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Abstract
The purpose of this thesis is to study the useafreent shunt and a Sigma-Delta modulator
with galvanic isolation in an attempt to replace Hulky current transformers (CTs) that are
currently being used in commercial protection relayhe selection of the current shunt for
the application at hand is a result of a backgratndy on variety current sensing devices.
As the electrical isolation plays an important rolgpower system applications for safety
reasons, the proposed circuit is simulated witbtatal transient models to make sure the
designed circuit performs safely and that it is inm@ from transients to ensure data
integrity. The circuit simulations and hardwarstiteg demonstrate good performance in all
cases. But there are weaknesses in noise rejection.
With the advantage in small physical size and esght, the Sigma-Delta acquisition
circuit offers an excellent, simple and economszdution to CTs. However, the poor

ability to reject noise and interference remaichallenge to be resolved.
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Chapter 1. Introduction
Transformers are important hardware componentsatieatvidely used in electronics and
electric power applications. They are used todfierelectrical power from an alternating
current (AC) source to measuring devices while fgliog isolation to the devices. Another
characteristic of transformers is the ability todi direct current (DC) signals while allowing
AC signals to pass through. In electric power systehe voltage/potential transformers (PT)
and current transformers (CT) are used to step dberpower line voltages and currents
from hundreds of kilovolts and thousands of ampsutladreds volts and several amps,
respectively. These values are then stepped dostiref to usable levels for the electronics
by instrument PTs and CTs inside protective relays.
Figure 1 shows the overview of the distribution poWines’ high voltages and currents being
acquired by PTs and CTs and stepped down to loalaes, e.g. 125V AC and 5A AC. The
relay internal instrument PTs and CTs interfacth&oexternal transformers and further step

down to appropriate levels for the electronics \tace typically 5 V AC and 50 mA AC.
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Figure 1-Protection relay being used to measur@oheer lines voltage and current

The current sensing circuit inside the relay tylyoamploys a burden resistor on the CT
secondary to convert the secondary winding’s caiiirgn a differential voltage (shown in
Figure 2). Since there are several analog chatoéls measured, a Multiplexer (MUX) is
used to select one channel at a time to acquirartakng voltage and feed it to the ADC for
conversion. The FPGA is programmed with a digitadine filter to recover the fundamental
frequency and reject other harmonics before sertimglata to the microprocessor to process

the information.

IA
—
Rb M FGPA Micro
U ADC (cosine processor
X filters)

Figure 2-Typical implementation of a current segsircuit using a CT.




In commercial relays there are two typical type€®E depending on the application. A

Type 1- CT can measure AC current from a nominabpAo 10 A at the primary winding. A
Type 2-CT can measure AC current from a nominabpAo 20 A. Within the specified
current range the CTs are guaranteed to opera&arlyn Figure 3 shows a schematic diagram
of the current measuring channel using a CT inmaraercial protection relay. This circuit

can measure the nominal AC current of 5A RMS upA RMS. The winding turns ratio is
1:100 in order to get the desired output curreth@tsecondary winding. For instance, when
the maximum current at the primary winding is 20MRthe secondary current will be
20A/100 = 0.2A RMS. A @ burden resistor at the secondary output convieetsdirrent to
0.4V RMS voltage for use by the ADC circuit (nobs in the Figure).
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Figure 3-Schematic of a current acquisition cirasiing CT.

Figure 4 shows the actual instrument CTs (left) Bmd (right) sitting side by side on the

PCB board of a commercial protection relay.
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Figure 4-Current Transformers (left) in a commarprotection relay.

As of the time of this research, the majority abtection relays use instrument CTs and PTs
for interfacing and providing isolation betweenth@nalog front end and digital back end [1].
However, magnetic interference (crosstalk) betwajacent transformers mounted on the
same board, and non-ideal characteristics crealéeolges in measurement accuracy. Also,
the large physical size and heavy weight of thesfia@mers are subject to greater risk for
mechanical instability, and are unfavorable foreriat cost control.

This paper first discusses the background and ttevation of this research which are
described in Chapter 1. Chapter 2 reviews the comenrrent sensing methods used to
measure the electric current. Chapter 3 desctitesy and principle operation of the Sigma-
Delta acquisition circuit and its circuit desigBhapter 4 discusses the Pspice simulation of
the circuit subjected to electrical transientsiides to make sure the circuit is immune to the
real world environmental electrical and magnetgtutibances in which the circuit operates,
and that optimal operation is achieved. Chaptezrfopms functional tests of the actual
circuit and compares to the performance of a deqaiaition circuit using the CTs. Chapter 6
wraps up the research with conclusions on the Sigeita acquisition circuit. Chapter 7 lists
additional work to be done in the future to imprdke circuit performance and to verify that
it is immune to the actual electrical transients.

This research focuses on finding the alternatioagpe 2-CTs therefore, all calculations and
discussion here on evolve around type 2-CT spatifins. Specifically, the Sigma-Delta

acquisition circuit uses a heavy duty current shupiace of a CT for acquiring electric



current, a passive RC filter, a Sigma-Delta modulé€6DM) and a digital filter. This circuit,
when implemented will replace the CTs, offeringa#ternative way to acquire and measure
the electric current.

The basic transformer technology hasn’t been chéhf@yemore than 50 years, although
transformer manufacturers continue to refine th@giheand proceg2]. The transformer
devices continue to be large, heavy and bulky dukdir electromagnetic characteristics.
Instrument current transformers are intensivelydusgoower distribution system at 50 Hz
and 60Hz frequency [1]. While they provide exaallefficiency up to 99.75% [7], their large
physical sizes and weight pose a challenge in mtasi@echanical integration and robustness,
as well as cost effects and other disadvantagdseasssed irsection 2.2.2. On the other
hand, the Sigma-Delta acquisition circuit offersyMeigh circuit integration. In addition, the
Sigma-Delta modulator and the analog-to-digitaivester (ADC) technologies are improving
steadily with faster processing speed and higtealugon that help the relay to measure the
signal more accurately. The device componentsrooato get faster, smaller and cheaper,

which will help bring down the cost and improve fieformance of the circuit over time.



Chapter 2. Literature Review: Current Sensing Techniques
The techniques available for current sensing asedyan the following principles: Ohm’s law

of resistance, Faraday’s law of induction, eleftngnetic fields, and the Faraday Effect [1].

2.1. Ohm’s law based sensor
First, the current shunt, a device based on Ohamisoif resistance, is the easiest and simplest
method for current measurement. Current shuntasee extensively in power electronic
circuits due to their low cost, small sizes andsoemble accuracy. Current shunts can be used
to acquire both AC and DC currents. The Ohm'’s ltates that the voltage drop across the
resistor is proportional to the flowing currenttle resistor element.
The ideal resistor consists of only the resistaiement. The non-ideal resistor consists of a
resistance element plus the parasitic resistangénainictance, as illustrated in Figure 5.
These parasitic elements can affect greatly opénfrmance of the resistor in high current
applications that will be discussed later.

Ls

M

Relement Rs

Figure 5-Equivalent shunt resistor diagram
Depending on the application, there are differgpes of current shunt resistors that can be
applied.

2.1.1. Heavy duty coaxial shunt

In this case, the resistor can allow currents upaay thousands amperes. This type of shunt
has been used to measure high current transiesggaf hundreds thousands amperes with
fast rise times of nanoseconds [1]. For such egfptins, the high frequency behavior of the
resistor is very important, and parasitic inductaand series resistance can be limiting
factors for the bandwidth. There has been rekeanseveral techniques aiming at bringing

the parasitic inductance in heavy duty coaxial shesistors down [2].

2.1.2. Surface mounted device (SMD) resistor
This resistor type offers low cost and high intéigra A SMD resistor shunt can be used to
measure a current up to few hundred amperes. i§oehcurrent applications the SMD

resistor becomes very bulky, which may not be bietéor integration. Skin effect in the



SMD resistor is insignificant due to the small plogbdimensions. Therefore, only the
element’s resistance and parasitic inductancetatfiecsignal bandwidth.
The current flowing in the current shunt createsléage drop across it which is calculated
using the formula:

\% \%

Z R+j2rfL @)

V: differential voltage across the current shunt

R: DC resistance of the shunt.
L: series parasitic inductance of the shunt.
f: signal frequency.

The impedance of the resistor is defined as:

Z = R+j2rfL 2)
From (2), at DC level (e.g. f = 0), the impedareurely resistive (e.g. Z = R). As signal
frequency increases the reactancdl(Pbecomes significant. The corner frequency is
determined when the reactance is equal to the BiStamce, or R 2rfL, solving for f, the

corner frequency is as shown in (3).

R
=5 ©)

Another important characteristic of the SMD shwestistors is their thermal drift. Ideally,

fe

given a fixed current flowing in the shunt, thefeiéntial voltage is fixed and is proportional
to the R*I product (V = R*I). In reality, the cuant shunt resistance varies with temperature.
This variation is due to the temperature coeffitiesistance (TCR) and the resistor’s
tolerance, causing the differential voltage to tihate accordingly and creating a measurement
error. Going with a low TCR and tolerance helppriove the accuracy with the tradeoff of
higher cost.

In addition to the thermal drift, the low resistan@lue of the current shunt is impacted by
much higher thermal drift of the PCB copper trade soldered to. Shown in Figure 6, by
tapping two Kelvin leads between the resistor elgraad the copper trace it is possible to
effectively eliminate the effect of thermal drifie to the PCB trace. As a result, the Kelvin
sense wires effectively exclude the trace resigtaRcu, and only measure the voltage across
the resistor element.



Ls

Relement

Kelvin sense Kelvin sense
lead lead

Figure 6-Equivalent shunt resistor diagram withwekense leads

2.1.3. Current shunt resistor based on the printed circuitboard’s trace resistance

Without the need of any additional resistor, tliesng method offers a very low cost
solution for low current applications. Becausediszrete resistor is needed there is no
additional cost for buying and installing the résiglevice. Also the power loss is limited to
the copper trace’s resistance. However, this neeihiaot viable for high current or high
accuracy applications such as one that is the bé#iiss research. For example, in order to
accommodate 100A RMS AC current the copper trasdgdiae really thick and large. But
the TCR of copper trace is relatively high (~39@dngC). A large amount of current heats up
the copper trace, and causes significant drifegistance. This error can greatly degrade the

measurement accuracy.

2.1.4. Other current shunt based sensing techniques

Other possible techniques include devices thabUSET’s Drain-Source resistor, Rds(on),
and the devices that use inductor as a senseorg§ipt These techniques are not suitable for
high accuracy applications. Specifically, in caséhe FET, the Rds(on) varies depending on
the gate drive threshold voltage, FET parametaid teamperature. The latter technique using
an inductor has a benefit of saving power lossraddcing the cost compared to a sense
resistor. Yet it has high temperature drift dudigih TCR of the copper wire in the inductor.

