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1. Motivation and scope of work

Lowlevel measuremergtare an important part of electrial studies. Dudo the small values
of current andvoltage used, the precision of the values becomes very important. For

example, a change of 1 nA or 1 nV can make a huge difference.

For that reason,measuringthose values requires special study and therefore, special

attention, procedures, equipment and designs.

In this thesis, different ways to measure low current, values oapé nA will be analyzed
and compared Currently in the market, devices capalotiedoing this tasklio exist but for a
very expensive price. The purpose of this study will be to design an economically affordable

device capable of producing acceptable results.

The stepsoutlined in the following pagesvill focus on measuringpolarizaton current

throughan isolating systerapplying avoltageup to 20 kV.

Different processs of measuring will be evaluatedin the endone will be chosen to take
the measurenents and show them over a multimetatevicewhile simultaneously logging

the values in a computer
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2. Methodologies for low current measurements

This section will outline and describe the basic circuits on which the ammeters and

electrometer are based as well as the basics of the operational amplifiers.

An operational amplifier is device which can hava varyingamount of pins. The standard
ones are nornverting input (V+), inverting input {)/ output (M) and positive and
negative voltage supply inputs {(W5s). In addition to thosethere can be pins for offset

cancellingclock synchronizingand many others

VS+

Vg

Imagel External and internal representatidm]

The main equation for the operational amplifier is:

Vo=A V,—V_ (2.1)

The amplifier amplifies the difference of voltage between both inputs multiplied by the open

loop gain A. The gain is different at every operational amplifiercamhot be modified.

The range of the gaiwill typically ke approximately10.000 to 100.000As it is so big, a very
small difference between the inputs creates a big output, usually at the level of the power
supply (saturation). Due to this big gain,gtreally difficult to control the behavior ian
open loop. Themost usual way to operatausng amplifiers is using a feedbad&op. It

usually connects the inverting input to a portion of the output.
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Image2 Example of feedback connectift

By using 2 resistances the gain is highly redudde transfer function applied in this

situation is:

R 2.2
Vour =Vin - (1 + R_f) ( )
G

The 2 resistances work as a voltaged#ilt is acceptable to make the assumption thatV

V. For that reason, the voltage between both resiss will have to bethe same as the

therefore, the relation between the resistors will give thew gain.

For example, if both resistehave the same value, and,¥ 5 V, the output will be 10 volts.
That is because the node between the resistooanected to the ingrting inputhas toalso

be 5V, so the output has to be 10 V. It proves the equation:

R 2.3
Vout =Vin - (1 + R_f) 23
G
X
> 10=5-(1+3) (2:4)

with Xas the value of the resistors.

2.1. Shunt ammeter

O
Iinj

Image3 Shunt ammeter schematic
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The shunt ammeteworks bymeasuring the voltage created over a resistancg, (Rrough
which the current desired to measure circulates. Knowing the values of the shunt resistance
(R) and R and R, the arrent can be calculated from the voltage of the output with the

following equation:

R
Vo=In'Rs-(1+ _RA) (2:5)
B

The shunt resistance should be as small as possible, for reasohn as: better stability with
time and temperature, reducethput constant time and reduckvoltage burdenHowever,
if it is too small it couldlead todegradng of the signato-noise ratioand introducing some

noise and zero drift.

2.2. Shunt Ammeter with buffer amplifier

This case is similar to the shunt ammetart with a buffer amplifier between the shunt
resistance and the operational amplifier. This case is used when the current measured is
really low and the input bias current can be around the same range of the desired measured
values. For that reason, aegal ultralow input bias current operational amplifier is used. It

is mounted in a follower configuration, without addirgain but providing stabilityThe

buffer has ideal infinite iput impedance and zero output pedancewhich allows to

transfer voltag from first to second part of the circuit.

A voltagefollower configuration is where the output is connected with the inverting input

with a unity gain giving the following transfer function:

Vout = Vi (26)

| ‘ Vout
Bias A

Image4 Voltage followemvith ultralow input bias current
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Currently exists ultralow input bias current as low as 40fA like AD549L

vig| Y L\
o

R24

-
RE% AM

Image5 Shuntammeter schematigvith buffer amplifier

2.3. Feedback Ammeter

In the feedback ammeter, there d@sresistor connected between the output and the negative

input. The positive input is connected to the ground. The equation is:

VO = _IIN - RF (27)

VOUt

17 Output

Image6 Feedback Ammeter schematic

Input
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The input current flows through thé&eedback resistor. It is suitable that the operational
amplifier has a low input bias currergo the full current flows through the feedback resistor
and not inside the operational amplifielhat way, the measurement w@be affected by
the own operatonal amplifier and will be as accurate as possfildhe measurmentis as

accurate as possible

The commercial picoammetds an exampleof hardware using the Feedback ammeter

situation.
2.4. Differences betweershunt and feedback

Shunt measurement is the @st common type of measuring for the wide range they can
achieve. Feedback ammeters are bettarcases of really lowurrent measurementg2].
However, as long as the shunt resistor is significantly smaller than the resistance of the DUT
and the currents to be measured are not very small (not much lower than microamp level

[10¢6 pA]), shunt ammeters work fin¢2]

In shunt ammeter, the voltage drop is created between the output and the input of the high
gain amplifier instead of between the inputs like the shunt. The main characteristic for the
voltage feedback ammeter is the low voltage burden, which makes it mppeopriate for

low level measurements. The input voltage is equal to the output voltage divided by the op
amp gain (typically 100,000), so the voltage burden has now typically been reduced to micro

volts.[2].

3. Test setup

3.1. Definitions of technical words designing a low current
measurement circuit
Before starting to describe the different parts and elements of the circuits, it is important to

get familiar with the technical words that are going to be used frequently througkioait

study and the differences between them.
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Accuracy
The definition of accuracy is the closeness of agreement between the measurement

and its true valud3]. It is often specified as (% of reading + count) af (ppm of
reading+ ppm of range). The percentage of reading is more significant when the
reading is close to full scale and the percent of range is most significant when the

reading is a small fraction of full sc§83.

Error
The deviation of a masurement from its true value. It can be expressed as the

difference or as a rati3].

