ABSTRACT
JUVEKAR, SWANAND. A Fast Acting DC Solid State Cuit Breaker. (Under the
direction of Dr. Subhashish Bhattacharya).

The thesis focuses on developing a low voltageopype of a medium voltage DC
solid state circuit breaker. Various topologiesD&f solid state breakers are evaluated and
the one suitable to implement a fast acting fautiérrupting device is chosen. Simulations
are performed using MATLAB/PLECS to verify desirsgstem operation with chosen
components. The circuit is then implemented in Wareé using a MOSFET semiconductor
switch and a micro-controller to control its opeyat Hardware backup circuitry is also
implanted using OPAMP. The maximum operation tiroe lhardware developed in this
thesis is 4.042uS. Initial testing is carried duba voltage (60V) and testing waveforms are
presented along with explanation of different timEsmware logic is also explained with a

flowchart. Later, the hardware is tested at 400 @&@sting results are presented.

A mathematical expression for sensor operating tentkerived and simulation for the
same is also presented to verify calculated timemitations of present hardware are
explained by comparing calculated operation time abtained hardware results. Later,
SPICE simulations are performed on 7.5kV DC sydteevaluate and compare performance
of 6.5kV Si-IGBT and SiC- MOSFET. The tradeoff betm the two is also explained which

would be helpful for choosing the right device fven system.
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CHAPTER 1

Solid state circuit breakersfor DC applications

A circuit breaker (CB) is a kind of switch which $sipposed to operate whenever
there is a fault condition or sustained overloadpower system. Primary function of a
circuit breaker is to isolate the faulty sectiortltd power system thereby protecting the loads
and system itself from damage due to excessivertsirThere exist different types of circuit
breakers such as thermal circuit breakers, elecgometic circuit breakers, thermal/magnetic
circuit breakers and solid state circuit break@tsof these differ in principle of operation.
Thermal circuit breakers use a bimetallic strip ebhibends due to heat produced by
excessive current during fault condition. As a leghe current carrying contact open up
breaking the main circuit. In electromagnetic typecuit breakers, main current flows
through a coil which produces magnetic field tozatt an armature. When current is higher
than set value, magnetic field becomes strong dntmgull the armature thereby breaking
the main circuit. Circuit breakers combining bofhhese effects are called thermal/magnetic
circuit breakers. These use electromagnetic adtioprovide over-current protection and
thermal effect to provide protection against susdioverloads.

Thermal circuit breakers have long tripping timesicln means fault current
continues to flow through the system longer whichild be dangerous to the system and

loads. Moreover, thermal CBs are sensitive to antbtemperature variations. Though



electromagnetic CBs are faster than thermal CBaiy thipping speed is not sufficient to
protect modern loads which are very sensitive tioeexe electrical conditions. Again these
are sensitive to external magnetic interference waitlations in addition to ambient
temperature [1]. A solid state circuit breaker ssoover other types mainly because of its
faster tripping times with additional advantagesluding soft start, soft turn off, reduced
switching surges, high reliability and longer lifieie to lesser wear and tear (no arcing),

improved power quality at healthy section of sys{2n

1.1 Motivation

Figure 1.1 on next page shows a single line diagsthifREEDM system. The IFM
(Intelligent Fault Management) systems are impldewrusing SSFID (Solid State Fault
Isolation Devices). The function of SSFID is tol&e the faulty section of the system
thereby allowing rest of the system to functionmally. The motivation for work presented
in this thesis is to develop a MVDC counterparS&FIDs used in MVAC system which is
part of FREEDM grid.

Recently medium voltage DC (MVDC) distribution igdmming more and more
popular. Advantages of MVDC distribution includegher power transfer capability,
transformer size reduction due to high frequencgraton, higher power density and
potentially higher efficiency, ease of paralleliggnerating units, better fault controllability
and simpler cabling. As a result, MVDC systems lagg proposed for wind farms, large

scale solar energy collection and naval shipboavdep systems.
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Figure 1.1 FREEDM system single line diagram [3]

Modern navy warships are becoming more and moireleand nature of loads on
board is changing from energy intensive to powedensive. Therefore, it is becoming
increasingly challenging to supply ship’s power dech with limited available space. The
obvious solution to this problem is to increase gship power density. In the first attempt to
tackle this issue, Integrated Power System (IPS) praposed meaning a shared electric
power generation for all types of ship electricdodhis was in contrast to the inefficient
traditional approach of having dedicated generafmmboth propulsion and ship service

loads. However, even the new IPS power system usangentional Medium-Voltage AC



(MVAC) distribution system, which has been usedrfany years on navy ships, falls short
of answering these soaring power demands due tmiky infrastructure mainly consisting
of huge high power 60Hz three-phase transformerss Timits the usability of MVAC
system for modern navy warfare ships which areegetoward more advanced electric type
of loads. Considering the major issue of power enath future combatant ships, the Next
Generation Integrated Power system (NGIPS) roaddhameveloped by the Electric Ship
Office (ESO) of Office of Naval Research (ONR), gasts the Medium Voltage DC
(MVDC) distribution as a viable solution to incregsower density on the ship [5]. One such
system is shown in figure 1.2 [5] below. The figwlgows a typical naval MVDC system
with several power sources and several loads. Dweeprequired for loads like proposer,
weapon systems etc could be derived from a geneffatd cell, batteries and so on. As in
case of any power system, the system and loadstodslprotected from faults and here we
need a MVDC circuit breaker. Figure 1.3 shows descdown version MVDC system shown
in figure 1.2. In figure 1.3 [5], a 3-phase AC smaiis feeding a transformer which scales
down its input voltage to 4.16kV. A power electmomionverter is acting as a rectifier and
generates 7.5kV DC at the output. Different loagstanging off the DC bus and as shown
in figure 1.3, SSCB could be used to provide ovesnt protection to loads connected to its
output. To serve as a proof of concept, a low geltéd00V) prototype of MVDC circuit