2.1.5. Limitations in high current applications

The power dissipation due to the resistance casubstantial in high current applications,
since it is proportional to the square of the auire.g. P =#R). The parasitic inductance in
the shunt can limit the bandwidth at high frequenthese effects can limit the use of current

shunts in high current applications.



The main drawback is the electrical connection ftbencurrent shunt to the sensing circuitry
needs to be isolated in order to protect the elaats from the electric and magnetic
transients.

2.2. Faraday’s law of induction based sensors

The second current sensing technique is basedraddyds law of induction and is employed
in magnetic sensing devices such as Rogowski antsCTs. These devices are built based
on the principle that a current flowing in a contu@enerates a magnetic field around it. If
another conductor is placed close to the curremyicg conductor, the magnetic field induces
current in the second conductor. The constructidhese two types of devices is generally
similar. They consist of a core with the condugtivire wrapping around the core path. The

current-carrying conductor to be measured is plaigenligh the center of the core.

2.2.1. Rogowski coil

The Rogowski coil uses a core made of a nonmagmetterial. The primary current in the
conductor creates a magnetic flux in the coil. Tarced voltage across the coil terminal is
proportional to the change in current in the conoludhe Rogowski coil requires an
integrator to get a voltage proportional to therany current. Figure 7 illustrates the

schematic of the Rogowski coil with an integrator.
A Non-magnetic or air core
- C
\ R
> v g
' ' F°
g7—+-o Vout
S

4p a

Figure 7-Rogowski coil [8]

The terminal voltage of the Rogowski coil is defifgy the formula [8]:
-HoNAdI

Y 2mr dt

With:

(4)
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Ho: permeability of free space.

N: number of turns/length of the coil.
A: cross sectional area of the coil.

r: radius of the core.

I: current in the conductor.

The relationship between the output voltage ofitbegrator and Ms [8]:

Vo = % f V.dt (5)

The major benefit of the Rogowski coil is that toee never gets saturated since it is either
non-magnetic or air. Therefore, the output rembnear and the bandwidth can extend into
megahertz range [8]. The disadvantages of the Weijaoil are the inability to measure DC
current and large physical size. Also the positbthe current carrying conductor inside the

coil affects the measurement accuracy.

2.2.2. Instrument Current Transformer (CT)
For a CT, the core is magnetic with high relatieempeability. In electric power systems, the
CTs are widely used to step down the electric pdimercurrent for measurement. A CT is

basically comprised of 2 separate windings calléthgry and secondary windings as shown

in Figure 8 a).

Pr."“ﬁ“’ Secondary Il) Np-.NS ‘12 ‘IS
bl winding . — =
N turns N turns + L] + +
F—m—i , | -7—;';":3:1%1:_\ Vp V2 Iv 1 v

tr Wy
primary | / /| :__‘ = - -
voltage 7 i

"3 f

' R oo

I 7 || /| v

= . ¢ “\
a) Conceptual model of a CT b) Equivalent CT madptesentation

Figure 8-Typical Current Transformer
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Figure 8 b) shows an equivalent schematic modiiefCT. Notice that the CT requires a
small amount of magnetizing curregttio establish the flux in the core.

The basic operation principle of the CT is as f@Bo An introduction of an AC current in the
primary winding creates a magnetic flux aroundwire as well as in the core. The
magnetizing force that creates the magnetic flloalked magnetic field strength H. The
magnetic flux in the core in turn induces a curiarthe secondary winding. Depending on
the winding turns ratio, one can control the amainhe current in the secondary to the
desired level. The turns ratio of the primary aedandary windings determines the ratio of

the input and output current, as shown in (6).

Iszmlp (6)

S

Where:

Ip: current in the primary winding.

Np: number of turns in the primary winding.

Ns number of turns in the secondary winding.
The concentration of the flux in the core is calliect density B. Different magnetic
materials of the core can give higher flux concaidn than the others. The permeability of a
material is an important characteristic of a maignagterial as it determines how well a core

material can be magnetized by a certain magnetipirog H, given as

h=g (7)

Every magnetic material is characterized by thedrgsis loop, also known as B-H loop.

Figure 9 illustrates a typical hysteresis curva éérromagnetic core.
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Figure 9-Hysteresis loop of a typical magnetic core

As the driving magnetizing force H increases, the flensity B linearly increases at a rate of
M*H as given in (7). Then it increases at a slokaéz at the point the core starts to saturate.
When the core fully saturates the magnetizing ciitbecomes excessive, resulting in a
current error and the relationship between pringemy secondary current is no longer linear.
Hence, the measurement is no longer accurate [28].
Ideally, the transformers should be lossless aniéqtéy coupled. That means that the
current in the secondary winding is linearly prdmoral to the current in the primary
winding. In reality, transformers are non-ideahey possess characteris{ssthat are
neglected in ideal transformers such as:
1. Loss in primary and secondary windings due to wasistances:
The primary and secondary windings are simply wivesnd around the magnetic
core having some finite wire resistance. The eurflewing in the windings cause
undesired heat dissipation in the wire.
2. Fluxloss in primary and secondary windings duke&ixage flux:
Not all of the magnetic flux is coupled into theeo This would mean that in a CT
not all primary current be completely convertedégondary current.
3. Energy loss in core due to hysteresis and eddgctar
Eddy currents are caused by the magnetic flux figvin the magnetic core. It circles
within the core and is perpendicular to the magnfiix line.
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4. Require magnetizing current to establish magnéticih the transformer core:
Non ideal transformer core requires a small amo@iotirrent to establish the
magnetic field in the core.
These non-ideal characteristics result in a nogalimelationship between the currents in the
primary and secondary winding.
Besides the disadvantages above, there are setleealissues and limitations experienced on
the CTs used in commercial protection relay prosiusaich as:
» The long settling time for the current phase anigleng CT calibration contributes
additional error in the accuracy.
* Magnetic cross-talk between adjacent transfornetsaffect the signal measurement
accuracy.
» Large physical size and heavy weight create gremiefor mechanical stability.
» Magnetic core material is not consistent betweéereint batches from the same
vendor, and also among different vendors.
These issues have remained constant challengesrfgranies when finding ways to improve

the measurement accuracy and cost control.

The main advantage for using CTs is that they jpi@@an electrical isolation barrier. The
other advantage is their flexibility in AC curreegulation. The desired secondary output

current can be achieved by adjusting the turn @tigrimary and secondary windings.

2.3. Electric/magnetic field based sensors.

The third current sensing method uses a magnetit $ensor such as a Hall-effect sensor or a
Fluxgate sensor. A Hall-effect sensor is basetaentz’s law that a current flowing in a

thin conductor sheet experiences a force if a magfield is applied perpendicularly through
the conductor. As seen in Figure 10, when the miagfield is absent, the charge flows
upward in an approximately straight path. In thespnce of a magnetic field, B, the charge is
forced to follow a curve path so that the chargauawlates on one edge of the conductor

sheet, resulting in a voltage potential perpendictd both the current and the magnetic field.
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Figure 10-Hall effect sensor [1]

The generated voltage is defined by a formula:

1B

V= — (8)
nqd

Where:

I: current flowing in the sheet.

B: magnetic field penetrating the sheet.
n: charge carrier density.

g: charge of the current carrier.

d: thickness of the sheet.

The sensitivity of the sensor is defined by thel Hahsor coefficient [1], [8]:
1
~hod )
The resistance of the sheet is an important prpéthe Hall-effect sensor which determines

Ki

the power dissipation.
The Hall sensor limitations include [1], [8]:
1. Low sensitivity that requires additional designrtgprove resolution upon which adds

more cost.
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2. At zero current there is an offset voltage thatinexg additional circuitry to
compensate.
3. The frequency range is limited to 20 kHz-40 kHz.
4. The device is sensitive to mechanical stress armesnitemperature variations.
Depending on applications, there are several tgctesi using Hall sensor as open-loop
devices and others as closed-loop devices. Thalestropen-loop sensing technique is to

place the Hall sensor close to the current carrgomguctor, as shown in Figure 11 below.

Axis of Sensitivity Magnetic Field
_———"8ensing IC (SMD)

000000000060]

Coppe} trace carrying
current ic

Figure 11-Simplest open-loop Hall sensor device [1]
A more complex open-loop device uses a high peritiggainagnetic core to concentrate the
magnetic field from the current carrying conduct®here is a gap in the core that is used to

place the Hall sensor, as shown in Figure 12. fubnique increases the sensitivity of the
sSensor.

+5V

Amplifier

ic -

Figure 12-Open-loop using magnetic core to coneémthe flux onto the Hall sensor [1].
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The open-loop methods have the advantage of belatively simple and inexpensive. The
drawback of being simple is the lack of accuracyl the variability and non-linearity can
result in significant inaccuracy in measuremend. ninimize the inaccuracy, a closed-loop
technique was developed in which a current is fibioe an added secondary winding (see
Figure 13). This current creates an opposite ntagfiex to that of the primary current in the
conductor. Assuming the two magnetic fluxes pelfezancel each other out, the secondary
current is proportional to the primary current. §eecondary current is passed through a
resistor and can be measured to determine the pricoarent in the conductor.

+18V

+5V

Amplifier

-15V

Figure 13-Closed loop Hall sensor configuration [1]

2.4. Faraday effect based current sensors

The Faraday Effect is a phenomenon that in a medigim and left circular polarized light
waves travel at different speeds if a magnetidfielapplied parallel to the direction of light
propagation. As a result, there will be a phafferdince between the two light waves that is
linearly proportional to the integral of the applimagnetic field.

The Faraday Effect can be used to measure thent@seshown in Figure 14. A linear
polarized light source is fed into the fiber coitwN turns that encloses a current carrying
conductor to be measured. A linear polarized ligate is the superposition of a right-hand
circular polarized wave and a left-hand circulalapaed wave. The phase difference is

linearly proportional to the current in the conauctis shown in (10)
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Linearly polarized
light waves

Light Polarizer |

Source _L
Detector
\ Wollaston J

DUtpUT ] Jfl sz .
- prism

e
"I +h "
\}.\ Detector // (Beam splitter)
2

Sensing Fibre Coil

fe

Figure 14-Optical current sensing method uses lgratfect [1].

AO = VNi, (10)
where:
AB: phase difference between two circular polarizght lwaves, or the rotation angle.
V: Verdet constant, dependent on the property @intliedium that describe the
strength of the Faraday Effect. In this case teeiom is the fiberglass.
N: number of turns of the of the fiber coil.
Ic: current in the conductor.
The rotation angleA®, is measured by injecting a light with a well-defdl linear polarization
state into the fiber and analyzing the polarizastate of the light exiting the fiber.
The advantages of Faraday Effect based fiber-gptient sensor are that the rotation angle
depends only on the current in the conductor; aatlit is insensitive to stray magnetic field
outside of the fiber loop, such as those causeatehyby wires or electronic components. The
disadvantages include:

* The limited linearity to a small rotation angle.