Resolution

The smallest portion of the signal that can be obserf3dThis means the number of
counts that can belisplayed, based on the number of digits. An example(&05%

+ 1 count) reading 10.000V equals a total errot@mV + 1 mV) out of 10V. Usually,

the higher resolution, higher accuracy.

Sensitivity
The smallest change in the signal that cardbe&ected[3]. That means that a change
0Stft2e GKS aSyairdArAgraite @FtdzS 62yQid o6S

depend on the display resolution and the measurement range.

3.2. Isolating material

The isolating system ceists of a metaplate test celldevicewith a surface of 300 mm, with
3 electrodes(High, Low and Guardjside containing an oil or paper between them. The

distance between the 2 electrodes can be changed between 1 and 5 mm.

On the system a voltage beégn 5 kV an@0 kVwill be applied
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The resistance of the isolating systel@pends on the temperature and the strength of the
electrical field applied. It can have a range between 10Q aid 100K depending on the

conditions.

Image7 Closed test cell Image8 Opened test cell

Image 7 and 8 show the test cell used for catrmeasurement. The insulation system goes

placed inside, either oil or paper
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3.3. Arduino UNO

Arduino UNO s the device that will be used to read the values and deghem to the
computer to be dgged It will take some time and processes to adjust and program the

device so the results are the expected ones.

Arduino is gorototype board, easy to use andthout the need to add significant hardware.
It can perform many different operationéll the components are mounted on a board, with

the input and output connections defined

The platform canalso communicate with other devisehrough digital IN/OUT ps or
through the USBIn this caseit will be communicating witla computerthat will receive and

log the data coming from it through a USB.

The Arduino operations are made through thArduino development environment. It is

based on C computer languaged will be later discussed and explained

Referring to specifications, the Arduino Uno is a microcontroller board based on the
ATmega328. It has 14 digital input/output pins, 6 analog inputs, a 16 MHz ceramic resonator,
a USB connection, a power jack, BCSP header, and a reset button. It contains everything

needed to support the microcontroller.

The most common specifications are:

Tablel Arduino specification]

Operating Voltage 5V
Input Voltage tecommended) 7-12V
Input Voltage (limits) 6-20V
Digital I1/0 Pins 14
Analog Input Pins 6

DC Current per I/O Pin 40 mA
Flash Memory 32 KB
SRAM 2 KB
EEPROM 1 KB
Clock Speed 16 MHz
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3.3.1.Powerpins

The Arduino Uno can be powered via the USB connection or with an external power supply.
External (noAJSB) power can comigom either an A@o-DC adapteror a battery. The
adapter can be connected by plugging a 2.1mm ceptesitive plug into the board'power

jack. Leadrom a bdtery can be inserted in the GN&nd Vin pin headers of the POWER
connector.By default it is provided 5V from the US®. a computer will be usgo show the

results,in this casgower will be powered via the USB connection

Theboard can operate on an external supply of 6 to 20 volts. If supplied with less than 7V,
however, the 5V pin may supply less than five volts and the board may be unstable. If using
more than 12V, the voltage regulator may overheat and damage the board. Th

recommended range is 7 to 12 volts.
The power pins are as follows:

« VIN.The input voltage to the Arduino board when it's using an external power source
(as opposed to 5 volts from the USB connection or other regulated power source).
You can supply vage through this pin, or, if supplying voltage via the power jack,

access it through this pin.

e 5V Thispin outputs a regulated 5V from the regulator on the board. The board can
be supplied with power either from the DC power jack [2V), the USB conntor
(5V), or the VIN pin of the board-[2V).

« 3V3 A 3.3 volt supply generated by the-board regulator. Maximum current draw
is 50 mA.

. ND Ground pins.
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Image9 Arduino board with the components

3.3.2.Input and Output

Each of the 14 digital pins on the Uno can be used as an input or output, pisvigde()
digitalwrite(), anddigitalRead()functions. They operate at 5 volts. Each pin can provide or
receive a maximum of 40 mA andveean internal pulup resistor (disconnected by default)

of 20-50 kOhms. In addition, sonmns have specialized functions:

e Serial: 0 (RX) and 1 (TX). Used to receive (RX) and transmit (TX) TTL serial data. These
pins are connected to the corresponding pins of the ATmega8U2t&JEBL Serial
chip.

o External Interrupts: 2 and 3. These pins carcbnfigured to trigger an interrupt on a
low value, a rising or falling edge, or a change in value. Seatthehinterrupt()

function for details.

« PWM: 3, 5, 6, 9, 10, and 11. ProvidéiB PWM output with theanalogWrite()

function.

e« SPI: 10 (SS), 11 (MOSI), 12 (MISO), 13 (SCK). These pins support SPI communication
using theSPI libary.


http://arduino.cc/en/Reference/PinMode
http://arduino.cc/en/Reference/DigitalWrite
http://arduino.cc/en/Reference/DigitalRead
http://arduino.cc/en/Reference/AttachInterrupt
http://arduino.cc/en/Reference/AnalogWrite
http://arduino.cc/en/Reference/SPI
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e LED: 13. There is a buiiit LED connected to digital pin 13. When the pin is HIGH
value, the LED is on, when the pin is LOW, it's off.

The Uno has 6 analog inputs, labeled AO through A5, each of which provide 10 bits of
resolution (i.e. 1024 diffemt values). By default they measure from ground to 5 volts,
though is it possible to change the upper end of their range using the AREF pin and the

analogReferendg function.
There are a cquie of other pins on the board:
 AREF. Reference voltage for the analog inputs. UsedawélogReferendg.

e Reset. Bring this line LOW to reset the microcontroller. Typically used to adeta re

button to shields which block the one on the board.

3.3.3.Communication

The Arduino Uno has a number of facilities for communicating with a computer, another
Arduino, or other microcontrollers. The ATmega328 provides UART TTL (5V) serial
communication, whgh is available on digital pins 0 (RX) and 1 (TX). The Arduino software
includes a serial monitor which allows simple textual data to be sent to and from the
Arduino board. The RX and TX LEDs on the board will flash when data is being transmitted

via the LBBto-serial chip and USB connection to the computer.