breaker is developed in this thesis and testingltseeare presented.
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As a part of ongoing research on MVDC, a 400V DSfiited is being developed in
FREEDM systems center. The 400V system is showigume 1.4. It can be seen that there
are several loads connected to DC bus some of wddald be sensitive loads which need
faster fault isolation in order to protect themnfr@lamage. In a real MVDC system, fault
severity could be even higher owing to higher bolsage. This thesis focuses on developing
DC solid state circuit breaker hardware for 400¥tegn shown in figure 1.4. Simulations are

also performed for a 7.5kV MVDC system using deéferdevices and results are compared.
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Figure 1.4  The 400V DC testbed developed as prototype of M\JBIC



1.2 Background of DC SSCBs

In literature, hybrid circuit breakers were propbses a solution to high conduction
losses due to higher on resistance of a semicoodsetitch [6]. In such a configuration,
fault current is interrupted in multiple steps asatibed in [7]. Normally, load current would
flow through mechanical switch and only when faadturs, the semiconductor switches are
fired to divert fault current away from mechanisalitch and allow opening it without any
arcing. With advances in power semiconductor teldgyy new and better devices like
IGBTs, SIC MOSFETS etc were developed which havehmsuperior performance as
compared to their ancestors. Recently, MOSFETSnigagn resistance as small as I®m
(e.g. STY112N65M5) have arrived in market. Thisngtiates the need to use mechanical

switch in order to reduce conduction losses and thduces size and cost.
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Figure 1.5 Hybrid DC circuit breaker [6]



With current technology, there are three approathésiplement the DC solid state
fault interrupting scheme. Conventional approaclesause of an ability of VSC to act as a
crowbar circuit and AC side circuit breaker intgrisufault current as described in [8]. This is
shown in figure 1.6. Another method is to use a $3@Red switch with forced commutation
circuit which is required to turn SCR off in caddfault as described in [9]. This is shown in
figure 1.7. Third method uses a semiconductor d@evVike IGBT or MOSFET having
controlled turn off capabilities since current limg action needs to be faster than a half-

cycle as described in [10]. This is shown in figlir8.
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Figure 1.6 DC circuit breaker scheme employing VSC as crovi®pr
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In the first case, speed of fault interruption deggeon AC side circuit breaker which
might not meet the requirements and moreover VSiickes need to withstand full fault
current until the breaker interrupts it. Last agmto simplifies the hardware implementation
by allowing use of a simpler power circuit and a#dlmws ultra fast operation. Therefore,

this approach is focused on for purpose of hardwapéementation.

1.3  Scopeof thesis

The most important aspect focused on in this thissepeed of operation. Current
literature shows this time to be several tens ordheds of micro-seconds. An existing patent
[1] with same topology as chosen for this thesisitioas time required to inhibit fault
current as 300uS. Similar system as shown in [hOjs hardware results with operation
time more than 15uS. This thesis aims at develofi8GB hardware with operation time in
less than 5 microseconds using silicon MOSFET.

In section 1.4, topology of SSCB implemented irs tiiesis is described. In next few
chapters, MATLAB/PLECS simulations are performed #90V DC system and events
occurring during turn on and turn off of switch @&eplained. The chosen SSCB topology is
realized in hardware and hardware testing wavefoanes presented with explanation of
different times. Later, analysis is performed ttcgkate sensor response time and simulation
is performed with models of actual components Usedhardware implementation to verify
the result obtained by calculations. Finally, siatigns are also performed for 7.5kV MVDC

system to test how currently available devices querffor this application and compare
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results for different devices to show tradeoff bextw them to be considered while choosing
the right switch for SSCB. In final section of tliesa new PV model is developed which acts
as impedance dependent current source rather traremtional voltage controlled current
source. The benefits of new model are explained wiite help of MATLAB/PLECS

simulation.

1.4  Overview of chosen SSCB topology

Fault current
Control Circuit rate [imiter
Trip indicator
Load
k
+
bC Micro- Gate Driver Semiconductor
= controller o switch
Hardware
] backup
4 Current Sensor

Figure 1.9 Block diagram of SSCB system
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The figure 1.9 shows the block diagram of SSCBesystieveloped in this thesis. The
micro-controller is central decision making unit.id continuously monitoring response of
current sensor for overcurrent condition. In norroahdition, micro-controller commands
gate driver to keep the semiconductor switch ONekva fault occurs, load current begins to
increase at a rate determined by fault currentdmiThe fault current limiter is an inductive
element which limits di/dt in case of fault. To @&vchaving over-voltage stresses on
semiconductor switch, a freewheeling path must beviged at the time of current
interruption by semiconductor switch. Once currerisses a threshold programmed in
micro-controller, it commands gate driver to stheg semiconductor switch off. Since micro-
controller is a programmable device, logic for argolosure can also be implemented. If the
fault is persistent after 3 attempts, the main dwill be turned off by micro-controller and
will remain off until reset manually. Once the faid cleared, micro-controller sends signal
to trip indicator circuit which lights an LED andrds signal to other circuits. In case micro-
controller fails to act in timely manner, a hardevdyackup circuitry with current threshold
higher than that of micro-controller comes intoi@tt This hardware backup uses reliable
OPAMP circuitry to compare current sensor respomie a fixed threshold and send trip

command to gate driver is there is a fault.
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CHAPTER 2

PLECS smulations of SSCB system

In this chapter, SSCB topology described in chapteris simulated using
MATLAB/PLECS software to study its operation. Compats to be used in hardware
implementation are chosen and real values of deparameters are used for simulation.
Parasitic elements are also introduced to makelatian more realistic. Various delays and
operation times of individual components are cai@d and modeled in the simulation. A

calculation for expected total operating time sogberformed.

