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What is PHATCAT?

Phasor
Harmonic
Analysis for
Transformer
Condition
Assessment &
Telemetry
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Power Transformers need Protection

In industry, ‘Microprocessor Relays’:
Read power system analogs

Signal Processing & Algorithms detect
faults

Support system telemetry
Much more!




Why PHATCAT?

 Some authors in this field

 Avariety of disciplines involved

» Great need for education in this
field




Objectives

Primary Goal: Detect Faults in the Grid

Differentiate between different kinds,
take appropriate action

Support user Customization

Provide user information



Key Specifications

5% Accuracy for Phasors

2 Cycle Trip Time

For use in 45Hz to 65Hz Systems
Measure up to 5" Harmonic

Support standard protection functions
» Time Overcurrents, Restrained Differential, Overexcitation, etc.

Support external 125VDC logic circuitry



Hardware Functional
Block Diagram

* Front panel with LCD display
for information and LED push
buttons for interaction.

» Off the shelf power supply

 Instrumentation step down
board with analog inputs

» Qutput contacts and sense
inputs

« ADC conversion and MCU

Hardware Block Diagram

Front Panel )
Microcontrolier

Two-Factor Power Switch

Display

LEDs

G Power
Push Buttons / Switches

IC-Level Analog
Voltages

Instrumentation Step Down Board (PCB)
Low-Pass Fillers

Curent to Voltage
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‘ Transient Protection
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High Violtage to
Low Voltage
Conversion

Qutput Cantacts
& Sense Inputs

Transient
Protection

Transient Protection

PTs/CCVTs in Substation Yard

Relaying Circuitry

At this time, all blocks are ‘To be Acquired



The Rear of PHATCAT

Screw terminals for
connections

The sense inputs and
output contacts

Instrumentation step

down connections for
current and voltage IXA IXB INC IXN YA IYB IYC IYN VXA VXB VXC VYA VYB VYC
inputs ' : G

The main power source
will also be connected

* A- Sense inputs

B - Current
inputs

« C - Voltage
inputs



The Front of PHATCAT

LCD to display data outputs
and values to the user.

LEDs to allow the user to [B]

(T
rea% tthe Opfel'_jﬁt]ngl PHATCAT RULEZ!! .lﬂ :
condition o e relay. Risims

Power switch for turning

PHATCAT on/of | R
User programmable push [D]

buttons to correspond to @ @ @
specific actions desired by
the user.

« A-LCD

» B - Fault Code Display
* C - Power Switch

* D - Push Buttons



The Internal Cutaway

E - CURRENT & VOLTAGE
SENSING INPUT

PHASE TERMINALS
F - SENSE INPUTS
TERMINALS
G - OUTPUT CONTACT
TERMINALS
J - POWER SUPPLY INPUT

PHATCAT Side (Cutaway)




Autocad Front Panel Draft

PHATCAT RULEZ!
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Software Functional
Block Diagram

Analog inputs from current and
voltage transformers.

A/D conversion for software
analysis

Extracting the fundamental
frequency

Constructing phasors & displaying
them

Logic equations set by user from
the desktop application

LEDs will be programmable with a
cheat-sheet to translate the link
between the LED and status it
represents (coil status, faults etc.)

Software Block Diagram

Coil Statuses

Push Buttons Output Contacts

Logic Equations

Current
Differenual

Over Excitation

..l Harmonic Blocking I

Extract Harmonics

‘ AJD Conversion \

| Current & Voltage :

Extract
Fundamental
Frequency
Key Component

Measurements

Brett Ross
Johnathon DeFour

The outside color is the
primary member responsible
the inner is the secondary

Desktop
Application

Settings
Configuration

Extract Sequence
Components

Phasors

LCD Controls




Table 3.14. Estimate input and output needs for microcontroller

Microcontroller L o — o [ =

(x2) ADSR588S 8 Parallel Interface (16 data, 3

Selection -_ control), Configuration (13)

(x3) EE2-12NU Enable optocoupler
(x3) TBD 3x 1 GPI Read optocoupler output

e vy | s
i , 7 Push Buttons (x6) AVI6I0R112R04 6x 1 GPI Read High/Low
Minimal 16-bit word size to -

accompany the external ADC

Z y NHD-0440WH-ATFH- 12x 1 GPIO | Parallel Interface (8 data, 2
Direct Memory Access to preform JT#-ND control), Chip Enable (2)

real-time processing of the ADC
without interrupting the MCU.