* The accuracy is further reduced by birefringence tdubending the optical fiber
cable. Therefore, exceptionally stable optical ponents are required for measuring
the polarization state change.

* Mechanical vibration can yield a time-varying bire§ence in the sensing fiber,

which further deteriorates the accuracy.
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The Faraday Effect based fiber optic current senaig primarily used for high voltage

current applications due to their superior eleatrisolation characteristics. For low current

applications, however, other sensing techniquesnare economically attractive.

2.5.

Conclusion

It is best to start with comparison tables showdiffgrent sensing techniques as discussed.

Table 1 compares the performance and Table 2 c@nplae costs and application

limitations.
Thermal
Band- DC ) Power
) Accuracy Drift Isolated | Range
width Capable Loss
(PpPm/K)
Shunt | Coaxial | MHz Yes 0.1%-2% | 25-30C No kA W-kW
resistor | SMD kHz-MHz | Yes 0.1%-2% | 25-30C No mA-A | mW-W
Copper trace kHz Yes 0.5%-5% | 50-20C No A-kA mw
Current
Transformer kHz-MHz | No 0.1%-1% | <100 Yes A-kA mw
Rogowski Coi kHz-MHz | No 0.2%-5% | 50-30C Yes A-MA | mW
Hall Effect
Sensor kHz Yes 0.5%-5% | 50-1000 Yes A-kKA| mwW
0.01%-
Fluxgate sensor
kHz Yes 0.5% <50 Yes A mw-wW
Fiber-Optic KA-
Current Sensor kHz-MHz | Yes 0.1%-1%| <100 Yes MA w

Table 1-Performance comparison among current sguigivices [1]
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Cost
(USD)

Size

(mm?)

Limitation

Shunt
Resistor

Shunt

>0.5

> 25

An overcurrer can permanently damage the st
resistor. High power losses make it difficult teasure
high currents. In high voltage applications theklaf

electrical isolation is a problem

resistor
Copper
Trace

>0.5

> 25

The accuracy is degraded by noise due tchigh
amplification. The bandwidth may be limited by the
gain-bandwidth product of the amplifier. Measurihg
trace temperature might be difficult in some apilans.

No electrical isolation

Current

Transformer

>0.5

> 500

A DC offset may saturateore material. For hig
currents a large core cross sectional area isnejto
avoid saturation. In high voltage applications the
winding isolation becomes crucial. A high windiragio
leads to increased parasitic capacitance, whiatcesd
the measurement bandwidth and common mode noisg

rejection.

Rogowski Coil

<1

> 1000

The accuracy depends on the conductor posi
Difficult to measure small currents due to poor
sensitivity. A high number of turns reduces the

measurement bandwidth.

Hall Effect Sensor

>4

> 1000

AC currents with high frequency can overheat the
material. An overcurrent incident introduces a nwig
offset that can only be eliminated with a degaugsin
cycle. Distinct thermal drift that has to be comgagted.

Fluxgate sensor

>10

> 1000

Some variants induce notable voltage noise int
primary winding. Complicated control electronias.
high number of turns reduces the measurement
bandwidth.

Fiber-Optic
Current Sensor

> 1000

> 16

Due to high complexitthe device imnot suitable tc
measure small currents. Bending stress of thecabl

deteriorates the accuracy.

Table 2-Costs and application limitations of therent sensing devices [1]
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For medium current sensing applications where theent ranges from milli-amperes to
hundreds amperes at up to few kHz range frequeheygurrent shunt appears to be the best
device in regard of simplicity, cost, size, and darth.

Comparing the hardware between the circuitry usiiegshunt resistor to that using the CTs in
a certain commercial protection relay product,riest obvious advantage of the current
shunt over the CTs is its physical size and weiglihe device. For instance, the PCB area
using 4 CTs channels shown in Figure 4 requirg&%.0” of layout area, whereas it takes
4.6"x3.1” of PCB area using the current shuntsuduig the acquisition circuits, a 2x
reduction in PCB layout area (as will be shown imafter 5). For these reasons the current

shunts are selected to experiment their performagast that of the CTs.
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Chapter 3. Circuit Design
Shown in Figure 15, the proposed circuit has fealated and identical sub-circuits. Each of
them acquires and processes one single phase anategt, namely IA, IB, IC, and IN.
Depicted in Figure 15, the current in each chamfdd by a step down CT external to the
current shunt. Each circuit channel is comprisiea leavy duty, and low tolerance current
shunt, a passive Low Pass Filter (LPF), and a SiDelta modulator which also provides
isolation. A Field Programmable Gate Array (FP@#Jcesses the 4 modulator outputs

while providing the same clock signal to all fougi®a-Delta modulators.

| E = |
B
| & & |
IA | |
Vet DATAI o
Current LPF Sigma-delta .
shunt V. g £ CLK
_.| AN AGND _I i .l_l [T B
B, : :
DATA2
Current d
LPF Siecma-delta
shunt V- g /LK
- USB
Lov wwl] o Frea 1 Jjon
IC | |
— l 1
Vet DATA3 o
Current -
shunt V. LPF
—L— AGND AGND
IN
Vi ' ' DATA4 | _
Current LPF Sigma-delta .
, iema-delt:
shunt V. g CLK

_L_.-‘\{i?x'[) AGND J__ |J__ DGND
— — =

Figure 15-Top level block diagram of the SDM acdiga circuit



22

3.1. Circuit overview

A 60 Hz AC current flowing in the current shuntates a differential voltage across the
shunt. All electronic components in the circuitshbe protected from electrical and
electromagnetic transients which can cause malfmategradation in performance, damage
to the equipment, or potential risk of electric shto human users. The purpose of the
passive RC Low Pass Filter is to slow down thenggdges of the transients that can be
harmful to the Sigma-Delta modulator while allowithg signal of interest, at 60Hz and
below, and up to its #Bharmonic to pass through. That is, the LPF allsigeals from DC
level up 960Hz to pass to the isolated Sigma-Daltdulator.

The Sigma-Delta modulator serves two purposeg; firgrovides the same electrical isolation
as the conventional CT does; second, it samplearthl®g voltage at a fast rate in order to
achieve higher resolution and lower quantizatiois&o The output of the modulator is
processed by a digital filter to remove noise adlice the sampling rate to a desired
frequency usable to the processor. The Sigma-Debdulator offers better resolution than a

conventional ADC by using an oversampling methdd [6
3.2. Circuit components

3.2.1. Current Shunt

The current shunt is used to convert the currdotardifferential voltage as described in
Section 2.1.2. For the application at hand, thensls specified to carry a 60 Hz current
ranging from minimum of 5A RMS to 20A RMS, and damable to survive a 500A RMS
inrush current for 1 second without degrading anging its material properties. In order to
carry such high current, the current shunt hasteelatively low in resistance, tolerance and
TCR; because any fluctuation in the resistanceaff@ct the measurement accuracy.
However, as the resistor becomes more precisedanbes harder to manufacture, and more
processes are required during manufacturing tarcbite resistor quality. Therefore, the
associated manufacturing cost increases.

Another requirement that determines the value efctitrent shunt resistance is the amplitude
of the differential voltage across the input of thedulator. According to the modulator’s
specification the full scale input range is +320 pdak-peak. Any value beyond this range

will turn on the protection diodes of the Sigma-2ehodulator, and if too much of the
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current (e.g. > 10mA) flows in the protection diatwill cause permanent damage to the
device. For these reasons the current shunt wesenlto be about 1@ +1% tolerance,

+100 ppm (parts per million), with 5nH and 1pF ergsitic inductance and capacitance
typical for this size of shunt.

The actual non-ideal resistor has parasitic indwegtaand capacitance that can be depicted by

a simple model in Figure 16.

Ls

Figure 16-Simple model of a resistor.
In order to allow up to the ¥éharmonic of 60Hz AC current to pass through, tineent
shunt has to have the cutoff frequency above 1666 960 Hz. With the selected shunt

values, the cut off frequency can be calculatedguéll):

1ImQ
=__ " = 11
fe S BT 32kHz (11)

This would mean that the shunt’s cut off frequeiscgood up to the 530harmonic. The
resonant frequency of the non-ideal resistor shiown
Figure 16 is calculated by (12) [9]:
1 R
Wy = -—
LT, L32

This formula holds true for multiple identical refsirs connected in parallel. In other words,

(12)

the resonant frequency remains unchanged if mealsplints are connected in parallel. With
the above selected resistor (e.g. R €4 bs = 5nH, Cp = 1pF), using (12) the resonant
frequency is calculated as 2.25GHz, which is oetsid frequency of interest. The frequency

band of interest is far below the cutoff and resdrfi@equencies. Figure 17 shows Pspice
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simulation of the impedance response of the abbuatsnodel with the mentioned

parameters.

70dB .‘-I’[shunlt+]j'l[l1]:

60dB- :
50dB- resonant frequ

40dB- 2.23913GHz,60.4089d

30dB=-
20dB-
10dB-
0dB=-
-10dB-
-20dB-

-30dB< 32.0727KHz~56.955448
-40dB—y- ------o oo oo iT03753Ki 259995448 " o oo
-50dB- '

-60dB=
10Hz 100Hz 1KHz 10KHz  100KH=z 1MHz 10MHz  100MHz 1GH=z 10GHz

Figure 17-Current shunt impedance response.
As shown in Figure 17, at low frequency up to 1&kthe impedance is constant and real.
As the frequency increases the above 10 kHz, tpedance becomes inductive (esd.
increases). The impedance continues to increase peak at resonant frequency. Then it
becomes capacitive and decreases beyond the ré$mrarency. Any fluctuation in the
impedance creates measurement error. Fortunaislgdcurs above 10 kHz, which is
outside of the frequency of interest.
There are a few resistance models available depegruti the resistor types. For the desired
small resistance value (1), the proposed resistor model is deemed appredBét
In order to survive 500A RMS AC current, a @shunt has to be able to dissipate a

significant amount of power as shown in (13).
P = P*R = 500**1mQ = 250W (13)
Present heavy duty SMD current shunts availabteemmarket are rated below 10W in power

rating. In order to reduce the power dissipatiothie resistor, several current shunts have to

be connected in parallel to share the 500A current.