3.3.4.Programming

The Arduino Uno can be programmed with the Arduino software. This software can be
downloaded for free from the Arduino webpage. The ATmega328 on the Arduino Uno comes
pre-burned with abootloaderthat allows you to upload new code to it without the use of an

external hardware programmer


http://arduino.cc/en/Reference/AnalogReference
http://arduino.cc/en/Reference/AnalogReference
http://arduino.cc/en/Tutorial/Bootloader
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3.3.5.Physical Characteristics

The maximum lengtland width of the Uno PCB are 68.58 mm and 53e¥pectively, with
the USB connector and power jack extending beyond the former dimension. Four screw
holes allow the board to be attached to a surface or case. Note that the distance between
digital pins 7 and 8 is 160 mil (4,064 mm), not an even meligblthe 100 mil (2,54mm)

spacing of the other pins.

MADE eeeceees coeceeee O
BOARD MODEL 90 @

&)
IN ITALY 8 O FemaAs ° NWwemN z 3 ' BOARD MODEL
W welolele) N Pum~) B ¥

I e Lvme
A o

‘Ii T Tovme
" rRx¥m* ARDUINO
6. um’ .o

F! Hh-n—ct-n—.tl@]ﬂ, Auumad
- -84
. 3t

a8
-

Image10 Arduino front and back sides

3.3.6.ATmega328

The microcontroller ATmega328 is the main part of the Arduino board. It has 32 pins and a

CPU of 8 bits. The main characteristics are the following:

Table2 ATmega328 Specificatiofs

Flash (kbytes) 32 Koytes
Pin Count: 32

Max. Operating Frequency: 20 MHz
ADC channels 8

ADC Resolution 10 bits
ADC Speed 15 ksps
EEPROM 1024 Bytes
RAM 2 KBytes
Operating Voltage (Vcc) 1,8to5,5

Inside the ATmega328, an important part is the Andate@igital converter.
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The ADC is connected to arcBannel Analog Multiplexer which allows eight singheled
voltage inputs constructed from the pins of Port A. The ADC converts an analog inpug voltag
to a 10bit digital value through successive approximation. The minimum value represents

GND and the maximum value represents the ag#t on the AREF or USB supply

A simple ended conversion is:

Viy - 1024
ADC = JN (3.1)
VRER

Where \(yis the voltage at the input pin andkMHs the wltage selected as a reference.

For example, if M:ds 5V an example of conversion would be:

Table3 Example of conversion values of ADC

Vin (V) Conversion value Digital Value
0 0.0000 0
0.001 0.2048 0
0.002 0.4096 0
0.003 0.6144 0
0.004 0.8192 0
0.005 1.0240 1
0.01 2.0480 2
0.02 4.0960 4
0.05 10.24 10
0.1 20.48 20
0.2 40.96 40
0.5 102.40 102
1 204.80 204
2 409.60 409
4 819.20 819
5 1024.00 1024
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3.4. Programminghe software

The process to pgram the Arduino consistof 2 parts. First of all the process of making

Arduino read the values and show them on the screen and second part, to log the values

appropriatelyfor representing them after.

341! NRdzAy2Qa az27Fidsl NB

Thefirst step when attempting to work with Arduino is to program it so it can do the needed

functions. Arduino is based i€/C++ programing. It has its own libraryfahctions, which

allows many actions to be madThe library and other tutorials found ohe internet can be

consulted.

The complete code used is the following:

#define NUM_SAMPLES 30 /Iset a number of samples constant
#include<stdlib.h> KK AYLRNI RS fAONINEB O2yidlAyAy3 i

int sum = 0; /lcreate and initialize variables
unsigned char sample_count = 0;

float voltage = 0.000;

float current = 0.000;

float correction= 0.000;

void setup() {

Serial.begin(9600); /Istart the communication with the computer

}

void loop(){ /[ add all the reads until the samples number
while (sample_count < NUM_SAMPLES) {

sum += analogRead(A3) ; /lread pin A3 but could be any other pin
sample_count++;

delay(10); //make a read every 10 ms

}

voltage = ((float)sum fipat)NUM_SAMPLES * 5.06) / 10@20; /Imake the average of the sampleg
and reference voltage andwdde by
the arduino number of values

Current = voltage*10000/4Q0 //multiply or dividethe result value by th@nternal resistance
Correction = Current + (current-8,0085 + 5,25){/applies the correction depending on the range

Serial.print(Current //IShow the result throught the serial port
Serial.printin(correction);

sample_count = 0; /Irestarts the variables
sum = 0;

Serial.print("#S|PROVAPRIL|[" Kk / 2 YY I YR F2NJ YI { Ay 3 (KS LINE 3INJ
Serial.print(dtostrf(total,6,4,bdér));

Serial.printin("J#");

} /lend of the program
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Thisalgorithm has to be implemented through the Arduino software and uploaded to the
board through the USB.

This program starts defining a constant valdéJM_SAMPLE®hich will be used later to
make the average of the values read from the input pin. This is used to eliminate single

interferences by grouping them together.

Following that, it is important to include any library of which a function is going to be used.
In this case, the functiodtostrf() is included in the librargtdlib.h. The way to include the

library to the logarithm igfinclude

#define NUM_SAMPLES 3 //set a number of samples constant
#include<stdlib.h>  // import de library containing the function
GRU2EAGNFOULE

There are going to be some variables needed, which have to be decladedigalized.Sum
and sample_countare going to be used for making the average of numbttl and
voltagewill represent real values of voltageBufferis going to make space in the buffer for

the subactiondtostrf()

int sum =0; //create and intialize variables
unsigned char sample_count = 0;

float voltage = 0.000;

char buffer[8];

float total = 0.000;

With the function Serial.beggin(9600) the Arduino begins to communicate with the
compute. 9600 sets the speed. It has to be the same in lahcomputer andthe Arduino

board.

The main program is found in theid loop (). First, with avhilel YR G KS O8miiIRA GA 2y
the number of reads is equal as the expected number of samples, keep éeadingi K S LINE 3 N.
reads the value on the analog pin number 3 (A3) with the funcemalogRead(A3).