21 SSCB components

The semiconductor switch used for hardware impleéatem is a STW55NM60ND
MOSFET with typical on-resistance of 4@nThe micro-controller used is PIC16F690 and
is operated with 20MHz crystal. Gate driver is iempkented using IXDN409SI which is a
high speed, high current gate driver chip desigiwedrive a switch at faster rate. An opto-
coupler (HCNW2211) is also used to provide isolatipto 5kV. Current sensor used is LA-
55P which is closed loop current transducer workimgHall Effect principle. Output of
current sensor is fed to micro-controller through @QPAMP (TLE2142l) buffer. Fault

current limiter is simply an inductor which limits/dt when fault happens. A freewheeling
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diode (DSEP29-06A) is used to provide a freewheetiath to inductor current when main

switch opens.

2.2 Calculation of operation time

Quite a few components contribute to total operatione of SSCB. After load
current crosses threshold, current sensor outpkgstasome time to change to that
corresponding to overcurrent condition followed®yAMP buffer operation time. Output of
OPAMP buffer is fed to comparator inside micro-cohér which has its own response time
followed by time taken by firmware to execute theem@urrent trip logic. When micro-
controller sends a turn off command to main switthas to pass through opto-coupler and
gate driver. Finally, the semiconductor switchlftsakes finite time to turn off whose value
depends on gate resistance. Time taken by indivchraponents is obtained from datasheet

and is listed below.

LA55-P, Current sensor: 1uS (From datasheet)

* TLE2142], OPAMP buffer: 340nS (From datasheet)

» Comparator inside micro-controller: 400nS (Fromadheet of PIC16F690)

* Micro-controller logic: 9*0.2uS = 1.8uS (9 instrignts each taking 200nS)

« HCNW2211, opto-coupler: 160nS+7nS=167nS (OFF prapaig delay + Fall time)

» XDNA409SlI, Gate driver chip: 36nS+15nS=51nS (OFppagation delay + Fall time)
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STW55NM60ND, MOSFET: 284nS (OFF propagation deldya# time)

From above mentioned individual operating timeserapng times of different

sections of circuit and total operation time iscodédted as follows.

2.3

Adding all individual operating times of componentxpected total maximum

operating time = 4.042uS.

Maximum operating time for sensor, OPAMP and micootroller

1uS+0.34uS+0.4uS+1.8uS= 3.54uS.

Maximum operating time for opto-coupler, gate drivand switch to turn off is

0.167uS+0.051uS+0.284uS=0.502uS=502nS.

System simulation at 400V DC

Figure 2.1 shows the circuit diagram of the SSCBtesy. It has a 400V DC stiff

input and it is feeding a load of 85.50hm. Main powwitch which carries load current and

interrupts it in case of fault is a MOSFET (STW55BOMND). Inductor L2 is acts as a fault

current limiter which will limit source current dif when fault occurs. Operating times of

various devices are modeled and are as shown umefig-3 and L4 are used to model

parasitic inductances in circuit. Waveforms obtdifimm simulation are presented in next

section.
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Figure 2.1 SSCB circuit diagram

24 Simulation results

Figure 2.2 below shows simulation waveforms. At 8tart of simulation, main
switch is kept off. As a result it is blocking 40@¥¢ross it and no power is delivered to load.
At t=50e-6, turn on gate signal is given to maintslwand it begins to conduct current equal

to 400/85.5 =4.68A.
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Figure 2.2 SSCB simulation waveforms
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At t=80e-6, a 250hm load bank is switched in patallith existing load. As a result
total load resistance becomes 25//85.5 = 19.344@hich means steady state fault current
will be 400/19.334 = 20.68A if no action is takefs seen in figure 2.1, overcurrent
threshold is set at 5.5A. The control circuitry Iwgitart taking action after it detects
overcurrent which happens 1.34uS (sensor circuggponse time) after current crosses
5.5A. Fault current continues to increase tillsitimterrupted by main switch after 4.042uS
from the instant fault current crosses the thresh@hen the fault current is interrupted,
inductor current freewheels through diode and msaiiich blocks 400V. Zoomed in view of
figure 2.2 is shown in figure 2.3 on next page.

After auto-reclosure delay of 50uS, control ciropiattempts to power up the load
and check if fault is still present. As the faugltstill there, current through load starts risihg a
a rate determined by inductor. Again control cinigubegins to take action 1.34uS after fault
current crosses the threshold and fault curreninfarrupted after about 4.042uS. This
process repeats two more times and then firmwamnelgdes that it is a permanent fault and
keeps main switch open until micro-controller iset manually. Zoomed in version of
waveform is shown below which shows fault beingiinipted 4.042uS after fault current

crosses set overcurrent threshold.
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Figure 2.3 Zoomed view of waveform when fault occurs
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CHAPTER 3

Hardware implementation and testing results

The topology chosen for SSCB implementation is showfigure 1.9 and its working
is explained in chapter 1. This chapter elaboratelardware implementation of low voltage
prototype SSCB for 400V DC testbed. Firmware Idgicmicro-controller is explained with
a flowchart. The hardware is first tested at lowpofor purposes of firmware development
and testing results are presented. Later, it itedeat 400V and captured waveforms are

presented in this chapter with explanation of défe times.