3.2.2. Low Pass Filter (LPF)
The purpose of the LPF is to pass all the sigmal® DC level to 960 Hz and block all higher
frequency signals. The second purpose of the LR#&-gkw down the fast rising edge of the

electrical transients coming into the circuit. $ldast rising edge transients can be
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overwhelming and damaging to the electronic comptmeuch as the Sigma-Delta
modulator being used in the circuit. These trarisiean get into the circuit via both common
mode and differential mode. The passive LPF hsta@es, each of which provide 20dB
attenuation. Figure 18 shows the schematic oLBfe

To attenuate the common mode noise, several pateEpacitors are used, labeled as (C1,
C8), (C3, C6), (C4, C7). An additional capacitos, is used to attenuate the unwanted
differential signal outside of the frequency baméhterest. Since the LPF is used at the front
end, interfacing with the transients, its groundassidered very ‘noisy’ and has to be
isolated from the ground of the digital or datgusition circuit, or other sensitive electronic
components such as the SDM. For that reason #nersvo isolated grounds used for the
circuit, one for the LPF and the other for the SDWhe equivalent input impedance of the
SDM is also included in the simulation becausdféais the dynamic impedance of the

circuit (e.g. the pole locations of the LPF aresefféd).
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Figure 18-Complete 2nd order LPF circuit schematic
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3.2.2.1. Design of First Stage LPF
Figure 19 shows the first stage of the LPF.

i ‘Jsﬁlun’cﬂ i R stagel+ |
. 0w ;
| =LA ! | |
CD + TI5nH : |G :
AC 230 e {CvalZ} |
5|NEP}J BT, !
v im : ; J? cs :

| L Teevaz |

i - 1."5‘1unt-: i A\Tﬁ\‘( 5,t,a_ge-‘|.. |

: : {Rval}
equivalent |
current shunt, - Iststage LPF ________.

Figure 19-Schematic of first stage LPF

This Btorder LPF provides a cut off frequency (-3dB freqey) at 1.69 MHz and an
attenuation of 20dB/decade. A pair of capacit@s, (C8) are used for filtering the common
mode noise that appears on both the top and baitdes of the circuit.

The transfer function of the first stage LPF iscaédted using Mathcad to determine the
desired pole location, as shown in (14). The locadf the first pole is calculated in (15).
See Appendix A for the derivation of the first pole

(14)

T = SerRT

1 1 (15)
g — % =
fpolel = CI*Rl 1.693 MHz

The Pspice simulation of the first stage LPF, depicn Figure 20, verifies the calculation

of the first pole shown in (15).
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Figure 20-Frequency response of 1st stage filter

3.2.2.2. Design of Second stage LPF

The second stage of the LPF, as depicted in F@lyrerovides another roll off at 3.2 kHz
and an attenuation of 20dB/decade. The capa@tuaisesistors are picked in regard to the
safety requirements of the circuit, their availdyjland ratings of the components, in order
to provide the optimal performance. Here, capagtirs (C3, C6), (C4, C7) are used to
attenuate common mode noise. Even though thespdir®have different grounds as
mentioned at the beginning of Section 3.2.2, thidyb& considered one ground for
simplifying the calculation in Appendix B.

The modulator ground is isolated from chassis gidunusing ISO_GND plane. The
purpose of having the modulator ground isolated ggrevent noise from the chassis from

coupling in to affect the modulator performance.
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Figure 21-Second stage LPF

The second order LPF transfer function is giverfdty. The formula for the second pole is

given by (22). The detailed calculation is shawAppendix B.

1 (16)
S(C3*R3 + C5"R3) + 1
_1 1 _ (17)
fhole2™ 5 C3*R3+Ca*R312CER3 . o210 MHZ

T1(s) =

The 29 stage LPF simulation, as depicted in Figure 2#8fige the calculation of the second

pole. The simulation results confirm adequateqreréince.
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Figure 22-Frequency response of second stage LPF

3.2.2.3.  Cascading two filters to make 2"? order LPF, Mathcad versus Pspice
simulation

Theoretically, when cascading twd arder filters together one would obtain™ @rder
filter with poles determined by each individual astler filter. Figure 23 shows the
response of the"?order cascaded LPF by cascading two filter stagssribed in (14) and
(16). As expected, the first roll off occurs abab3.2 kHz with 20dB/decade of
attenuation. The second roll off occurs at 1.692M¥th another 20dB/decade of

attenuation. The total attenuation after the secoti off is 40dB/decade.
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Figure 23-Cascaded 2nd order LPF transfer funecgsponse using Mathcad

In practice, each stage of the filter has its ownagnic impedance and it affects the

neighboring network. As a result when cascadiegstiages together the poles in the

cascaded circuit are no longer the same, as showgure 24.

(V(vinp)-V(vinn))/(V(Vshunt+)-V(Vshunt-))
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-180dB- 1407
-200dB~ . -_160°
-2 200 BT T T T T T T T T -5:5“' -180°
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Figure 24- Pspice simulation of cascaded 2nd drBé&rtransfer function response

simulation
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Calculating the effect of the dynamic impedancdifiscult and not practical. Therefore, the

alternative of a Pspice simulation is a preferriedice.

3.2.3. Sigma-Delta Modulator (SDM)

The SDM takes a filtered analog signal from the L&#mples it and converts to a single-bit
digital stream ofis andOs accordingly to the level of the analog signakla@wn in Figure

25.

~+FS Analog Inpput

Modulator 1111

Qutput

0000 _ _-FS Analog Inpput

Analog Input

Figure 25-Modulator digital output stream versualag input voltage

For example, consider a sinusoidal analog sigmqmaltinWhen the analog signal voltage is at
a positive peak the modulator outputslall When the analog input decreases toward 0V,
the number olsdecreases and numberGsfincreases at the modulator output. When the
analog input reaches 0V, the modulator outputsleguabers ofls and0s. When the

analog input becomes more negative, the modulatiputs moreds thanls; and eventually
all Os as the voltage reaches negative peak.

The SDM uses an oversampling technique to sampdamalog signal at a much higher rate
than the Nyquist frequency. The Nyquist frequeisayefined as twice the signal frequency,
violating it by sampling below it causes an aligsaifect and the original signal cannot be
fully reconstructed. In any analog-to-digital cension the quantization noise is inevitable.
It is the difference (error) between the analogigand the closest digital representation.
The maximum quantization error of an ideal convadge:1/2 LSB (Least Significant Bit),

as shown in Figure 26.
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Figure 26-Quantization error in ideal AD conversion

Increasing the sampling frequency will not affdat signal power and the total quantization
noise [11]. Therefore, the total ratio of signaleuantization noise (SNR) doesn’t change.
The SNR is defined as the ratio of the averageasigower to the average noise power.
However, oversampling spreads the same quantizatie over a larger frequency range.
If the appropriate filter is used to filter out theise outside of the signal band, the SNR is
improved.
Knowing that increasing the oversampling ratio tbge with applying the digital filter
improves the SNR, leads one to ask how much ofrgmdvement an oversampling can
offer.
For a frequency span from dc to the Nyquist freqydfrs/2), the SNR of an ideal 1-bit
ADC is approximated by (18) [12].
SNR = 6.02*N+1.76 (18)
Where:

SNR: signal-to-noise ratio in decibel (dB).

N: number of bits in the converter. In this cagé-bit ADC, N = 1.
The above equation depicts the maximum SNR witraisaimption that the ADC is ideal.
That is, only quantization noise exists. All otheise sources are ignored, such as thermal
noise, reference noise, clock jitter, etc.
Another measure called signal-to-noise and distontatio (SINAD) to show the overall
dynamic performance of an ADC. SINAD is definedtesratio of the signal to noise plus

the harmonic distortion. It is good to measuredberall performance of the ADC because
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it includes all the components that make up nongkedastortion. SINAD is converted into

the effective-number-of-bits, ENOB, similar to (18} follows:

SINAD = 6.02*ENOB+1.76 (29)

As mentioned, SNR in (18) is calculated over Nyghandwidth range\fq. The actual

signal bandwidth is smaller. If a digital filtex used to filter out the noise outside the signal
bandwidth £ then the SNR will be improved by a factor efds shown in (20) [12].

f f
ke= -5 = s
F™ fnyg 2fsig

(20)
Where:

fs: sampling frequency

fnyg: Nyquist frequency, which is twice the signal fueqcy fig.
The oversampling ratio, OSR, is defined as the flagtween the oversampling rate and the
Nyquist rate [14]. In other words, the OSR tellsMmuch faster than the Nyquist rate a
particular ADC is oversampling. (20) can be retign as:

fs fs

ke = —— =
Pty 2fsig

= OSR, or in dB: k= 10log OSR (21)

OSR is often expressed in a power of 2, or OSR,=Aere m is an integer.
Combining (18) and (21) the SNR becomes: [12]

SNR = 6.02*N+1.76+10 lo@™) (22)
Or equivalently,
SNR = 6.02*N+1.76+m*3dB (23)

From (23), it can be seen that the SNR improve3d), or 0.5 bit, for every doubling of the
sampling frequency. Therefore, a 1 bit increasesolution is equivalent to a 4x increase
in oversampling (or2?).

Generally, to improve the equivalent resolutiornjust using oversampling it is required to
oversample by a factor of'2to get an N-bit in resolution. To achieve a 16resolution

the modulator has to oversample by a factor*gfighich is not realizable.

The SDM overcomes this limitation by employing agnpling and noise shaping
techniques in conjunction with digital filteringp first order SDM improves the SNR by
approximately 9dB (or 1.5 bits) per every doublaigpversampling frequency. A second
order SDM improves the SNR by 15dB (or 2.5 bits)dach doubling of oversampling [14],
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[18]. Therefore, with the appropriate digital filtesed, the SNR improves significantly more
than the conventional ADC. Figure 27 shows theatfbf oversampling with a

conventional ADC versus oversampling and noiseisigapith Sigma-Delta converter.

a)

% Nyquist QUANTIZATION
" Operation —— __— NOISE=q/V12
— | ADC i q=1LSB
Oversampling fe f,
2

b + Digital Filter :
)k + Decimation |

__— DIGITAL FILTER

= DIGITAL [ .
ADC FILTER DEC REMOVED NOISE
| :
Oversampling fs Kfg Kt
+ Noise Shaping 2 2

c) + Digital Filter
|mﬁ + Decimation f

.| A .| DIGITAL (-
MOD FILTER

fs Kf, Kfg
2 3

Figure 27-Effect of oversampling and noise shapin@NR [6].
a) Without oversampling on conventional ADC
b) With oversampling factor K on conventional ADGdadigital filter

c) With oversampling, noise shaping and digitdaéfion Sigma-Delta converter
The disadvantage of the SDM is its slow data outgte& compared to conventional ADC
due to the averaging method of the digital/deciorafilter used (will be shown later in
Section 3.2.4). The AMC1204 modulator used in tegearch has a data rate of 78 kSps
(kilo-samples per second) [16]. In protection redg@yplication, a 60 Hz AC signal is
typically sampled at 8 kSps so the slower datawiutge is not a concern. Depending on
the applications in protection relays, it can téken 0.5 cycle to 3 cycles of a 60 Hz signal
for a relay to examine a fault. That is, the pcota relay makes a decision to trip, or not to
trip the circuit breaker about 8 ms to 50 ms dfterfault has occurred.