Delay(10)ndicates that eery 10 ms Arduino will repeat the loop.
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void loop(){ // add all the reads untl the sample
number

while (sample_count < NUM_SAMPLES) {

sum += analogRead(A3) ;

sample_count++;

delay(10);

}

At the end of the while there is going to be the sum ®#UM_SAMPLEalues. Thevoltage
variableis going to take that number, divide it WUM_SAMPLEalues, and scale it to the
Arduino. This scaling is as simpleadng the value and multiplgg for the maximum value

input range 5V (in our case, measured before and it is 5,06V) and divide it by the number of

bits it operates, in our case 1024.

voltage = ((float)sum / (float)yNUM_SAMPLES * 5.06) / 1024.000; //make the average of the
samples, and reference voltage and divide by f{
arduino number of values

Current = voltage*10000/400{/multiply or divide the result value by the internal resistance
Correction = Current + (current 49,0085 + 5,25);//applies the correction depending on thq
range

The result of these operations is the valuevoltageis going to be the real voltage at the
middle of both resistances. For that reason, it is necessary to multiply the Valute

voltage divisor rateso the resuling value is the voltage at the source.

Next,the valuesneed to be sento the computer.Serial.print() will send through the serial

the values and they will be able to be seen at the serial monitor.

Serial.printCurrent); //Show the result throughthe serial port
Serial.println (Correction

To finish the program, the variables need to be restarted, so the program can start again.

sample_count=0; //restarts the
variables
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In this case, it would be convenient to log those valms a text file so afterwards they can
be later analyzedTo accomplish the logging operation, there are many different options.

¢tKS 2yS dzZaSR KSNB Aad (GKS LINPINIY aD20SiGgAy?2

program.

Gobetwino function of logging théata requires a special kind of data. The values sent have
to bestring @ LIS & (GKS LINE Fddk numbire. Far yingsireador) ® & LJG
necessaryd use the functiondtostrf (VALUE; PRECICION; DECIMAL; BURKER)nction
will transform thefloat number to string with the parametersprecicion, decimal, buffer.

These values have to be big enoughtseyR2 y Qi R A FilodbWlueE.NR Y (K S

¢ 2 YIS GIASGoAyA2¢ NBE 02 NR 0KS gt dzSazx
serialprinbla{ py F YSYPTFdzy Ol A2y ISt gAyI2pnd f dzSapid2 oS
hyOS S Of2asS GKS LINPBINIY a3SGgAy3I2es GKS O

or without the date and time.

Serial.print("#S|PROVAPRI1|["); KK/ 2YYFYR F2NJ Yl 1Ay3
record the values

Serial.print(dtostrf(total,6,4,buffer));

Serial.printin("]#");

To finish the entire program, we just need to use the closing ¥ign

} /lend of the program

On the Arduino software, there is a button to check for error ptmuploading the program

onto the board.
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3.4.2.Storage of the datadProcessing® { 2 TG 6 NB

Once the Aduino sends the measured value over the serial port, and it is shown on the
screen, it is important to be able to save those values. There are many ways to do it, but in
this situation what is wanted is that the values get logged in .CSV type, so theg easily

uploadedto Matlab or Excel to represent the values.

CKS a2FGgl NBE t NRPOSaaAy3d wH: o0lFlaSR 2y GKS !

task.

To make Arduino software and Processing 2 software work with etar, there hasto be

some nodificationsto the original design.

On the Arduino code, it is very simple, jsstthe variables printed on the serial port will

have to be show the following way:

Serial.printyar1,4);
Serial.print (", ");
Serial.printyar2,4);
Serial.print (", ")
Serial.printingar34);

The variables being measurad this caseare varl, var2 and var3They are float numbers
with 4 decimal values. The important part of this procedure is the printing of timent
between the variables and th®erial.printlnat the end. This command makes a new line, so
the three variables go on the same line separated bywroas and the next time the code

makes the loop, it will be storeoh the following line.

The part of the Processing 2 will have to be edited from the baggnrrhe language is

similar to Arduinosbut some functions and commands are special for Processing 2.



The code to be written on the Processing page is:

import processing.serial.*{/import the library

Serial myPort; /[create a variable of the typéSeriaé
PrintWriter output; //creates ¢printwritere type variable
int If = 10; /Il created and assigns 10 as a integrer value

void setup() {

size(500,500); /lopens the window

printin(Serial.list()); //shows on screen the ports available

myPort = new Serial( this, Serial.list()[1], 96009hose port [1] aB600 of speed
(same ones arduino)

output = createWriter( "measure.csv" ); //creates o ®/ { +¢ FAf S

}

void draw() {

if (myPort.available() >0) { /las long as there is serial port data:
String value = myPort.readStringUntil(If)// r ead until a change of line
if (value !=null) { /1if the value read is not null
output.printin( value ); /[save the value the value
printin(value); //Ishow the value on the screen
}
}
}
void keyPressed() { /lwhen pressing any key:
output.flush(); /lwrites the remaining data
output.close(); //closes the file and save it
exit(); /lquit the program
}

There are some special functions thiaguire a little bit of attention:
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Printwriter() allows to print a textoutput stream. It requireghe functioncreateWriter()to

generate the file and ideally it should be flushed and closed flvih()and close().
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When using the functiomewSerial(this,Serial.list[],9600),is important that the speed of
the serial is the same in Arduino and processing 2. In this @ase€9600 This value can be

another one put it mustbe the same in botArduino and Processing 2

b2GAOS (KS dzafSTcH hagiakvalue biyLd. BHB beBaNde i ASCII, 10 equals
to onew ling. Therefore, when the program is using the functi@adStringUntil() it will
read until the a new line is made, hich was set at the Arduino program with the
serial.printin().By doing tlese commands, the resultare just as wanteda certain number

of valueson the same line for each iteration of the program and separated by commas.

The functioncreateWriter()can create either aCS\ile to open with a datasheet program or

a.txt.

Thesteps to set arefirst connect Arduino to the computer, upload the code and run it. The
serial monitor has to be closed because the program just allows one connection.opeen
the processing 2 software, and run the code. Once the progratosed therewill be in the
same folder of the specified one, the document with the values saretiready to open

with excel or text editor.
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3.5. Testing Arduino

The first step before taking any measurements is to check the accuracy of the measuring
device. In thigzase, the Arduino will have to be checked and evaluated, so that the yalues

specifications and operation are as expected.