31 SSCB hardware

For convenience, figure 3.1 again shows the blo@dgrdm of chosen SSCB
topology. This can be compared to actual hardwatines shown later to see how each
block in the system got translated into real haréwAs mentioned in previous chapter, the
semiconductor switch used is a MOSFET (STW55NM60M@M typical on-resistance of
47mQ. The micro-controller used is PIC16F690 and israyeel with 20MHz crystal. Gate
driver circuitry is implemented using IXDN409SI whiis capable of supply driving currents
as high as 9A. An opto-coupler (HCNW2211) is alsedito provide isolation upto 5kV.
Current sensor used is LA-55P which is closed loopent transducer working on Hall

Effect principle. Output of current sensor is fed micro-controller through an OPAMP
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(TLE2142I1) buffer. Fault current limiter is simpan inductor which limits di/dt when fault
happens. A freewheeling diode (DSEP29-06A) is usegrovide a freewheeling path to

inductor current when main switch opens.

Fault current
Control Circuit rate [imiter
Trip indicator
Load
k
+
oC Micra- Gate Driver Semiconductor
r cantroller o switch
Hardware
] backup
Current Sensor

Figure 3.1  The block diagram of SSCB system

Figure 3.2 shows picture of SSCB board. The maiiicew(MOSFET) is placed
upside down and hence only its terminals are \esibl figure 3.2. A hardware backup
circuitry is designed to protect the load in caseroacontroller does not operate at all.

Hardware backup is implemented using LM339 OPAM#ngcas Schmitt trigger and SR
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latch to provide instantaneous trip. Current thobdiset for hardware backup is much higher
than that set in micro-controller. If micro-contesl fails to act by the time current reaches
threshold set in hardware backup, it will trip mawitch instantaneously. This current
threshold can be varied by using a potentiometeshasvn in figure below. Trip indicator

circuitry glows green LED and sends signal to aamyl circuitry when a permanent fault is

cleared by micro-controller after all attempts etlosure are failed. Pictures of PCB are
shown in figure 3.2. Entire test setup for tesa@0V is shown in figure 3.3 where heat sink

is also visible.

From source

SENSOL | L
N Semiconductor
N Switch

Figure 3.2  The block diagram of SSCB system
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Figure 3.3  Test setup for 60V testing

3.2 Firmwarelogic

The firmware logic is implemented using micro-cotlier PIC16F690. Feedback
voltage obtained from current sensor circuitry enpared with a programmed threshold
using an internal comparator. Whenever currentstiolel exceeds programmed threshold,
comparator output goes low. The firmware is cordirsly looking for this condition to
detect overcurrent condition. Whenever overcurigrdetected, main switch carrying load
current is switched off and firmware waits for 50@8to-reclosure time) and then closes the

main switch to check if fault is still there. Ifut is still present, it will again turn off main
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switch and process repeats. When fault occurdhofitst time, a timer is initiated which will

reduce the fault count if next fault trigger does accur within 1mS.

L
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I comparators, Interrupts;
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Manual - .
Initialize variables, flags.
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YES MO _ ~
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r

¥ Counter = Counter = 1
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o~
~ a
Jﬁ,&. NO " Go back to main

— process
- \\
< IsCounter<4? >

T~

VES INTERRUPT SERVICE

_ ROUTINE
Turn ON main switch,
Turn on timer

MAIN PROCESS

Figure 3.4  SSCB firmware logic flowchart
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3.3 Hardwaretesting results at 60V

For developing a prototype, the hardware is fiestted with a 60V supply and a
primarily resistive load bank having a small induate (16uH as measured from
waveforms). Instead of putting a real fault at libeed terminals, the load resistance is varied
from 60ohms to 6.4ohm so that final steady stateevaf load current is beyond overcurrent
threshold set in micro-controller. Results with&.B5.5A and 8.1A threshold are presented

in this section.

3.3.1 Casel: Current threshold=2.7A

Figure 3.5 below shows output when current thresimbket at 2.7A. Blue waveform
is load current while pink waveform is that of naerontroller output command to opto-
coupler and gate driver. The system makes 3 agtoswe attempts and if the fault is still
persistent main switch remains off until micro-gotier is reset manually. Figure 3.5 shows
measured time as 52.6uS as against chosen valu® BBcause of other instructions
(conditional instructions, incrementing counterattimeed to be executed before switch is
turned ON again. It is important to note that titaken by micro-controller can vary upto a
maximum of 2.2uS depending on which instructionriero-controller is executing when a

fault occurs.
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SSCB system operation at 2.7A threshold
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Figure 3.6

First step, total time (Threshold=2.7A)
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Figure 3.7 First step, micro-controller and sensor circuitnge (Threshold=2.7A)

Figures 3.6 through figure 3.13 show steps follovilyd SSCB while tackling a
persistent fault. Figure 3.6 shows first step witdekling a persistent fault. Before fault
occurred, load current was 1A. When fault occurgyemt starts to rise and as a result,
current sensor circuitry output (sensor and OPAM#PéD) begins to rise. When feedback to
micro-controller increases beyond programmed thoiesithe micro-controller sends OFF
command to opto-coupler and gate driver circuilfljis is seen as pink waveform (micro-
controller output) falling off in figure 3.6. Gati¥iver and opto-coupler take finite amount of
time to send OFF command to main switch and finadlin switch takes some time to turn
OFF and then load current (blue waveform) beging€dmmutate to freewheeling diode

decaying exponentially as stored energy in indudissipates.
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From figure 3.6, total operation time is seen td BEuUS which is less than maximum
calculated time 4.042uS. Figure 3.7 shows totafaipey time of micro-controller and sensor
circuitry as 1.025uS which is less than maximuncuated 3.54uS. This implies that total
time taken by opto-coupler, gate driver and maintctwto turn off is 1.48uS-1.025uS=

455nS which is less than maximum calculated amb02hS.