Table 3.15. Memory needed for storing user-settings

preform all the tasks required

. 77 Push Button, LED, Output | Strings of up to 128 characters | 16 x 128 bytes
Debugg]ng Capab]l]t]es Contact, and Sense Input Logic

Equations
We chose the MCU after the
hardware selection since there

Protection Logic Equations and | Strings of up to 128 characters | 2 x 128 bytes, 40 x 2 bytes
Setpoints each, Floating Point Values

are so many choices.
Power System / Equipment Data | Strings of up to 128 characters | 10 x 128 bytes, 10 x 2 bytes
cach, Floating Point Values




ATSAMES4N20A LPC4337FET256 TMS320F28377S

Microcontroller
Selection Cont.

Program | MB Flash. amone others 1 MB Flash, among | MB Flash, among
C28X processor provides Memory > HORE others others

functions & complex numbers

(TMU & VCU) which will be used Floating Point |\, ., . Ves Yes, also Trigonomic
for phasor analysis. Unit? e and Complex Units
The dual processor allOWS for DN[A? Yﬂs. 32'(.'[13““‘:[ ‘("CS, 3-Ch3nn¢| ‘l’f.:s. 6'(:]'151]'1“'.:]
PHATCAT to prioritize OM13088: 2000 Delfino MCU

SAM E54 Xplained Pro,

protection algorithms. Dev. Board* | ¢c)

LPCXpresso4367 F28379D LaunchPad™
Development Board, $27  development kit, $33.79
Development board

comparatively affordable price [T T E Bt el e T T RN R vYe
. SPL, RS485, USB2.0 | SPI, LCD controller
& has JTAG for debugging.

Online documentation of the
development CAD layout for

In development board. In development board. In development board.
Onboard . . :
External required External required External required
otherwise, otherwise. otherwise.

Debugger?




16 Bit Analog-to-Digital
Convertor

» Offers a PGA to convert single
ended input signal into fully
differential signal to drive the
16-bit ADC.

« Internal 3" order lowpass
Butterworth, antialiasing filter
for high frequency filtering.

» Maximum 200kSPS
» Oversampling
» Bipolar input

» Differential input

BUSY

() FRSTDATA

() COMVSTA CONVSTB
0 RESET
() RANGE

{) OS0
Digital Filter () 0S1
I {) 082

“’. o

I
; _
) 0 )

O REFSEL

REFCAPE

REFINREFOUT
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Autocad Front Panel Draft
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LCD Display

Purpose: Display information
Features:
Simple Display
* Low Cost
« FSTN Model

WELCOME {username> PLERSE SELECT ACTION:
*Actions#

(1) Start Timeclock | (2> Stor Timeclock

(3> Edit Ortions | <4> Exit

NHD-0440WH-ATFH-JT#-ND

Device MHD-0440WH-ATMI- MHD-0440WH-ATFH-
ITEND JTE-MD

m Mewhaven Display Intl MNewhaven Display Intl

Character
Format

Display Type

MHD-T.0-HDMI-M-
REXM-MND

Mewhaven Display Intl




MAX6979

LED Indicator Board

Purpose: To indicate specific m TLC6C598-Q1
data and functions of PHATCAT w TEXAS INSTRUMENTS
4 Serial Interface Inputs

« 1- R_SET Resistor needed only 0“ o 46V 03V to 8V

Logic Input Voltage Range 0.3V to +6V

Vs Voltage Range 0.3V 10 6.3V 0.3V to 40V

I I

Continuous Power Dissipation 1067TmW Not Specified

Operating Temperature Range -40C to +125C 40C to +125C




Power Electronics

Major Component Voltage
Requirements:

e Push Buttons, Relays - 12V
« LED Driver - 5V
« MCU - 3.3V

Deviee [nput Voltage | Output | Output | Output | Cost
(V) | Voltage (V) | Ripple (V,,) | Poer (W)
T,

NR CoporationNRC | 7-35VDC | 5V | TodBReple | 75W | S088
NIMTB0SEA Rejecton

Recom Power R-T8E3J-1.0 | 6-24VDC -..

Meanwell-RS-15-12
NJM7805FA
R-78E3.3-1.0

COREMA007-HF

Outputs

3.3V
Regulator

Fig. 6.10. Power Electronics Design



AV1610R112R04
Momentary Push Buttons

Purpose: To provide user
programmable buttons for m PV6F24088G-301 Ul6BISW AVI610RI12R04
device versatility.
Manufacturer E-Switch Ulincos TE Connectivity
pretty awesome, but

D*** are they expensive!

T E—




) CR8350-2500-N
Current & Voltage Sensing  ro-055-2

8-Current Trar,]SformerS: (Characteristic Current transformer Hall Effect Sensor
« 2500:1 Ratio A

* Higher Saturation Level CRR3S0-1500-N ACSTIZELCTR-Y0AT
« Longer Linear Output -

» Minimal Phase Shift Linear output Strong (100amyps) Medium(30amps)

» Voltage Primary - 115V —

el e e

CR8350-2500-N

CRMAGNETICS




Sense Inputs

Purpose: To monitor equipment status in the
Substation.