The following experiments will check the response from the Arduino known values, checking

for accuracy and evaluating for efficiency

3.5.1.Comparison of accuracy between Arduino, Multimeter and

Electrometer

For this experiment, the circuit made consistd @ voltage source, from 0 to ¥5 a

resistance of 2MK, and a resistance of 308kd

The measuring equipment is thérduino, a standard multimeter and the Keithley

electrometer.

¢KS I NRdZAyYy2 ¢gAff YSIFadaNB GKS @2fdGFr3S RNRLI 2
what it should be at the voltage source. The multimeter and electrometer will measure
directly over the voltage soce.In addition, there will be an ammeter measuring the current

going through the circuib Yy 2 gAYy 3 (GKS OdzZNNByid FyR GKS G20tL

calculate the voltage drop at the source.

v 1+ R;é

T > 1

R2
300K Arduino

Imagel1 Circuit to test Aduino's measuring abilities



Table4 Table of measured values with different devices

(1) (2) ®3) (4) (®) (6) (7) (8) (9) (10)
25,000| 24,942 0,232 | 25,070 -0,280 |24,957 0,172 | 10,634| 24,458 2,167
22,000| 21,880 0,545 |22,030 -0,136 | 21,924 0,345 |9,341 | 21,484 2,344
18,500| 18,422 0,422 | 18,560 -0,324 | 18,470 0,162 | 7,868 | 18,096 2,182
16,200| 16,208 -0,049 | 16,320 -0,741 | 16,249 -0,302 | 6,922 | 15,921 1,725
13,800 13,703 0,703 | 13,830 -0,217 | 13,766 0,246 | 5,864 | 13,487 2,267
11,500| 11,519 -0,165 | 11,650 -1,304 | 11,596 -0,835 | 4,939 | 11,360 1,220
8,150 8,066 1,031 |8,180 -0,368 |8,138 0,147 |3,465 | 7,970 2,215
6,500 (6,399 1,554 |6,510 -0,154 |6,481 0,292 |2,758 | 6,343 2,409
4,700 | 4,576 2,638 |4,690 0,213 |4,673 0,570 |1,988 |4,572 2,715
2,800 2,637 5821 |2,763 1,321 |2,750 1,786 |1,169 |2,689 3,975
1,900 | 1,823 4,053 |1,941 -2,158 |1,930 -1,579 |0,819 |1,883 0,878
1,180 | 1,080 8,475 |1,172 0,678 |1,168 1,017 |0,496 | 1,141 3,322
0,640 | 0,543 15,156 | 0,642 -0,313 |0,637 0,547 |0,270 | 0,621 2,969
0,330 | 0,233 29,394 | 0,327 1,061 |0,325 1576 |0,137 |0,316 4,219
0,250 | 0,155 38,000 | 0,254 -1,680 | 0,253 -1,144 |0,107 | 0,246 1,744
0,140 | 0,039 72,143 | 0,135 3,857 |0,134 4,593 |0,056 |0,129 8,131
0,120 | 0,003 97,500 |0,119 1,167 |0,218 1,917 |0,049 |0,113 5,777
0,020 | 0,000 100,000f0,018 10,000 |0,017 13,450 |0,006 |0,015 26,400
0,015 | 0,000 100,000f0,016 -6,667 | 0,015 -3,067 |0,006 |0,013 12,600
S38,224 S3,104 S3,387 S= $,943

(2): Ideal value (V)

(2) Arduino measured values (V)

(3) Relative error or Arduin@®b)

(4) Multimeter measured values (V)

(5) Relative error Multimeteralues (%)

(6) Electrometer measured values (V)

(7) Relative error electrometef%o)

(8) Current measured with pico ammeter

(LA
(9) Voltage calculated fromthe pico

ammeter and resistance (2,3K) (V)
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(10) Relative error for pico ammetdpo)

Notice that the last column is the ideal voltage calculated by the current measydbe

pico ammeterand theresistance values (2,3 K).
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V=I-R (3.2)

The last row shows the standard deviation, for each of the individual errors.

The standard deviation has been calculated as:

xX;p—x 2
n—1

The electrometer and the multimeter show the smallest on&gluino is bigger, because at
low voltages it is not able to read appropriately, therefore, it shows a big errachndffects
the deviation. Thealculated voltage from the current, it has a certain error due the value of

the resistors are not exact 2MK.

Voltage at the

source (V)

28 | === Arduino V

26 i

5421' _&‘ == Multimeter V

20 Keithley V

18

16 Voltatge calculated by current
14 3 *2,3V

12

10

8 K&

6 ™R

4

2

0 | [T TS

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
Experiments

Imagel12 Comparisorof measurementbetween Arduino, Electrometer, Multimeter and Ammeter
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Voltage at the
source (V)

2 .
19 n == Multimeter V

1.8
1.7 4
1.6 +—
15
1.4
1.3
1.2
11

1
D\

% \
07 A\
0.6
0.5
0.4
0.3
0.2
0.1

0

Keithley V

e=g== Arduino V

=== \/0ltatge calculated by current|*
2,3V

1 2

Experiments

Imagel3Zoon in between 2 and 0V ftmagel2

Image 12shows the evhution of the voltage from 25% 0V. The only small difference seen
appears around the values of 25 V. Témalculated valug line is the one that shows
difference from the other 3 lines The reasonfor this change isthat the calculated
measurementis measured from the current and riplied, not using any voltage

measurement.In this studg G KSNB 62y Qi o6S | ySSR G2 YSI

therefore it can be considered not of importance.

Either on Inage 12 and Image 13, the X axedll®8 G SELISNAYSyG&aé¢ o . | aA O}
value and measure with the different devices, not giving important to the real value

measured, just looked at the differences between them.

Image 13s a magnification of the first graph, in the range between 2 and 0 V. Tihean

be seen that at low eltages, Arduino present§ 6 | R N&attiof al 2 andbeing very
significant from0,6V to OV. Those values atlee source values, which are not the same as
the voltage applied on the Arduino. To know the ones applied on the input of the Arduino, it

needs to be converted with the following formula:
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300kQ (3.3)

= Source Voltage - 23M0

R
Arduino Volt =S Volt —
rduino Voltage ource Voltage : oo——0

According to this formula, 2V is actually Oy2&nd 0,& is0,08V. That means that from now

on, it should not be considereatcuratethe values belowhat point.