3.2.3.4. SDM’s theory of operation
The first order SDM is comprised of four functiotédcks: summing stage, integrator,
comparator (1-bit ADC), and 1-bit DAC. Figure 28&ws a block diagram of a first order
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SDM. For simplicity assume a DC analog voltagautrgt Vin. The summing stage
calculates the difference ofilVand the analog voltage at node B. The integ@ostantly
ramps up or down at node A. As the voltage at odeaches the threshold the comparator
outputs 1 or 0 depending on its previous statee TFbit DAC converts the comparator logic
output to analog voltage (Rr¥r or —Vrer), ready to feed back to the inverting input of the
summing stage; and the sampling process repeatsndgative feedback through the DAC
forces the average voltage at node B to be equaktoThe average voltage at node B is
controlled by the number dfk at the comparator output. AssMincreases, the number s
increases, as does the average voltage at nodel®j@e versa. A single bit from the
comparator doesn’t provide any meaningful informati Only when a large number of
samples are averaged, will the average voltagede B becomes meaningful, implying the
input voltage W.

AN, 5 CLOCK | i
R INTEGRATOR T Kf ! T &
XS s
L —
Vin |
s B @ J‘ ® © oAl | N-BITS
: K,// | FILTER
! _"_’ AND
= % | DECIMATOR
| fs
LATCHED ! \
COMPARATOR | |
{1-BIT ADC) |
Wopr | PULSE TRAIN OF
I'S AND I¥S
18rpata | U U LIUL
1-BIT STREAM
DAC
—Veer

SIGMA-DELTA MODULATOR I

Figure 28-First order SDM functional block diagrdr]

The second order SDM in Figure 29 uses more tharsamming stage and integrator to
achieve a better (sharper) noise shaping funcfidre output of the first integrator is further
differentiated with a 1-bit DAC output and fed iritee second integrator. The second order
SDM can further reduce the quantization noise énftaquency band of interest to achieve

better SNR. However, third or higher order SDMpagience instability and are not
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recommended even though there have been methaag toyimprove the stability of the
higher order SDMs [19].

3.2.3.5.

INTEGRATOR INTEGRATOR CLOCK

V
N,

DIGITAL FILTER
AND
DECIMATOR

N-BITS T
rs

Figure 29-Second order SDM functional block diagfadj

AMC1204 Sigma-Delta modulator

The SDM used in this circuit is a second ordefaisal modulator with 1-bit digital output

with a maximum sampling speed of 20MHz. This mathiis used to provide the galvanic

isolation barrier between the analog and the digeawvork. The isolation is provided by

the silicon dioxide (Sig) material that has been certified to provide isotaup to 4000V
peak according to UL1577, IEC60747-5-5, and CSAddads [16]. The key specifications
of the modulator include:

SNR: 84 dB minimum.

Common Mode Transient Immunity (CMTI): 15kV/us.
Full scale differential input voltage: £320mV.
Isolation voltage: 4000 V peak.

Common mode rejection ratio (0-10kHz): 108dB.
Effective Number of Bits (ENOB): 14

The AMC1204 modulator isolation characteristics @asdollow:
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Parameter Test Conditions Value Unit
Maximum working insulation 1200 \beak
voltage per IEC
Partial discharge test voltage per t=1s (100% production 2250 Vbeak
IEC test), partial discharge < 5pC
Transient overvoltage t =60s 4000 V peak
t=1s 4800 V peak

Table 3-AMC1204 modulator isolation characterisfig)

3.2.4. Field Programmable Gate Array (FPGA) Implementation of digital LPF

A FPGA is used to implement a digital Low Passefi{LPF) to average and down sample
the 1-bit stream code from the modulator and cdnt/ér a digital representation of the
analog voltage. The digital LPF rejects the higlgéiency-quantization noise and removes
aliases beyond the band of interest. Shown inrEig0, the analog signal is sampled by the
SDM at sampling frequencys, fto get high resolution digital output (see FigBfea). The
consequence of this high sampling rate is thahthee is shaped and pushed toward
sampling frequencysf and the digital filter rejects noise beyond tregitiency § (see

Figure 30 b). This results in improvement in SNiite most of the noise is filtered out.
Then, the filtered digital data output is decimaaedrequency ofdf (see Figure 30 c).

L
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® QUANTIZATION °
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b)
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L l l [
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Figure 30-Digital/decimation filter[17].
a) High resolution discrete data output at sampiatg fs
b) Digital filter rejects high frequency noise aasltbws data at low frequencybif
c¢) Output data rate at f
In the decimation process, M samples of the digirdam from the SDM are averaged to

convert to a digital representation. Then oneverg M samples is saved and the rest are
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discarded. By doing this the original samplingyfrency, §, is reduced to fs/M. A higher
decimation ratio (larger M samples) results indregiccuracy. However the system
throughput will be slower. Note that the term ‘deation ratio’ also implies ‘oversampling
ratio’ as mentioned in earlier sections. In otlwerds, M simply implies OSR.

The most popular digital filter being used in tHeNBis the Sin€ function filter [14], where
K is the order of the filter. The value of K shdlle 1 plus the order of the modulator [14].
For a second order SDM, a Siditter is recommended. The filter with higher erchas
better SNR. Also, a higher the decimation ratisults in better SNR. Figure 31 compares
the SNR graphs of1 2", and 3 order Sinc filters.
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Figure 31-SNR vs. decimation ratio for differenh&filter types [15].

The Siné function has the following transfer function:
gy oL (L :
) "M\ 1-z1

M: decimation ratio, also known as oversamplingpré®SR).

(24)

The frequency response of the Sinc filter is oletdiby evaluating (24) at z2#
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oo _ | SINC(Mnrf 3 _ | sin(Mnf 3 25
M1 =|(Srcgn) | = | (singn) -
with: sindf) = %()f)

The frequency response of the Sinc function witfecent orders is shown in Figure 32:

Sinc filter responses 3
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20log sincy(f) ~ o
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Figure 32-Frequency response of different Sinersilt

The nulls exist at multiple frequencies of f = 1/M.this frequency is the sampling
frequency, ¢, then the nulls exist at multiples of f W = fp, (e.g. f=n*bn=1, 2, 3, ...)
(24) can be re-written by factoring out

o (ZalRe ) -
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The first three terms in (26) are called integraitand the last three terms are called
differentiators. The implementation of Sirfitter is done by cascading three integrator
stages operating at high frequengyféllowed by an equal number of differentiatorgea
operating at low frequency fM [14],[20]. The block diagram in Figure 33 defsi an
implementation of the (26). There is a switch lewtwo filter sections that reduces the
sampling rate fromsfto fs /M. The M-period delays needed to realize thefactors can be
implemented by single delay block$ [A4]. This structure is the most attractive for
hardware implementation due to its efficiency andn®mical advantage [21]. This
structure is also known as cascaded integrator-atenimation filter (CIC).

Down sample

Integrator section by M differentiator section
A J A
4 AN e N
x(n) l y(m)

. » Integrator | | Integrator | | Integrator | ~_|Differentiator| |Differentiator| JDifferentiator| ., J~* ',
11-z7) w1-z") 1(1-z") 1-z 1-2 1-Z b F=igM

3

Figure 33-Basic implementation of Strdecimation filter.
The gain of the Sircfilter with decimation ratio M is calculated usitite following
equation [20], [21]:
Gairy. = MK (27)
Or, in terms of bits of resolution the gain is it as:
Gainypit= Klogy(M) (28)
The bus width of the FPGA is chosen to be 1 bitawithan Gairvit to prevent overflow
errors during the M clock cycles when the datac@ianulated [22].
A Sinc filter with a decimation ratio of 64 will have aig of 64 = 262144, or equivalent
to 18 bits of resolution. This means it will neiiregisters, each of which holds one bit,

and the bus width of the FPGA has to be at leasiits3o prevent data overflow.

Table 4 lists the output word sizes for differeatignation ratios of a Siddilter.
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Sinc filter (K = 3)
Dec_imation Gainge Gai_nnbn Bus _vvidth
ratio (M) (bits) (bits)
4 64 6 7
8 512 9 10
16 4096 12 13
32 32768 15 16
64 262144 18 19
128 2097152 21 22
256 16777216| 24 25

Table 4-Output word size vs. decimation ratio dfitLlSinc filter.

From the SDM datasheet, the typical SNR is 88dRBléurest conditions in which Sihc
filter is used with OSR = 256, and maximum workingut voltage of + 250mV peak to
peak), as shown in Figure 34.

SINAD AND SNR vs INPUT SIGNAL AMPLITUDE
100

80
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SINAD and SNR (dB)

0
0.1 1 10 100 1000
Input Signal Amplitude (mVpp)

Figure 34-SNR with respect to input signal amplt{iti6].

As a result, in order to maintain the specifiecelesf SNR of 88dB, the OSR must be set at
256, and the input voltage must be at + 250mV pegdeak. Note that the SNR is
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proportional to the oversampling ratio OSR, antheomagnitude of the input voltage, as
illustrated in Figure 31 and Figure 34, respectivel

With the current shunt of 1 @and the current ranging from 5A to 20A RMS flowsoiigh
it, the differential voltage across the currentrgha therefore at 5mV to 20mV RMS. That
is, the voltage magnitude across the shunt refgtarFigure 18 will be:

V(shunt+) - V(shunt-) = nV RMS = 5/2=7.07 mV (29)
From the graph in Figure 34, at 5mV RMS input vgdtahe SNR is about 50dB; and by
using (18), the effective number of bit (ENOB) @aaihd to be about 8 bits. Similarly, with
500A RMS current the SNR is approximate about 8&di8i, the equivalent ENOB is 14
bits. Although at an OSR of 256 the word size5$its as shown in Table 4, the actual
maximum resolution cannot be any higher than thte@modulator, which is 14 bits
maximum as in the AMC1204.

For the test circuit, the modulator clock is sediatilar rate as in present application at hand,
at 12.5 MHz. The OSR is chosen to be 520 andfibreréhe data output rate at the FPGA is
12.5 MHz/520 = 24 kHz.
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Chapter 4. Simulation
The purpose of the transient simulation is to em$le circuit is immune to external
electrical transients such as lightning, electtastdischarge (ESD), and noise coming from
switching networks.
According to the SDM datasheet [16], the minimurmamn-mode transient immunity
(CMTI) is 15 kV/us. The CMTI is the ability of theevice to reject the fast rate of rise (or
dV/dt) of common-mode transients. The CMTI is imtpat because the high-frequency
transients, when coupling through the parasitiacaance across the isolation barrier of the
Sigma-Delta modulator, can corrupt data. Therefibie important to slow down the rate of
rise of the transients to below the CMTI specif@ato ensure data integrity. Shown in

Table 5 are the simulated transients applied t@tineent shunt.