After micro-controller sends OFF command to optagier and gate driver, it waits
for 50uS (auto-reclosure time) and sends commamakboON main switch again. Figure 3.8

shows turn ON and subsequent turn OFF which hapgpeos fault is still present.
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Figure 3.8  Second step, total time (Threshold=2.7A)
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Figure 3.9 Second step, micro-controller and sensor time @hokl=2.7A)

Since the fault is persistent when micro-controffezkes first auto-reclosure attempt,
the system goes through same process as beforvantlially micro-controller turns off the
main switch. From figure 3.8, total operation tilseseen to be 3.238uS which is less than
maximum calculated time 4.042uS. Total operatimgetiof sensor circuitry and micro-
controller is 2.865uS as shown in figure 3.9 whiclhess than maximum calculated 3.54uS.
This implies that total time taken by opto-couplgaite driver and main switch to turn off is

3.238uS-2.865uS= 373nS which is less than maximaloulated 502nS.

After 50uS, micro-controller makes another attetoptheck if fault is still there.
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Third step, total time (Threshold=2.7A)
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Again as fault is still there when micro-controllarakes second auto-reclosure
attempt, the system goes through same processfa® @d eventually micro-controller
turns off the main switch. From figure 3.10, tadgleration time is seen to be 3.249uS which
is less than maximum calculated time 4.042uS. Tapakating time of sensor circuitry and
micro-controller is 2.822uS as shown in figure 3vllich is less than maximum calculated
3.54uS. This implies that total time taken by optawpler, gate driver and main switch to

turn off is 3.249uS-2.822uS= 427nS which is lesstimaximum calculated 502nS.

After 50uS, micro-controller makes another attetoptheck if fault is still there.
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Figure 3.12 Fourth step, total time (Threshold=2.7A)
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Figure 3.13  Fourth step, micro-controller and sensor time (Shotd=2.7A)

Finally micro-controller makes third and last avéaiosure attempt and the system
goes through same process as before and eventualtp-controller turns off the main
switch as fault it persistent. From figure 3.12tatmperation time is seen to be 3.195uS
which is less than maximum calculated time 4.04Zuffal operating time of sensor circuitry
and micro-controller is 2.822uS as shown in fig@&3 which is less than maximum
calculated 3.54uS. This implies that total timeetalby opto-coupler, gate driver and main
switch to turn off is 3.195uS-2.822uS= 373nS whgless than maximum calculated 502nS.
Note that time scale on figure 3.13 is 2uS/div whiakes pulses look wider than that in
figure 3.12. When the fault is cleared, micro-colér needs to be reset manually in order to

supply the load again.
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3.3.2 Case2: Current threshold=5.5A

Figure 3.14 below shows output when current thriekiscset at 5.5A. Blue waveform
is load current while pink waveform is that of naerontroller output command to opto-
coupler and gate driver. As in previous case, {iséesn makes 3 auto-reclosure attempts and
if the fault is still persistent main switch remgioff until micro-controller is reset manually.
Figure 3.14 shows measured time as 52.6uS as agaiosen value 50uS because of other
instructions (conditional instructions, incremengticounter) that need to be executed before
switch is turned ON again. It is important to nditat time taken by micro-controller can
vary upto a maximum of 2.2uS depending on whichrutsion the micro-controller is

executing when a fault occurs.
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Figure 3.14  SSCB system operation at 5.5A threshold
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First step, total time (Threshold=5.5A)
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First step, micro-controller and sensor circuitnge (Threshold=5.5A)
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From figure 3.15, total operation time is seen & 1b179uS which is less than
maximum calculated time 4.042uS. Figure 3.16 shdwetal operating time of micro-
controller and sensor circuitry as 808nS whickesslthan maximum calculated 3.54uS. This
implies that total time taken by opto-coupler, gatiwer and main switch to turn off is given

by 1.179uS-808nS= 371nS which is less than maxircrioulated 502nS.

After micro-controller sends OFF command to optagier and gate driver, it waits
for 50uS (auto-reclosure time) and sends commartdrto ON main switch again. Figure

3.17 shows turn ON and subsequent turn OFF whippétas since fault is still present.
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Figure 3.17  Second step, total time (Threshold=5.5A)
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Figure 3.18  Second step, micro-controller and sensor time @hokel=5.5A)

Since the fault is persistent when micro-controffezkes first auto-reclosure attempt,
the system goes through same process as beforvantlially micro-controller turns off the
main switch. From figure 3.17, total operation timeseen to be 3.021uS which is less than
maximum calculated time 4.042uS. Total operatimgetiof sensor circuitry and micro-
controller is 2.648uS as shown in figure 3.18 whgless than maximum calculated 3.54uS.
This implies that total time taken by opto-couplgaite driver and main switch to turn off is

3.021uS-2.648uS= 373nS which is less than maximaloulated 502nS.