3.5.2.Experiment changing the reference value of Arduino.

Arduino has 5V as the default max reference value for analog input. That means Arduino
divides the 5V intdhe 1024 bit.

But this is not the only option that Arduino can do. Arduino can be set up at other reference
values using the functionanalogreference(type) depending on the need of each

measuement. There aredifferent options:

e DEFAULT: the default angleeference of 5 volts
e INTERNAL: an buitt reference, equal to 1,1 volts on the ATmega328
e EXTERNAL: the voltage applied to the AREF pin (0 to 5V only) is used as the reference.

In this experiment, the value used will be the 1,1 volts. It will be set with the function

analogreference(INTERNAL).

The circuit used in this experiment will be exactly the same as what was used lrefore

section 3.4.1

Table5 Measures with different devices with 1.1V reference
Arduino (V) | Multimeter (V) Keithley(V) | Keithley(pA) Voltatge calculated by

current * 2,3(V)

8,43 10,06 10,0137 4,2675 9,81525
6,25 6,03 6,0078 2,5595 5,88685
5,2 5,03 5,0072 2,1328 4,90544
3,102 3,021 3,0057 1,2805 2,94515
2,053 2,016 2,0053 0,85397 1,964131
1,529 1,513 1,50515 0,64066 1,473518
1,001 1,008 1,00254 0,42646 0,980858
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0,687 0,705 0,701 0,29788 0,685124
0,478 0,503 0,50014 0,2122 0,48806

0,27 0,304 0,30263 0,12804 0,294492
0,165 0,2021 0,20088 0,08465 0,194695
0,06 0,1011 0,10031 0,0418 0,09614

0,008 0,0504 0,04996 0,02032 0,046736
0 0,0438 0,04321 0,01745 0,040135
0 0,0056 0,00515 0,00123 0,002829

Source Voltage (V)

11
10 J\ === Arduino V
9 == Multimeter V
8 \ == Keithley V
7 \\\ Voltatge calculated by current * 2,3 \
6 \
5 p
4 N
3 "
2 \,‘%\
1 =" .
0 N e == == -

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
Experiments

Imagel4 Voltage measurement using 1,1V insteadbufas reference

Image 4 shows the representation of the same measurements as before. Notice that now

the limit for the Arduino input analog is 1,1V.

In other words, if the limit for the Arduino is 1,1V at the input pin, through the conversion it

will be:

2,310 (3.4)
300kQ 843V

Vmax =1,1-

That means that at more than 8,43 volts on the power source, the Arduino will not be able
to measure. This is the example of the first value shaw the graph andn the data. The

other devices show a valug approximately 10 V, but instead, Arduino shows 8,43V which
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is the limit of the Arduino, the 1,1V. Obvioushpis should not be considered in any

calculation but should help to understand the idea of the reference value.

Source Voltage

=¢=Arduino V
1
J\ == Multimeter V
0.8 .
\\ == Keithley V
0.6 Vel
\ oltatge calculated by
*
0.4 \ current* 2,3V
0.2 '%(
\\
¢ v
0 ! ! > 4 J,".
0 ! 2 3 4 5 6 7 8 9 10

Experiments

Imagel5Zoom in of Image4

Following the idea of the previous gragpgmage 15is a magnification ofimage 14 It goes

from approximately 1 to O volts.

This graph is very important as it shows the differemcthe deviation of the measurement.
It follows the expected values until 0,3V where it differs from it. Following the formula

shown before, that corresponds to a voltage of 0,039 V.

That change increases the accuracy of those measured, as it was expected, making the

Arduino reliable until values of @5Vas opposite of the 0,08V of the 5V reference.
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4. Description of the circus

4.1. First design

This section will explain the steps that have been takemadethe final circuit.

The first schematic about the circuit is simple using the idea a shunt ammeter. This means

measuring the voltage created by a resistor and knowing the current flowing through it.

R1

Output
Input

Image16 Voltage measuring with only Jperationalamplifierwith unity feedback

It only requires an operational amplifieand the shunt resistanceThe output of the
operational amplifier Bould show the voltage between the common point qoféRd R and
the ground,making the current flow though thghunt resistance and not damaging Arduino.

Knowing the shunt resistance value, it is easy to know the current.

First, on the left side of the imadkere is a power source (Yand a resistor (R1). These are
the power source and the isolating system. Astaxting value, 100 GB will be taken as the
value of the isolating system and 10.000V in the power source. As a reminder, the voltage

will be in a range of 5 tA0 kV and the resistance between 100&#i 1TB.

From now on, the isolated system will be atsterred as R1.
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The current that is being measured is the current that goes thought R1. On the end not
connected to the voltage source of R1, there will be a resistance (R2) connected and
grounded to the floor. The functionality of this resistance is &ate a voltage drop so it can

be later measured. The value of this resistance has to be big enough so that the voltage
created is big enough for the operation amplifier to read it, while at the same time not too
biga2 Al R2Say Qi Ay imEnNIhé pdposedialui williok SOKN S | & dzNB

The voltage obtained at the output is around 50 mV, which is too small for the Arduino to

measure properly.

For that reasonthe amplifier needs a gain, which will be created using 2 resistors. The ideal
values fo Arduino should be an outpuietween0,8 and 5 V, as that is the range values that

Arduino can read with more accunac

Theoperational amplifier will be set in the nenverting configuration.

Input
+ Output
1%
aA'A"
R 4.1
Vour =Vin® 1+ e ( )
Ry

A good value for Arduino to bmeasured wouldbe around 3 V at the output. Therefore, a
value of 50 mV is assumed ag, the relation between R2 and R1 have to be of 59. Then,
one option could be 10R ¥ 2aNd 580K T 2 NJ wH

Finally, the formula to knowhee value of the current thought the voltage will be:



39

Vout

o Vour, (4.2)
R2™ 60 500000

-10° nA

R1

+ Output
Input

R3

Imagel7 Voltage measuring withmplifying

411+ FNRF GA2Y 2F 2dziLdzi RSLISYRAYy3 2y (K

Along with the design, it is important to know what situations could be expected, and know

if those values will meet the specifications. In other words, we have to make sure that the

I NRdzZAy2 R2Say Qi 3ISG 20SN) Sy aipegablétgmadall & K¢
the values.