) Maximum rising edge
Transient
dV / dt (kV/us)

2.5 kV RMS Dielectric (Hipot) 0.0013

4 kV Surge Immunity 9.6

2.5 kv SWC Damped Oscillatony15.9

4 kV EFT/B 1340

8 kV ESD Contact Discharge 8000

Table 5-Transients to be tested on the currenttshun
The right column in Table 5 depicts how rapidly trensient voltage can rise from 0V to its
maximum. The units are in kV/us. For example,disdectric (hipot) transient can rise at
1.3 V/us while the ESD surge can be up to 8 milMdps. The goal here is to limit the
voltage rate of rise of the transient at the irgfuhe SDM to below the specified 15kV/us.
All the simulated transient waveforms show in tbkofving sections of Chapter 4 are
generated using Pspice generators, and their wawefloaracteristics are modeled

accordingly to the IEEE and IEC standards, as ditede following sections.
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4.1.1.1.  Dielectric (Hipot) Test (IEEE C37.90 — 2005, IEC 60255-5) [23]

The purpose of his test is to ensure that progstrtal insulation exists over the

surface between circuits. This is performed asfety test to ensure the risk of

electric shock to persons is minimized by hardvesmsign.

To simulate the common mode test, the output ofltbkectric generator model is connected
across the current shunt (refer to circuit schesrstown in Figure 18). For the application
at hand, the passing criteria is that no more A RMS of leakage current is measured
at the output of the generator, and that no breakduar flashover should occur on the
circuit. To meet IEEE standard, meeting only #itéer requirement is adequate.

Shown in Figure 35 a) is the common mode voltagbeafirst stage LPF, V(stagel+), and
the rate of rise of the voltage at the input noid wf the modulator. The rate of rise in
voltage at the modulator input due to the dieleatraveform is not a concern. Since the
peak common mode voltage measured at the modimgiotris about 3.5kV, surge
capacitors at C1, C3, C6, and C8 must have a rafiBgpkV or above in order to handle
high transient voltage. For safety reasons, Y2 sgifety surge capacitors are used to
prevent electrical conduction through the capasitorthe chassis ground in case of
capacitor failures. The Y2-capacitor will pop opefiiailure mode, prohibiting the transient

current from flowing through it to ground.

Figure 35 c) shows the node voltage at the moduiapait with respect to chassis ground.
Note that the magnitude of this voltage is 3.5k¥Wwhen referenced to the isolator ground
(e.g. V(vinp) — V(ISO_GND) the voltage is less tIg00 mV. This value is within the
limitation of +£320 mV at the modulator input [16]

The leakage current, I[(R24), at the output of threegator shown in Figure 35 c) appears to
be larger than the acceptance criteria of 1mA RR8ducing the value of either surge
capacitance pairs to 100pF will bring the leakageent down to the acceptable level.
However, this change has the adverse effects oalifigy to slow down the rate of rise of
the other transients. Simulation shows if surgecdors at C1 and C8 are set to 100pF
each, the leakage current reduces to 1mA RMS whigieting to Dielectric test; but the

rate of rise at the modulator input increase t&\I41s when subjecting to EFT/B transient
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test. This rise is still below 15 kV/us limitatiof the SDM. Most important, actual Type

tests are necessary to verify the simulation resudtfinalize the component values.

35KV W"tagel *) 1.8m
IKV— /

a) 0. ?KV—/

) -0.7KVH - 0-m
2.1KV-
-3.5KV = mp: -1.5m
3.5KV —
2.1KV—
0.7KV—

b) 0.7k VA
2.1KV—
4323E¥ V(vinp)-V(iso_gnd) I(R24) 5 SmA
280mV— L 1 5mA
140mV— L 0.5mA

OmV-

C) -140mv- —-0.5mA
-280mV- —-1.5mA
-420mV- I . 4 ——-2.5mA

Oms 6ms 12ms 18ms 24ms

Figure 35-Dielectric transient simulation
a) Voltage across capacitor C1. Rate of change (defdhe transient at the input of
the modulator.
b) Voltage at the input of the modulator.
c) Leakage current, differential voltage at the pwsiinput to isolated ground of the

modulator

4.1.1.2. Surge Immunity (IEC 60255-26 Section 7.2.7:2013, IEC 61000-4-5:2005)

[24]

The objective of this test is to confirm that thecgit will operate correctly when energized
and subjected to high-energy disturbances occuairnipe power and interconnection lines

caused by surge voltages from switching and ligigmffects.
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The transient signal is applied to one terminghefcurrent shunt with the generator return
grounded (line-to-earth mode),

Shown in Figure 37 a) are the transient currerdgudi the surge resistor R1 of the first
stage LPF and the instantaneous power dissipatitheiresistor. Figure 37 b) shows the
transient current pulse and power dissipation énrésistor R3 of the second stage LPF.
These waveforms help in choosing the right resistdhe first stage LPF that interfaces
with high voltage transients.

The resistor selected for R1 and R3 has the foligyaiulse voltage rating, as shown in

Figure 36.
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Puise load rating in accordance with IEC 60115-1, 4 27; 1.2 us/50 us;
5 pulses at 12 s intervals; for permissible resistance change 0.5 %

1.2/50 Pulse

Resistance Value R

Figure 36-Pulse voltage of MELF resistor [27].
According to Figure 36, a 100 resistor can handle up to 1kV of 50us pulse veltaghe
power dissipation of the resistor is calculatedodsws:

1kV)?2 30
:(100()2 = 10kW (30)

The rated energy dissipation during= 50us is:
E = P*At = 10kW*50us = 0.5 (31)

The peak power dissipation of the resistor R1 shiowigure 37 a) is 3.3 KW in 2pus.
Applying (31) the resistor energy dissipation carsben to be lower than the rated

dissipation.
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Figure 37 c) verifies that the rate of rise atti@dulator input is less than the specified
15kV/us. Figure 37 d) shows the input voltage wébpect to the isolation ground is less
than £320 mV limit.

. Vetae L Vet IR 1
0.4A I(R1) (stage1+,Vshunt+)*I(R1) 3.3KW
3 1sA L1 7KW
-4.0A ) —————————00KW
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O_EA ( . 11 = F.l._e 4 " A 800-‘}*‘?
L 640W
L 480W
0) 094 _320W
L 160W
-2.0A e 0w
4.0K V- 1P 44
3 2KV - g.s
24KV - ;.g
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0.0KV- LY T Y 0.4
220mV- iV(vinp)-V(iso_gnd);
110mV-
d)
omV:

Ous 4;15 8;15 IZIps lﬁlps ZOIps 24us
Figure 37-Surge Immunity simulation
a), b) Currents and instantaneous power in resi®@rand R3 of the LPF caused by the
transient
¢) Node input voltage and rate of change of thesient at the SDM input
d) Voltage surge at SDM input due to the transient
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4.1.1.3. IEC SWC Oscillatory (IEC 60255-26 Section 7.2.6) [24]

The objective of this test is to confirm that theswit will operate correctly when energized
and subjected to repetitive damped oscillatory wastech as those originating from the
closing or opening of circuit breakers in high agie substations or power plants.

The transient signal is applied to one terminghefcurrent shunt with the generator return
grounded (line-to-earth mode).

Similar to what was displayed in the previous settthe simulation in this section

is used to determine the maximum power dissipaifdhe LPF components and to

verify that the modulator input voltages are witttie datasheet’s limitation. As

shown in Figure 38, all the parameters of inteiregease but are still within the

limitation. From observation, the current flowitigough the front end resistor

appears to be larger compared to the previousi¢ratiss That is because when

transient frequency of the signal increases, thpettance of the surge capacitors of

the passive LPF decreases, resulting more cudmmiri the surge resistors. The

peak power dissipation measurement helps in setgettie correct surge resistors.
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Figure 38-SWC transient simulation.
a), b) Currents and instantaneous power in resi®drand R3 of the LPF caused by SWC
c) Node input voltage and slope of the SWC trarisaethe SDM input
d) Voltage surge at SDM input due to SWC transient.

Figure 39 shows that the voltages at the inpuh@®f3DM and its isolated ground all move
together, allowing the differential input voltagenge to stay within the specified £320mV,

as shown in Figure 38 d).
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Figure 39-SWC transient simulation. Isolated gworoves together with inputs.

4.1.14. 1EEE SWC Fast Transient (IEEE C37.90.1 —2002) [25]
The purpose of this test is to ensure the ciraelitalyes normally when subjected to

repetitive electrical transients.

Similar signals are measured in Figure 40 as irptheious sections. Notice in Figure 40 a)
that the peak power dissipation of the resistoidRI3kW with a pulse width of 50ns. By
applying (31) the energy dissipation is calculasd

E = P*At = 33kW*50ns = 1.5mJ (32)

The selected resistor with rated energy dissipaifdn5J is sufficient for handling this type

of surge energy.

The other signals shown in Figure 40 b), c), d)véthin the limitations.
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4A: I[(R1) V(stage1+, Vshunt+)*I(R1) KW
0A
“4A
a) i ?
-SA 14KW
“12A:
-16A I(R3) V (vimp staze 1 ) FI(R3) -8KW
| Vinp.stagc + )l RS )
0.6A e 14KW
b) ~1-147 0. 7KW
-2.TA T\T( = ) e ——————— /e
600V Yp iy

360V— 2.8

c) 240V= - 1.4
120V = 0.0
oW 1.4

V(vinp)-V(iso gnd)

30mV-
14mV-—
d)
'3311'-"7 | |
Ons SGns 1 6[}115 240ns 320ns

Figure 40-EFTB and SWC Fast Transient simulation
a), b) Currents and instantaneous power dissipatiogsistors R1 and R3 of the LPF caused
by SWC
¢) Node input voltage and slope of the SWC trantsaéthe SDM input
d) Voltage surge at SDM input due to SWC transient.
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4.1.1.5.  Electrostatic Discharge (IEC 60255-26 Section 7.2.3, IEC 61000-4-2,

IEEE C37.90.3) [24], [26]

The purpose of this test is to ensure that thesitiveill not mis-operate under an
Electrostatic Discharge event (ESD), which occunemva user without proper grounding
operates the devices and the human body statigelgtransferred to the devices. There
are two discharge methods in a normal ESD evergctiand indirect discharge. This
Pspice model simulates only the direct discharginote The ESD generator output is

connected to one terminal of the current shuntugition results are shown in Figure 41.
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1A I(R1) V(stagel+,Vshunt+)*I(R1) 36KW
“2A ~30KW
a) 5A. —24KW
—-18KW
-8A —12KW
-11A ~ 6KW
“laa I(R3) V(vinp,stage 1+)*I(R3) oKW
0.5A: ( e A4KW
b)
-2.3A— -2 2KW
-5.0A: T 0.0KW
1.0KV- A 10
0.8KV— —
) 06KV | .
0.4KV—
0.2KV-
0.0KV- — — , -1
12.160V- V(vinp)-V(iso gnd)
d) 12.133V4
0s,12.1078V
12.105V4—= T : : T
Ons 100ns 200ns 300ns 400ns 500ns

Figure 41-ESD simulation.
a) Current in resistor R1 and instantaneous povesition.
b) Current in resistor R3 and instantaneous povasightion.
c) Voltage across capacitor C1. Rate of chang&l{dat the input of the modulator.

d) The modulator’s input voltage to isolated grousmd2V.