Features:

» Read 125VDC Input Signal
» Reduce Voltage Signal

» |solate Input Signal

ILQ2

A A - B V/q
R - /




EE2-12NUH-L

Output Contacts

Purpose: To output low voltage Multimode Relay || Miniature Si
signal for Primary circuit to IMOGGR v EE2-127
energize Secondary Circuit. Potter & Brumficld | Potter & Brumficld

Termination Style Gull Wing Plug-in, 11 Pin {Oktal) Gull Wing

-

 Faster Operating Time 2 form C, 2 (CO) 3 form C, 2 (CO) 2 form C, 2 (CO)
 Lower Breaking Capacity Contact Rated Voltage 220 vbe
[
2 Break 2A Of Current Switching Capacity 125WDiC = 054 125%W D = 0484
e

ms

Bounce Time 3-5ms 4/10mis Mot Specified. typ. 3-
Sms
T Ve
Coil Operate Voltage B2 5VDC 3

Rated Coi Power 1 40mW 1.2%W 140mW

4




Transient Protection

Purpose:

To protect electronic circuit
components from ESD and
Transients.

Features: Differential
- TVS Diode (D1) Mode

- 4-DIODES (D2,D3,D4, & D5) [BEREASLSSECIL
. 2-RESISTOR (R1 & R2)

Common
Mode
Protection




PCB Schematics
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PCB Schematics Cont.

= Current Sensing Voltage  _ #mw
Sensing

o,

PreIa

FTCAM




PCB Board Layout
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PCB Board Layout Cont.
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Use Case Diagram

Desktop Application color

Error
—<<extend>>— -, sending Connect to
y settings application

<<extend>>
<<include>> Send <<include>>
previous <« __ _
settings

<<include>>

(o

<<extend>>

Import
stored
settings

- <<include>> .

<<extend>>

Error
importing
settings

<<include>>

Store
settings in
non volatile
memory

Error

storing  <<extend>>
settings

Relay MCU




Desktop Class
Diagram

Main

gui : object
data : float
settings : string

CreateWidget

+ initGUI(self) : Object

initGUIQ

Y

createWidget()

InitGUI

self : master

- equipmentData(self)

- ledindicators(self)

- outputContacts(self)

- currentDifferential(self)

- wWinding(self)

- xWinding(self)

- voltz_Hz(self)

+ saveSettings() : int

+ readSettings(): string

+ sendSettings(string): int
+ booleanParser() : object

sendSettings()

saveSettings()

- self : master
- settings : string
+ logicExpression : object

- textBox ()
- dropDown()
- parseSettings() : int

Send Settings (PC)

+ settings : int
+ str_settings : string

Receive Settings (MCU)

settings : bytes
convertedSettings : char*

conhvertSettings(bytes) : char*
storeSettings(char*) : int

sendToPHATCAT()

+ sendToPHATCAT(bytes) : int
+ setupConnection(bytes) : int
+ convertSettings(String) : int

Save Settings (PC)

A

- settings : string
- file : file

+ saveFile(file) : int

readSettings()

ReadSettings (PC)

readSettings()

- settings : string
- file : file

+ openFile(file) : int
+ readData(void) : int

Receive Settings (PC)

sendSettings()

settings : string

storeSettings()

Stare Settings (MCU)

settings : char*

storeFlash(char*) : int

readSettings()

Read Settings (MCU)

settings : char*

accessMemory() : int
readSettings(char *) : int
sendSettingsDesktop (bytes) : int

sendSettingsDesktop()

A

convertSettings(bytes) : string
sendSettings(string) : int




Desktop Application Mock Up

7 PHATCAT - [Preview] - Qt Designer

» User facing
component vy e 6 )

Equipment Data
LED Indicators

Transformer Nameplate Max MVA Rating (float 0.2 - 5000)

 Used to relay e
Settings to deVice -Winding Overcurren System Nominal Fequency (float 45-65)

Source Side Winding

e User can
customize various
options that can P
be sent to
PHATCAT to alter S
how it behaves P

W-Winding Phase PT Ratio Wye-connection (float 1 - 50000)

Transformer Connection Type




Boolean Logic Parser

» User defined Logic
expressions that will
be parsed to TRPL+751
configure Wa[=00 [=NAl®(=I User- Defined Logic Expression for Output Contact 2 (NO) Status (Char 120)

User- Defined Logic Expression for Qutput Contact 1 (NO) Status (Char 120)