For that reason, there is a theoretical approximation of the expected output depending on

the value that the isolating system takes.

Rlisthde a2t I GAYy 3 aelayil YRS NOGEpu dek Bolideectd at
the output of the operational amplifiee wH @gAf t KIF @S | O2yaidlyd @
will be 59. The voltage source is 10kV.
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Table6 Variation of the output depending on the resistance alu

R1 KU | Calculatedutput (V)
1,0E+11 | 2,999
1,1E+11 | 2,727

1,2E+11 | 2,499
1,3E+11 | 2,307
14E+11 | 2,142
1,5E+11 | 1,999
1,6E+11 | 1,874
1,7E+11 | 1,764
1,8E+11 | 1,666
19E+11 | 1,578

2,0E+11 | 1,499
2,1E+11 | 1,428
2,2E+11 | 1,363
2,3E+11 | 1,304
2,4E+11 | 1,249
2,5E+11 | 1,199
2,6E+11 | 1,153
2, 7E+11 | 1,111
2,8E+11 | 1,071

The table above shows an increase of R1 from TRG0@80GK. What maintains constant is
the relation R3/R4, the value of R2, and the voltage source. The result is the value that the

output of the operation amplifier will have at every situation.

As a result of this table, it proves that even as the resistankeev@hanges, the whole range

of numbers is completely functional for the Arduino (between 1 and 5 Volts).

The formula used to calculate it is:

R2 - Vsource R3 (4.3)

= — . __ 11
Voutput R1 1 R2 R4+
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4.1.2.0Operational amplifiers

In the design 2 chips will be used. The LTC1050 and LT1013. The LT1013 will be used to
create the virtual ground and the power supply. The LTC1050 will be used to amplifying and

acquiring the main measuring signal.
4.1.2.1.LTC1050

The LTC is a precision zehift operational amplifier with internal capacitors. The main

features of it, important in this thesis are:

Table7 Specifications of the LTC10M)

Input offset voltage | 0,5 [\
Input offset current | 20 pA
Input bias current | 10 pA
Slew Rate 4 VIuS
Total Supply voltag¢ +18 (V to +V)| V

The operational amplifier is mounted on a-8@ackage.

R 3] e

ne [A]
N [Z] 7] w
“IN E:L;D_LEI out

Vo [4] 5] Ext.

Clock

Imagel8LTC1050 Pin configuration

Outside of the specifications of the chip, it is important to see the actual response of the

operational amplifier.

e Response of the operational amplifier LTC1050

It is important to know the performance of the operational amplifier beside the datasheet
specifications. In the following graphst can be seen the response of the operational

amplifier when the input is a step signal at different frequencies important to check the
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frequency response of the amplifier, thus it could affect the results adhe most

important part of the circuit.

Voltage (V) e INPUT === OUTPUT
1.2

0.6
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Imagel19 Response at 30 kHz
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Image20 Response at 160 kHz
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Image21 Response at 425 kHz
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Image22 Responsetal MHz

From these graphs, the different responses at every frequency can be seen. The response is
the same in all cases, with the same space between peaks and rising timerokiem

occurswhen the frequency is higher than 425 kHz, in which case #yeisttoo short for the
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input signal and turns into a signal not dependent of the input.

For our setup, we never get to reach those frequencies at any moment, so the response of

the amplifier is not avariable likely to give errors on the results.

4.1.2.2.LT1013

The LT1013 is a dual precision operational amplifier, but only one of them will benused

circuit. The main features are:

Table8 LT1013 specificatiorg]

Input offset voltage| 60 | pV

Input offset current| 0,2 | nA

Input bias current | 15 | nA
Slew rate 0,4 | VIS

Total supply voltagg +22 | V
Drift 2 pv/Cce

It also comes in a S®configuration with the following distribution:

S
OUTA |1 [ 8] v
INA |2 7| outB
#INA [3 6 |-INB

Image23LT1013in configuration
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e Response of theperational amplifiel. T1013
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Image24 Response at 30 kHz
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Image25 Response at 150 kHz

In the case of this operational amplifier, it reaches the value perfectB0dHz but, as seen
on image 24 at a range of 150kHz it reaches its limit not being able to reach the expected

value for hidper frequencies. It is not really important because this chip is connected to the
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voltage source, which has really small variations and the output is not required to be very

exact.

la ¢Sttt a GKS [¢/ mnpnX GKS N gsteld finél 8an BeF (K S

considered fast enough at all time.

4.1.3.Power supply

The power supply of the device depends only on the operational amplifiers used. There is
the option of using single batteries, as low as 3 volts, or using an external power source of
any value. In this study, a power supply will be used connected to dwriell line, 230 V

(Europe), and transformed to 12V outside the board. In this thesis, the one used will be a

power source with a floating voltage of 12V.

Image26 Schematic of the voltage supply circuit

This is the schematiof the supply circuit. It starts with the external floating supply of 12
volts. The aim of this part is to provide, on one part, a virtual ground, and on the other part,

a power supply for the main operational amplifier, as a positive and negative supply.

The operational amplifier is configured as a follower, with a feedback between the output

and the inverted input.
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The pins represented on image ate:

Table9 Explanation of the pins

Pin 1| Output

Pin 2| Inverting input

Pin 3| Noninverting input
Pin 4| Negative supply inpu
Pin 8| Positive supply input

Remember that the transfer function of an operational amplifier as:

Vour =A* (Viny —Vin-) (4.3)
If: VIN— = VOUT (44)
Then VIN+ = VIN—: 0 (45)

On the other hand, both resistances have to guarantee that the voltage drop over one is the

same as the voltage drop over the other, as they both have the same value.

If the center of both resistances is connected {Q.¥nd it has to be 0, and the voltage drop

on each resistance has to be the same, this means that the initial 12 volts will be +& and

By this method, now the board is supplied with a constapt6¥, \= -6V and a virtual
ground VGND of 0V.

It has alsoincluded a capacitor to stabilize and a resistor of KGit the output as a

protection.

4.2. Modified designs

From the idea of the first design, diverse updates can be done to make the circuit more
complex and adapt better to the difference expectations. lEapdate includes one or

different new parts to add functionality to the first ideal design.