After 50uS, micro-controller makes another attetoptheck if fault is still there.
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Third step, total time (Threshold=5.5A)
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Again as fault is still there when micro-controllarakes second auto-reclosure
attempt, the system goes through same processfa® @d eventually micro-controller
turns off the main switch. From figure 3.19, tadgleration time is seen to be 3.656uS which
is less than maximum calculated time 4.042uS. Tapakating time of sensor circuitry and
micro-controller is 3.229uS as shown in figure 3v#ich is less than maximum calculated
3.54uS. This implies that total time taken by optawpler, gate driver and main switch to

turn off is 3.656uS-3.229uS= 427nS which is lesstimaximum calculated 502nS.
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Figure 3.21 Fourth step, total time (Threshold=5.5A)
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Figure 3.22  Fourth step, micro-controller and sensor time (Shotd=5.5A)

Finally after 50uS, micro-controller makes thirddaast auto-reclosure attempt and
the system goes through same process as beforvantlially micro-controller turns off the
main switch as fault it persistent. From figurel3.@tal operation time is seen to be 3.763uS
which is less than maximum calculated time 4.04Zuffal operating time of sensor circuitry
and micro-controller is 3.336uS as shown in fig@&2 which is less than maximum
calculated 3.54uS. This implies that total timeetalby opto-coupler, gate driver and main
switch to turn off is 3.763uS-3.336uS= 427nS whgcless than maximum calculated 502nS.
When the fault is cleared, micro-controller neenl®é reset manually in order to supply the

load again.
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3.3.3 Case3: Current threshold=8.1A

Figure 3.23 below shows output when current thriekiscset at 8.1A. Blue waveform
is load current while pink waveform is that of naerontroller output command to opto-
coupler and gate driver. As in previous case, {is¢esn makes 3 auto-reclosure attempts and
if the fault is still persistent main switch remgioff until micro-controller is reset manually.
Figure 3.23 shows measured time as 52.7uS as agaiosen value 50uS because of other
instructions (conditional instructions, incremengticounter) that need to be executed before
switch is turned ON again. It is important to nditat time taken by micro-controller can
vary upto a maximum of 2.2uS depending on whichrutsion the micro-controller is

executing when a fault occurs.
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Figure 3.23  SSCB system operation at 8.1A threshold
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Figure 3.24

First step, total time (Threshold=8.1A)
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Figure 3.25

First step, micro-controller and sensor circuitmye (Threshold=8.1A)
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From figure 3.24, total operation time is seen ® H66uS which is more than
maximum calculated time 4.042uS. Figure 3.25 shdwetal operating time of micro-
controller and sensor circuitry as 7.286uS whicmae than maximum calculated 3.54uS.
This implies that total time taken by opto-couplgaite driver and main switch to turn off is
given by 7.66uS-7.286uS= 374nS which is less thaximum calculated 502nS. This means
that SSCB does not meet its predicted operating tilme to extra time taken by current

sensor and micro-controller.

After micro-controller sends OFF command to optagier and gate driver, it waits

for 50uS (auto-reclosure time) and sends commatgmnoON main switch again.
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Figure 3.26  Second step, total time (Threshold=8.1A)
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Figure 3.27  Second step, micro-controller and sensor time @hokl=8.1A)

Since the fault is persistent when micro-controffezkes first auto-reclosure attempt,
the system goes through same process as beforvantlially micro-controller turns off the
main switch. From figure 3.26, total operation tireeseen to be 5.313uS which is more than
maximum calculated time 4.042uS. Total operatimgetiof sensor circuitry and micro-
controller is 4.886uS as shown in figure 3.27 whishmore than maximum calculated
3.54uS. This implies that total time taken by optapler, gate driver and main switch to
turn off is 5.313uS-4.886uS= 427nS which is lessitmaximum calculated 502nS. Again,
SSCB does not meet its predicted operating timetdwextra time taken by current sensor

and micro-controller.
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Figure 3.28  Third step, total time (Threshold=8.1A)
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Figure 3.29  Third step, micro-controller and sensor time (Thoed=8.1A)
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Figure 3.28 and figure 3.29 show second auto-ractogattempts made by micro-
controller. Again as fault is still there, the st goes through same process as before and
eventually micro-controller turns off the main sehit From figure 3.28, total operation time
is seen to be 8.46uS which is more than maximuwcutated time 4.042uS. Total operating
time of sensor circuitry and micro-controller i48uS as shown in figure 3.20 which is more
than maximum calculated 3.54uS. This implies tl#lttime taken by opto-coupler, gate
driver and main switch to turn off is 8.46uS-8.14u&0nS which is less than maximum
calculated 502nS. And once again, SSCB does not itseeredicted operating time due to

extra time taken by current sensor and micro-cdletro
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Figure 3.30  Fourth step, total time (Threshold=8.1A)
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Figure 3.31 Fourth step, micro-controller and sensor time ($hotd=8.1A)

Finally micro-controller makes third and last avéaiosure attempt and the system
goes through same process as before and eventualtp-controller turns off the main
switch as fault it persistent. From figure 3.3Q@at@peration time is seen to be 5.58uS which
is more than maximum calculated time 4.042uS. Tap&rating time of sensor circuitry and
micro-controller is 5.26uS as shown in figure 3v@ich is more than maximum calculated
3.54uS. This implies that total time taken by optawpler, gate driver and main switch to
turn off is 5.58uS-5.26uS= 320nS which is less thximum calculated 502nS. When the
fault is cleared, micro-controller keeps main stitpen indefinitely till micro-controller is

reset manually.
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It is clear from results that total operating tilmexceeding calculated maximum time
because of extra time taken by current sensor ittiycand micro-controller. As maximum
number of instructions to be executed is same fiorarcontroller, this extra time must be
being introduced by current sensor circuitry. lderto investigate where this extra delay is
coming from, more analysis is performed on curssisor circuitry operating time in next

chapter.

