  Frequency 1kHz

Repetition No Fruit Resistance , K ohm  Fruit Capacitance, nf

1 ) 23.86 0.591

2 25.25 0.583

B 3 26.31 0.615

4 2491 0.602

5 25.37 0.622

6 ' 25.83 0.645

T 26.53 0.583

8 25.37 0.591

9 2491 0.596

10 26.18 0.628

Average Value 25.45 0.605

Standard deviation ¢ 0.799 0.021
399
400
401
402
403
404
405

406



408  Table 2 Variation of the resistance and capacitance of the mango samples with weight.

Weight, gm  Resistance, Kohm  Capacitance, nF

SAM 4 247.7 gm 32.54 0.547
SAM3 255 gm 30.24 0.694
SAM 1 263 gm 28.83 0.725

SAM 2 282 gm 29.66 0.677
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Table 3 Variation of the resistance and capacitance of the mango sample with temperature.

Frequency(1Khz) Mango Sample
Temperature °C Resistance,Kohm Capacitance,nF
11 11.86 1.64
112 11.77 1.65
11.3 11.73 1.66
11.4 11.72 1.66
11.7 11.65 1.68
11.9 11.64 1.68
12 11.62 1.69
122 11.6 1.69
123 11.59 1.69
125 11.57 1.7
12.8 11.56 1.7
13 11.54 1.71
132 115 1.71
13.5 11.48 1.2
13.8 11.46 1.72
13.9 1145 1.72
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