4.2.1.Update 1: Three ranges and multimeter option

The problem with the first designas that with only 1 resistance, the range of values was

very specific.

Inthefirdi RS&aA3IYyI (GKS &aKdzyi

NEaAxadz2NI gl a
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27

of starting resistance of the insulator capacity and an amplification dfiries to get the

results with an output of 3V for the Arduino. That means the ideal current figwias

100nA.

Table 9 shows with the standaghrameters what would be the output depending on the

input.

Tablel0 Input current and output voltage

Current nA | Output (V)
10 0,3
15 0,45
20 0,6
25 0,75
30 0,9
50 15
70 2,1
90 2,7

100 3
125 3,75
150 4,5
166 5
175 5,25

The device would actually be workirmn a range between 20nA and 166 approximately.

ho@Az2dzatée GKFdG Aa |

Kdza s

fAYAGEGAZY

aKF G

So in the first update, thedea is tohave 3 different resistances that can focus in 3

measuringranges: micco amps, naro amps and picoamps The transition between the

resistorswill be made through @otatory switch.

pnni

R2S
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The basic idea of the circuit is the following:

O

lin

Tw

o—z c

Image27 Representatio of the ideaof the 3 switchable resistances.

Based on Ohm law, = I - R the voltage drops created will be the following:

Tablel1 Relation between the voltage drop created and the current applied

Resistance| Current | Voltage drop created

10K 1 pA 0,01 mV
1000 pA| 10 mV
10 KK 1nA 0,01 mVv

1000 nA| 10 mV
10 MK 1pA 0,01 mVv
1000 pA| 10 mV

The reasorfor using these values is to alloby just switching the resistance, to use afl
the other components in the board without having to change any other part. This is very

practical especially at the moment of optimizing the amowitcomponents on the board.

At the same time, the amplification of the resistors will be change to 100x instea@xof 6
The reason to do that is to adapt to the 10, 10K and 10M, and their voltage drop created,
0,01mV to 10mV, multiply it 100 times to ranges of 1mV to 1000mV, where can be used a
voltmeter on their if wanted. The voltmeter will read from 1 mV to 1000 w\1fu/n/p A to

1000 p/n/p A.
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4.2.1.1. Resistor and switch

The switch is a very important part of the circuttis responsiblefor selecting what range
will be used at any moment andonnectsto the operational amplifier. Manglifferent
switches can be used, bthie one usecdat least needs to have 3 poles and 3 w&tsndard

rotatory switchesusuallycomeas 4 poles 3 ways or 3 ways 4 poles.

1 12 1 12
3 Pole 4 Way 4 Pole 3 Way

Image28 Representation of the inside of 2 different switches

Thefunction is the same: At the same time, each pole will be connected to one of the ways.
For example, in the 3 Pole 4 Way switch, Pole A can be only connected to way 1, 2, 3 or 4 as
well as Pole B can be only connected to 5, 6, 7 or 8 at a timet rates all the
connectionswill rotate at the same time in 30°, for example, the configuratiorils B5, G9

or A3, B7, G11.

The resistors used will be all 0,1%, so they are as accurate as possible. The switch will be the

CKL027 with 4 pole and 3 way, en 1 pole will not be used.



51

X
#
——
Q0
00
L

—
—1
—1
Q0
00
L]

p 4 ' ' $ =0
- —1
3o
=0 2 O
L
po3 *
—0 3 O [:H Lo
=02 0 w [:33+ 4
: "G“:} ]
H E:"'I .
|_:_| £t
x *

Image29 Schematic of the switching circuit

Among different configurations, this picture shows how the connections are made. PAD1
and PAD2 are the jacks where the current will flow, input and outpaD5 and PADG6 are

the connections of the external power supply. This switch has 4 poles and 3 ways.

The switch is situated in positions: @1-B1-Al. The current will flow through the 10K
resistance, making a voltage drop, which will be connected throbghand C1 to the
resistance of 108 used as a protection before the nanverting input of the operational
amplifier. If the valuesneasured were micro or nanoarapthe same procedure would exist
with D1-C1 and DXC2.

At the same time, on pole Ahe LEDsystemwill be connectedIt will indicate what mode is
selected at any time by illuminating one of thleree LEB. The LEDs wilbe connected

between +V anaV of the power supply though a resistance2&K to limit the current.

4.2.1.2. Adapting the measuringircuit and functionality for a multimeter.

This part of the circuit is where the value is measured and amplified to millivolt output

range. It consists of an operational amplifier with a feedback.
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It is intended to have an amplification of 100 times. Tim&ans:

If VOUT = VIN - (1 + 2_:) ; (46)
1+ % =100 (4.7)

R
f1 _ g9 (4.8)

R,

Within an infinite amount of combinations, one solution could be:
R, = 99kQ R, = 1kQ

As a resistor of 99is difficult to find, the conversion will be made with 2 resistors in series
of 24KK and 75K @&

With this amplification, the values on the output will have a range from 1mV to 1000mV.

FV ——

Ci11

R20 _1|0|0n|

100R

0.1% \‘“ =
—VVNV— +5

LTC1050

VGND

R1 R2

R3 75K 0.1% 24K 0.1%
1K 0.1%

VGND

Image30 Schematic of the measuring part
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Thevoltage drop created over the resistors comes througlfIR0OK unto the nortinverting
pin. That pin has the feedback with the resistors and is also connected to the virtual ground

through the 1K

The +V anaV come from the power supply and 2 capacitofslOOnF are added on both
positive and negative inputs and the ground for stabilization. The output is protected with a
100K resistor.

Between the virtual ground and the end of the resistor is where the voltage will be
measured with a multimeter or conéed to another amplifier to increase the amplifier to

make it suitable for the Arduino or other measuring device.

The resistors used are all 0,1%. That is because there is a need to have the most accurate
value at any time. If instead of 75k, the resistot & Tc 1 X GKS TFAylFf NBad
same, as the whole board has many steps and resistances, the error created would sum up,
making a considerable error at the end. For that reason, the most exact the resistances are,

the better will be to have thexpected value at the end.



Image31 Second design boayftont and back
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Image32 Complete schematic of second design
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