From the ESD simulation, Figure 41 d) shows théaga at the modulator input to isolated
ground is 12V. This may be due to the inaccuram@de models of the capacitors C4 and
C7, e.g. lack of the parallel leakage resistangeivalent series resistance (ESR), and
equivalent series inductance (ESL). Adding a @Qplarallel resistor to C4 and C7 brings
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the voltage down to 55mV (see Figure 42). An E&® bn the actual circuit will be needed

to verify the ESD simulation test results.

(vinp)-V(iso_gnd
55mV =
. ; is 55mV
28V now the voltage is 55my
(mV?

T T T T
Ons 100ns 200ns 300ns 400ns 500ns

Figure 42-ESD simulation with the addition of péehtesistor. The Sigma-Delta input

voltage is now less than 55mV.

4.1.1.6. Common Mode Rejection Ratio (CMRR) Simulation
This simulation measures the ability of the LPEwiirto reject the common mode noise
from the external environment to the circuit. hedry, the common mode voltage appears
equally to both inputs of the modulator so thatdierential input voltage is unaffected. In
practice, the component mismatch between the oesiahd capacitor in the LPF circuit
creates voltage difference at the modulator inpat &ffects the differential input voltage
and must be considered. The CMRR is defined asatieeof the differential mode gain to
the common mode gain of a circuit, as shown in.(33fer to schematic in Figure 18 for
relevant voltage labeling.

V (vinp) - V(vinn)

_ Adm_ V(Vshunt+) -V(Vshunt-) (33)
CMRR = Acm V(vemo+) - V(vemo-)
V(Vemi)

The plot of CMRR is shown in Figure 43. This isxddy first plotting the differential gain
of the LPF, Adm, which is the ratio of the LPF'stjput voltage to its differential input
voltage at the shunt as shown in Figure 24. TherL,PF common mode gain is simulated
by applying the common mode current to both ende@fesistor shunt while adding the
typical tolerance to the resistors and capacitgrs% and 20%, respectively. This method
creates an offset voltage, V(vcmo+) - V(vcmo-Yyoas the LPF output. The ratio of the
output voltage to common mode input voltage isatvamon mode gain, Acm. Figure 43
shows the plot of CMRR. At the frequency of instref 60 Hz, the CMMRR is measured



at 88dB.

adequate.

o,
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In practice, a device with CMRR at 80dabetter at the frequency of interest is

V[¥inp]-¥[Vinn]){[V[¥shunt+]-V[¥shunt]]J{[[V[¥cmo+]-Y[¥ocmo-]) [V [Vomi]

=

110dB
100dB=-
S0dB-
80dB-
70dB=-
60 dB=-
b0dB—
40dB-
30dB-
20dB-
10dB-
0dB=-

-10dB=-
10

60.6287Hz,88.7635dB

BERBAdio BELEALL. BEEALL . e mall BE Al EEEAl. EEEAil EmELll mmEal |
Hz 100Hz 1KHz 10KHz100KHz 1MHz 10MHz 1GHz 10GHz

Figure 43-Common Mode Rejection Ratio.
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Chapter 5. Functional Test of the SDM Circuit
The complete fabricated PCB of the SDM circuit wesated with the help of several
groups. The PCB design group creates the PCRitay® mechanical engineer who
designs the chassis. The configuration group geeethe Bill of Materials to be ready for
building the prototype. The manufacturing grougdsuthe complete prototype, as shown
in Figure 44. The SDM circuit is shown within theetangle. The circuit is functionally
tested to verify its performance according to thelolator datasheet.

Figure 44-Complete fabricated SDM PCB

To verify the signal-to- noise and distortion ra8INAD) and the SNR against the
datasheet spec, the shunt is removed, and a 60ltdmge from a function generator is
applied across the shunt’s mounting holes on th®.PThe SNR and SINAD are calculated
using Fast Fourier Transform analysis (FFT) ondéi& output (see Appendix D). Table 6
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shows the SNR; and Table 7 shows the calculatedS|idnd ENOB over the modulator
input voltage sweep. The maximum voltage is +25%0paak-to-peak at the modulator
inputs, a level that the SDM still guarantees adinoperation. The calculated SNR and
SINAD are approximate 5dB to 7dB below the dataskpecification. This is possibly

caused by different test setup, in which one setap experience worse noise than the

other.
Voltage at the modulator inputs (mVpp)
SNR
10mV 100mV 500mV
Calculated SNR of the SDM circuit (dB) 46.4 65.3 77.6
SNR from datasheet 53 74 81

Table 6-SNR verification of the SDM

Voltage at the modulator inputs

SINAD (mVpp)
10mV 100mVv 500mV
Calculated SINAD of the SDM circuit 45.7 64.5 759
(dB)
Calculated ENOB of the SDM (bits) 7.3 10.4 12.3
SINAD from datasheet 52 73 80

Table 7-Calculated SINAD and ENOB of the SDM

To test the SNR of the circuit under applicatiorcofrent ranging from 5A to 20 RMS, a
1mQ current shunt is installed on the PCB. Differeumtrent values are applied through the
shunt and the calculated SNR, SINAD, ENOB, andenfior are recorded in Table 8. Due
to the limitation of the AC current source, 16 A BNs the maximum applied current in the
shunt.
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Voltage at the modulator inputs (mVpp)
Parameters 9.09mV 18.17mV 29.03mV

(5A) (10A) (16A)

SNR (dB) 47.1 53.1 57.3

SINAD (dB) 47.1 52.8 54.5
ENOB (bits) 7.5 8.5 8.8

Noise Floor (dB) 80.3 86.6 90.1
SINAD from datasheet 52 58 63

Table 8-Calculated SNR, SINAD, ENOB, and noiseiflonder test current sweep.
In order to compare the noise floor and CMRR betwbe SDM circuit to that of the CT, a

separate experiment was conducted on the comm&tgialrcuit shown in Figure 4. The
test was conducted on three CT channels, IA, I8,l&n(see Appendix E). The noise floor
is calculated by taking the ratio of 5A reading &dreading at the CT’s secondary
winding. The CMRR is calculated by taking the gaif the differential mode gain, Adm,
when subjecting to 5A current, to the common maala,gAcm, when subjecting to 3kV

common mode signal. Table 9 shows the resultseofest.

A B IC
Noise Floor (dB) 94.1 | 91.7| 92.0
CMRR (dB) 107.1 107.6| 107.6

Table 9-Calculated Noise Floor and CMRR of CT cledgin
The comparison of noise floor in between the SDM @ circuits in Table 8 and Table 9
shows that the CT circuit has superior noise fldsimilarly, the CMRR of the CT circuit is
107 dB, while the simulated CMRR of the SDM cirdunitFigure 43 is 88 dB. Again the CT
circuit's CMRR is unmatched for the SDM circuitrfhis means the CT circuit has better
SNR and ENOB compared to SDM circuit. To furthempare apples-to-apples on these

parameters additional tests on the CT circuits belheeded.
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Chapter 6. Conclusion
Throughout the research on various current sert@niges, the current shunt appears to be
the best fit for the application at hand. The gesind simulation of the LPF show that it
can protect the modulator from the destructivetatssd transients, ensuring the signal data
integrity. However, functional tests performedtba SDM and CT circuits reveal that the

CT circuits have better dynamic performance duésthigher noise floor and CMRR.

In order to consider using the SDM circuit as darabte current sensing device to the CT
circuit, the SDM needs to perform the same or bétin its rival. Comparison on the noise
floor and CMRR suggests the SDM circuit need toroap on these aspects. A possible
solution to improve the noise floor is to incre#fse current shunt resistance so that the
signal current creates a higher differential vadtagross the shunt. At the same time a
better grounding scheme is required to reduce dsercoupling into the shunt. The
drawback of this solution is that it will increatbee power dissipation of the shunt,
especially under fault conditions where the curgemge in the shunt reaches hundreds
amperes. Therefore, care must be taken to avordrdushunt failure under such situations.

For low frequency application (less than 100 H2) DM circuit offers a fair solution for
current sensing application. In spite of the ecoiccadvantage of the SDM circuit, with its
relative low noise floor and CMRR compared to thed@rcuit in an application at hand, the

SDM circuit may not be a solution to replace the CT
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Chapter 7. Future work

The complete board needs to go through a full raafridsts with the actual
transients listed in Chapter 4 in addition to otfype tests to know whether it passes
all the required industrial standards.

The current shunts need to be tested with 500A RWM8ne second. Then the shunt
needs to be measured to determine how much itaase varies during the high
current test. Also, the metal strips, on whichd¢beent shunts elements are welded
across, are soldered onto the PCB. Under 500A BMI@nt they may get hot
enough to melt the solder flux. Therefore, thegerature at the solder joint needs
to be monitored.

Research of other resistor structures and confiiguraof sensing leads is needed to
further improve the accuracy.

The LPF circuit design needs to improve on theedteic insulation capability as
discussed in Section 4.1.1.1

The circuit needs to be tested with the actual IsgWoltage Withstand transient to
verify that there will be no disruptive discharggdrk-over, flashover, or puncture)

during test.
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Calculation of First Stage Filter

62

Impedance of the capacitor C1.:

Zl = i
s(C1
1
Tie)= 2L o STl _ 1
R1+ 71 1 s[CIR1+1
R1+ ——
s[C1
T1(S)i= ————
S[CIR1+1
TA(f) = - 1
[(nd)j]C1IR1+ 1
Poles:

e oo L f 1
polel™ “on 1 c1mR1

fhole1 = 1.693MH:

Table 10-Calculation of the first stage of the LPF



63

Appendix B

Calculation of Second Stage Filter

From differential mode view, node Capacitor C3 &@tdappear to be in series. The
capacitor C37 is small and neglected to simplifigwation. Therefore, the capacitors (
and C7 are considered to be in series. The e@uitahpacitances are:

_ c3ce  c3
edl” c3+c6 2

_ cacr _ ca
€427 cay c7 2

The total equivalent capacitance:

C3 C4 C3+ C4+2C5
Ceq: Ceql+ C5+ Ceq2: ? +C5+ 7 = f
1 2
Ze = =
4~ s s[C3+ C4+ 2CH

€q
Req: R3+ R4= 2R:

The second stage LPF transfer function is deriged a
2

— simpli
S[{C3+ C42CH F_) fy 1
explicit -
2 S[{CIR3+ CAR3+ 2[CSRI + 1
2R3+ collect, s
s[{C3+ C4+ 2CH
-2
T266)= Zeq S[{C3+ C42CH) B 1
Req* Zeq  oras 2 S[C3R3+ 20C5RJ + 1

s[{C3+ C4+ 2CH
check algebra

2
S{C3 C42CH B 1 o
2 S[{CIR3+ CAR3+ 2[C5RI + 1

+
S[{C3+ C4+ 2CH
Second pole location:

2R3

solve, s 1

SC3IR3+ C4R3+ 2[ICFRI + 1= 0 I
explicit C3R3+ C4AR3+ 2[CHR3

1 1
fani= —— = 3.21&H;
pole2 mté CIR3+ CAR3+ 2@:5{523) 1

Table 11- Calculation of the second stage of thE LP
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Appendix C

Dielectric Waveform Spice Model

HIPOT R24

.y Vhipot »

T

'L

SINE({0 2500 60)
C1

Figure 45-Hipot waveform generator

Dielectric Waveform Characteristics
The dielectric test waveform shown in Table 1Z2eguired by the IEEE and IEC standards.