34  Hardwaretesting results at 400V

3(‘0 GOHz 40kVA Xi=10%
120/208Y rms #ph Transformer

é] L
s

L

20kVA 12-pulse [SSCB] [SSCBHSSCB
Thyristor Bridge

10KVA
Dual-fctive
Bridge (DAB} (¥

LOAD LOAD

500V - SkVAJea

Figure 3.32  SSCB board in 400V DC testbed developed as pratadyVDC [5]



48

The final test for a hardware circuit is to testitonditions for which it was designed
originally. For this purpose, solid state circureéker board is interfaced with 400V DC

testbed developed as a part of ongoing researfeREFEDM center as shown in figure 3.32.

Input to the system is 208V which feeds a 40kVA 3 phase transformer. A DSP is
used to control a 12-pulse thyristor bridge whicbduces a 400V DC output. LC filter
(7.5mH and 1200uF) is used to filter out ripplesarg in DC. Total capacity of the system is

12kVA.

The SSCB hardware is tested at 5.5A threshold lwad changing from 85.50hm to
19.3440hm so that load current is initially 4.68Adacould go to 20.68A steady state if not
interrupted. Figure 3.33 below shows output whemecu threshold is set at 5.5A. Brown
waveform is input voltage while pink waveform isattof load current. Fault is emulated by
changing load resistance. The system makes 3 adlosure attempts and since the fault is
still persistent, main switch remains off until maecontroller is reset manually. Figure 3.33

scale is 20uS/div which verifies 50uS auto-reclesime.
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From figure 3.34, total operation time is seen ® 272uS which is less than
maximum calculated time 4.042uS. After micro-colérosends OFF command to opto-
coupler and gate driver, it waits for 50uS (autdasure time) and sends command to turn
ON main switch again. Figure 3.35 shows turn ON suosequent turn OFF which happens

since fault is still present.
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Figure 3.35  Second step, total time at 400V (Threshold=5.5A)

Since the fault is persistent when micro-controffezkes first auto-reclosure attempt,
the system goes through same process as beformvantlially micro-controller turns off the

main switch. From figure 3.35, total operation timeseen to be 2.08uS which is less than



maximum calculated time 4.042uS. After 50uS, mioootroller makes another attempt to

check if fault is still there.
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Figure 3.36  Third step, total time at 400V (Threshold=5.5A)

Again as fault is still there when micro-controllarakes second auto-reclosure
attempt, the system goes through same processfa® @d eventually micro-controller
turns off the main switch. From figure 3.19, tatakration time is seen to be 2.08uS which is

less than maximum calculated time 4.042uS.
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Figure 3.37 Fourth step, total time (Threshold=5.5A)

Finally after 50uS, micro-controller makes thirddaast auto-reclosure attempt and

the system goes through same process as beforevantlially micro-controller turns off the

main switch as fault it persistent. From figure73.®tal operation time is seen to be 2.08uS

which is less than maximum calculated time 4.04208en the fault is cleared, micro-

controller needs to be reset manually in ordeufply the load again.

The results show that the hardware consistentlyadbge as intended within desired

operating time of 4.042uS at 400V DC.
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CHAPTER 4

Prediction of sensor operation time

Hardware results from previous chapter indicaté dperation time was found to be
higher for one of the overcurrent threshold valusmce this phenomenon is threshold
dependent, an investigation needs to be carriecbouwturrent sensor operating time. This
chapter focuses on developing a mathematical esipre$or sensor response time using first
order models of components used in hardware. Tkjsession enables us to calculate
expected sensor operating time for a given systgiven current sensor and a given
threshold. A simulation is also performed with migdef actual components used for

hardware implementation to verify the result ob¢aify calculations.

4.1 Mathematical derivation for sensor response time

Let V be the source voltage, L be the total indacgain power circuit and R be total
resistance of power circuit. Time constant of powecuit is give by, =L/R. Let the
bandwidth of sensor lg,,, . Applying KVL to power circuit we get

V= R*i +L* di/dt

Taking Laplace transform,

VIs= R* i(s) +L*s*i(9)
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\Y

ThUSi(S) = m

Leti(s) = A + _B where values of A and B are to be calculated.
s R+s*L
Using partial fraction technique we get

—_ *
a=Y.p=2V"L
R R

ThUSi(S):!(E—;j:! E_ Ts
Rls R+s*L) R(s 1l+s*r

Taking inverse Laplace transform,

i(t) = VE* (1- €™ (4.1)

o 1
Now sensor transfer function is given ?y*— wherery, = —
+S TBW W

Therefore output of sensor is product of trangdeictions of current and sensor.

oo _ V(1 T, 1
i(s)=—|=- *
R\s 1+s*r,) 1+s*ry,

*

i'(s):!R

nlkR

1o, o, 1 j
1+s*r,, 1+s*r, 1+s*ry,,

Again using partial fraction technique, we get

2

i@ =YLl Tew _ T . To* Tow
Ris 1+S*TBW (TS_TBW)*(1+S*TS) (TS_TBW)(1+S*TBW)

2 2
I(S) - ! E _ Ts + TBW
Rls (Ts - TBW) * (1+ s* Ts) (Ts “Tgy )(1+ s* TBW)
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Taking inverse Laplace transform,

i'(t):!(1_L*e—t/z§+z};w~ke—t/mwj (42)
R (Ts - TBW) (Ts - TBW)

Equation 4.1 can be used to find time taken by madent to reach set threshold and

equation 4.2 can be used to calculate sensor respione to reach the same threshold.