 Can be used to TRP
control com 0Jo1a TSI QR ;... nefined Logic Expression for Output Contact 3 (NO) Status (Char 120)
and peripherals i.e.
Push Buttons, LEDs

87R+87U+W50PT1




Analog to Digital Conversion
ADC

@ sunmv; : J [4.00ms Ilzsokyq l @ 7 sromv |

Mean  Min Max Std Dev J 10k points )
31 May 2019
08:00:37 |

Value
@ Frequency  60.05 Hz 59.9% 59.78 60.21 97.99m_ |

1Vp-p@ 60Hz

} (T00ps 10.0MS/s 2
10k points

3 35 37 39 41 4




Zero Crossing Detection (ZCD)

Input waveform

 Used to find the
frequency

« Not computationally
intensive

 Important for fast
computations
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Fast Fourier Transform (FFT)

Signals composed of
composition of many
waves

The FFT is used to
find the coefficients
of those composition
waves

This gives us the
spectral content,
magnitude and phase
of all the signals

Will be explained
further by Brett Ross
later in presentation

Input Waveform

Input Signal

0 0
Time (samples)

Figure 3.X. Input waveform for 16.67ms

Fast-Fourier Transform

Amplitude

0 200
Frequency (Hz)

Figure 3.X. Magnitudes of frequency components by FFT




LED Communication

» Used to know notify
user what is
happening with
PHATCAT

e Can be programmed
to serve many
purposes

@ 2.00v @ 200V @ zo00v R L _ :
( value Mean Min Max Std Dev ‘ ‘100'"5 ‘ ‘TU-UKS{S ‘ ‘ @ 5 156V ‘
@D Frequency 15.63Hz 15.63  15.63  15.63  7.692f |l Jokpoints || 0 )
y : Slope Mode
Type source Coupling Auto
& Holdoff

|"31 May 2019"‘
l08:39:34 |

— Level
Edge Y DC | 4 ‘ \ 1.56 v



Liquid Crystal Display (LCD)

* Visualize what's happening with PHATCAT

» Will display Voltages, Currents, Power,
Harmonics and Frequency

Bi- 725 23,4 Bis <10
ICW= 88,8 @15.7 A ->¢-IC 7 a71.3
INW= 7.78 @77. o KR-5<-Ii4= 445 @53.2 A

FRED- 45.2 Mz




Challenge: Accurate Data Fast

» Need to act quickly, but FFT requires a window
« Should see 5, 4, 3, 2, 1




Solution: Dynamic Sampling
Time

» Use ZCD Frequency to perform concurrent

sampling
* Single cycle fit gives consistent binning

Fast-Fourier Transform Input Waveform

1]
o

=l
=
=N

=
<

Input Signal

50 100 150 200 &0 a0 100

Time (samples)

Frequency (Hz)




Responsibility

BRETT: JOHN: ED: DAN:
MCU Desktop App Output Contacts Analog Front-End
ADC (HW + SW) Settings Configuration Sense Inputs ADC Breakout PCB
Transient Protection LEDs (SW) LED PCB Main PCB
Signal Processing Display Pushbuttons MAIN PCB!
Protective Algorithms Logic Equations Final Assembly Enclosure
Power Electronics Materials
Display MCU Main PCB I/0, Buttons, etc.
Desktop App Signal Processing Power Electronics Final Assembly
Logic Equations Support HW Testing Analog Front End ADC
QA - all Protective Algorithms LEDs (SW) Transient Protection



Current Status .




$50.00

$25.00
$15.00

$120.00
$0.30
$5.00

$250.00
$20.00
$30.00
$15.00
$1.00
$50.00
$20.00
$0.25
$3.50
$1.00

$20.00
$30.00

$50.00

$25.00
$15.00

$240.00
$10.00
$25.00

$250.00
$40.00
$30.00
$150.00
$10.00
$50.00
$60.00
$2.50
$7.00
$5.00

$20.00
$60.00
$1049.50

Hardware, screw terminals, etc.

Buttons, cables, etc.

x2 to parallel design processes
Extra for drivers needed

Considers multiple iterations
Chip only.
Considers extra converters

Used throughout board.

Resistors, capacitors, diodes, etc.




Agenda

June 7t

June 9t

June 16t
June 16t
June 23
June 23
June 30t

July 17t

July 17th

End of July

Assemble PCB

Implement FFT - Phasors on LCD

USB Interface - Configure via Desktop

Main Board Basic Testing - Done

Enclosure, Front + Back Panels, Transformers Done
Basic Protection Functions

Main Board, Protections, Metering all ready
Advanced Protections, User-Defined Logic

Paper Edited

Show time!

Ed, Dan
Brett

John

All

Ed, Dan
Brett

All

Brett, John
Ed, Dan
All




Questions? Comments?