Standard severity levels Frequency
2.5 kV RMS 60 Hz

Table 12-Dielectric voltage waveform charactersstic

Simulated Hipot Test Waveform
d(V(Vhipot))*1uS/1kV

3.5KV 1.5m

2.1KV+ — 0.9m

0.7KV— — 0.3m

-0.7KV— —-0.3m

-2. 1KV —-0.9m

-3.5KV: T i I —-1.5m
Oms 6ms 12ms 18ms 24ms

Figure 46-Hipot waveform and rate of rise



Surge Immunity Spice Model

R13

100e6
R12 c13

V3 M —|—=2 Vsurge >
i 0.5pF

PWL ﬁle=5urge.prr_

Figure 47-Surge Immunity generator

Surge Immunity Waveform Characteristics

Standard Parameter Expected
severity level Value
Rise time lus
4 kv i i
Duration (time to half value) 50us
Table 13-Surge Immunity transient characteristics
Simulated Surge Immunity Test Waveform
45KV diVivsurge))#1uSiky, 1
ORI - o _ g
3.5KW:
2.5KV: — 9
2.0KV L 3
1.5KV= L
1.0KV=
05KV~ -1
0.0KV i 1 1 1 1 _3
Ops 40pus 80ps 120us 160us 200ps

Figure 48-Surge Immunity waveform and rate of rise
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IEC SWC Oscillatory Spice Model

R7

Vosc >

\h|

&

PWL file=SWC.prn

E1
2.5k

N
Figure 49-SWC oscillatory generator

IEC SWC Oscillatory Waveform Characteristics

Standard severity level Parameters Expected Valug Acceptable Range
Rise Time 75ns + 20% 60 — 90ns
Oscillation Frequency 1IMHz + 10% 0.9-1.1MHz
Waveform Decay See Note 1

2.5kv _
Open Circuit Voltage| 2.5kV +10% | 2.25 —2.75kV
Short Circuit Current| 12.5A £20% | 10 — 15A
Output Impedance 20D N/A

Table 14-SWC Oscillatory waveform characteristics
Note 1 peak 5 of the waveform is to be greater than 588d,peak 10 is to be less

than 50% of the peak voltage.

IEC SWC Oscillatory Test Waveform

3.0KW: d(¥(vosc))*1uSi1ky 04
05,15.995
0.3KY= |,
-2.5Kv- ' . : : 20
Ops Bus 16ps 24ps 32us A0S

Figure 50-SWC Oscillatory waveform and rate of rise



67

IEEE SWC Fast Transient Spice Model

R11
1G
R10 C12

V2 .y | SWC >
E2 5 33nF

- 4k
PWL file=EFT_B.pm

Figure 51-IEEE SWC Fast Transient generator

IEEE SWC Fast Transient Waveform Characteristics

voltage
4 kY -f_—1 0%

90% — N
positive or
negativa

50% polarity

10%
5ns +30% y— time
50ns +30% |-

Figure 52-IEEE SWC Fast Transient waveform charesties [25].

IEEE SWC Fast Transient Test Waveform

40KV d(V{swc))x1uSi1kV
3.6KV - 1.3K
32KV 0s,1-3408K = 1.1K
2.8KY- =
24KV 0.9K
2.0KV: — 0.7K
1.6KY = 0.5K
1.2KV L 03K
0.8KW 5.23865nsy3.58846KY
0.4KV- - 0.1K
0.0K V= : - - : 0.1K
Ons 20ns 40ns 60ns 80ns 100ns

Figure 53-Simulated IEEE SWC Fast Transient wavefand rate of rise



68

Electrostatic Discharge Spice Model

R25 C50
s

100 10p
Cc49 R3
H im
1p

Em R24 R23 g/ﬁ\ M R1 R2
R26 90 330 25 0y 270 270
0.1
PULSE(500 o ::::; PULSE(0 50 1p 11 O R6 c3 c2 1
p 10e6 :?)[mp ::235‘) :§5p
v Ry
V6
4kV
m L4
P
Td+3.3n Z0=500 e é
ces
[
Figure 54-ESD generator
ESD Waveform Characteristics
Voltage | Parameters Acceptable Range
8kVv Rise Time 700ps — 1ns

Table 15-ESD voltage waveform characteristics



L. = 15A +10%

! typical ringing waveform
8A +30%
[ TR

4{‘

H ——

! O,
ideal cal \4A +30%
waveform N

— t
t =0.7-1ns 30ns 60ns

Figure 55-Typical ESD current waveform at 4kV.

ESD Test Waveform

164
14A—
122+
10A-

30.3616Nn8.7.79906A
60.0683Nn5.4.077954A

1 1 1
30ns bONns 90ns

Figure 56-Simulated ESD current waveform at 4kV.
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Appendix D

Sinc® Filter VHDL implementation

70

VHDL code implementation is based on the block diagin Texas Instrument Application

report [20], as shown in Figure 57 and Figure 58.

MOUT

DELTA1

CN1

MCLK

CM2

DNO

> CLK

> cLK —> CLK
CNR ’7 ’7

> CLK

:

Figure 57-Singfilter implementation block diagram [20].



library |EEE;
use |EEE.std_logic 1164.all;
use IEEE.std_legic unsigned.all;

entity FLT is
pori{RESN, MOUT, MCLK, CNR ! in std_logic;
CN3 : out std_logic_vector(24 downto 0));
end FLT,

architecture RTL of FLT is

signal DNO, DN1, DN3, DNS5 : std_logic_vector{24 downto 0);

signal CN1, CN2, CN3, CN4 : std_logic_vector(24 downto 0);

signal DELTA1 : std_logic_vector(24 downto 0);
begin

process(MCLK, RESn)
begin
if RESn ="0" then
DELTA1 <= (others =>"'0');
elsif MCLK'event and MCLK ="1" then
it MOUT ="1" then
DELTA1 <=DELTA1 + 1;
end if;
end if;
end process;

process(RESN, MCLK)
begin
if RESN ="0" then
CN1 <= (others == "0');
CN2 <= (others == "0");
elsif MCLK'event and MCLK ="1" then
CN1 == CN1 + DELTA1;
CN2 == CN2 + CN1;
end if;
end process;

process(RESN, CNR)
begin
if RESN ='0' then
DNO == (others == "0');
DN1 <= (others == "0');
DN3 <= (others == '0');
DNS <= (others == '0');
efsif CNR'event and CNR ="1" then
DMNO <= CN2Z;
DN1 <= DNO;
DN3 == CN3;
DNS <= CN4;
end if;
end process;

CN3 <= DNO - DN1;
CN4 <= CN3 - DN3;
CHN3 == CN4 - DN3;

end RTL;

Figure 58-Referenced Sihfilter VHDL code used to implement the FPGA [20]
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SNR, SINAD calculation pseudo code/algorithm

Generate windowing function that works for 60Hz SéHRculation
Generate FFT magnitude of a signal and its frequeactor.
Find signal fundamental frequency
Removing dc bins
Remove 60 Hz power supply noise
Find noise floor starting at dc by removing thedamental
Get the root-mean-square of the noise (includingnbaics)
Calculate noise from the equation below:
Noise = 20*log10( (magnitude of fundamental sijyr (root-mean-square of the
noise))
Calculate FFT gain from the equation below:
fft_gain = 10*log10(M/2), where M is the numhgrsignal samples in FFT for this
research, M = 4096
Calculate SINAD and ENOB by using equation below:
sinad = noise_db-fft_gain
enob = (sinad-1.76)/6.02
Remove the harmonics from the noise
Get the root-mean-square of the noise (without baros)
Calculate noise floor from the equation below:
noise_floor = 20*log10( (magnitude of fundamésignal) / (root-mean-square of the
noise without harmonics))
Calculate SNR from the equation below:
snr = noise_db-fft_gain

Refer to Figure 59 for illustration of the SNR amalse floor.

0 ADC FULLSCALE

N I

SNR = 6.02N + 1.76dB

-50
dB
=75

-100

Figure 59- lllustration of SNR and noise floor reduency domain using FFT [12]




Appendix E

CMRR and Noise Floor test on CT circuit

VAKV) | VBKV) [VC(KkV) |[VSKkV) | IAA) IB(A) IC(A) Windows User:
Shorted 0.00p 0.0¢7 0.0p6 0.Qo6 0.p98 0]129  4.12 APFt"Y Currs_”t :3386 36A
" n meter reading.: 5
Appied | 299.528 299.148 299.1p4 299.591 4986|358 4984.89BAT77P | rim - 1o/t -
3kVac 0.137 0.020 0.197 0.0p1 6.401 6. 2}5@ 6]2374986.36/5
Ratio 47468.780] 45400.303| 51132.308| 49601.159| 50881.204| 38642.225| 39878.176
. 4B | |Windows User:
oor i :
OB o358  93.241| o417 s3.010 04.131] " o1.741] — 92.015] |BUrden resistor: 2 ohm
Adm 998.427]\ 997.293] 997.080| 998.637] 997.272] 996.969]  996.954| |Vin: 3kv
Io: 6.601
Acm 0.046 0.007] 0036  0.030 0.004 0.004 0.004] | 2. 0 6 601¥20hm = 13.2V
Ratio 21863.358] 149594:000] 27955.514] 32922.088] 226618.300] 238547.472] 239844.683
(dB) 86.794]  103.498) “.88.929] 90.350| 107.106] 107.551]  107.599
Windows User: Windows User:
Common mode Gain: Differential Gain:

Acm = Vout/VCMin
Acm = Vout *1kV/Vin

Adm = V(differential out)/V(differential in)
Adm = Vout/Vin = Vout*1kV/Vin

Vin: applied input voltage
Vout: meter reading in kV

€L
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