4.2  Calculation of sensor responsetime

In this section, sensor response time is calculttedll three current thresholds used
in 60V testing and is later compared with that ofgd with simulation performed in next
section of this chapter. For a given system, souatiage V, inductance in power circuit L

and resistance in power circuit R are fixed. Fgiv@n current sensoty,, is fixed. To find

response time, first we need to calculate how mtiwie current will take to reach the
threshold using equation 4.1. Then using equatid) #e can calculate at what time
response will reach the same value. The differdratereen the two times is the time taken

by current sensor.
For all cases, V=60V, R=6.450hm, L=16uH, :% = 248uand for sensorry,, is

calculated usingg,, = 1 L =0.7958.

Way 277 200000

421 Casel: Current threshold=2.7A

Putting above values and threshold=2.7A in equatidhwe get



4.2.2

4.2.3
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2.7=9.3023* (1- 248

Solving for t, we get t =& 0.85uS

This means that current will take 0.85uS to rea@l 2hreshold if it starts at t=0.
Now putting same values (as used in equation A.&yuation 4.2,

2.7=9.3023* (1-1.4725* € "2484+ 0. 4725+ g 07958

Solving for t, we get t =t 1.599uS

This means that sensor response will reach 2. TAdt.599uS.

Therefore, sensor response time-#;t=1.599uS-0.85uS= 0.749uS

Case 2: Current threshold=5.5A

Putting values mentioned in section 4.2 and threstto5A in equation 4.1, we get
5.5=9.3023* (1- 2484

Solving fort, we gett =% 2.219uS

This means that current will take 2.219uS to rea8lA threshold if it starts at t=0.
Now putting same values (as used in equation A.&jjuation 4.2,

5.5=9.3023* (1-1.4725* € "2484+ 0.4 725 g 107958

Solving fort, we gett =t 3.124uS

This means that sensor response will reach 5.5A&.124uS.

Therefore, sensor response time-#;t=3.124uS-2.219uS= 0.905uS

Case 3: Current threshold=8.1A

Putting values mentioned in section 4.2 and thresi®1A in equation 4.1, we get

8.1=9.3023* (1- e—U2.48u)
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Solving fort, we gett =% 5.074uS

This means that current will take 5.074uS to re&di threshold if it starts at t=0.
Now putting same values (as used in equation A.&jjuation 4.2,

8.1=9.3023* (1-1.4725* € '2484+ 04725+ g 07958

Solving fort, we gett =% 6.03uS

This means that sensor response will reach 8.1 #&.03uS.

Therefore, sensor response time-#t=6.03uS-5.074uS= 0.956uS

4.3  Simulation to verify sensor responsetime

It is seen from calculations above that time takgnsensor is less than 1uS as
mentioned in datasheet. To verify values calculaledve, a simulation is performed with
correct values of components and sources usedriwhee realization. Current sensor is
modeled as a first order transfer function. Bottualkccurrent and current sensor response are
showed on scope captures below to calculate seesponse time. Circuit used in simulation

is shown in figure 4.1 below.
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Figure 4.1  Simulation of circuit to measure current sensopoese time

Simulation results are also presented below withsans measuring the sensor
response time. Figure 4.2 shows that for threstblts, response time is 0.747uS which
closely matches with calculated value 0.749uS. féigu3 shows that for threshold=5.5A,
response time is 0.904uS which closely matches vatbulated value 0.905uS. Figure 4.4

shows that for threshold=8.1A, response time i5®&$ which is same as calculated value.
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Figure 4.2

current sensor response time for 2.7A threshold
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Figure 4.4

Current sensor response time for 8.1A threshold
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The equations derived in this chapter provide &ftooprediction of sensor operating
time with restrictions explained at the end of netxépter where conclusions are drawn by

comparing hardware results obtained in chaptercalkoulated operating time in this chapter.
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CHAPTER 5

SPICE smulationsof 7.5kV DC system

In this chapter, simulations are performed for Y.5kC system using SPICE models
of different devices. The purpose of these simaoitetiis to evaluate and compare the
performance of a solid state circuit breaker (SS@#ng actual models of devices. Knowing
trade-offs between different options helps ciraesigner to choose appropriate device for
his application. The simulation is first performeath Si-IGBT and later is repeated with

SIC-MOSFET to compare the performance.

51  System description

Figure 5.1 shows the system on which simulatioescarried using different devices.
A 1MW diode rectifier bridge is used as a sourcetfee SSCB. For SPICE simulations,
6.5kV Si-diode model is used. AC source of 5.56k¥rmL is used as input to rectifier.
Input inductors are chosen such that voltage dpsa them is less than 5% of input
voltage. The DC link voltage was chosen to be 7.8kd a 5000F DC link capacitor was
selected. The load was selected such that it absdvtyW power at rated DC link voltage of
7.5kV.

Therefore, R = (7.5kV/IMW = 56.2%)
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The topologies for MVAC FID are elaborated in [1dhd [12]. The topology
mentioned in [11] is chosen because then we dmeetl to use series diodes. For MVDC
FID, current flow is going to be unidirectional, sstead of 6 devices we need to have only
three 6.5kV IGBT connected in series. Three swidchre used in order to have redundancy.
To simulate a fault, the load on system is incrédsg 100%. After a period if 2uS (time
taken to sense the fault and take corrective agtadhthree switches open simultaneously to

break the fault current. The circuit diagram iswshaon figure 5.1.

P50
e .
PEA

-

P
B
P
o

Figure 5.1 7.5kV DC system circuit diagram
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52 Simulation resultswith Si-|GBT

The circuit shown in figure 5.1 is simulated to getults shown in figure 5.2 which
shows load voltage as red waveform and three IGBIfages as green, violet and yellow
waveforms. It is seen that load voltage falls glyidnce IGBTs begin to open and in steady
state they share DC bus voltage more or less gqu@adjure 5.3 shows a zoomed in view of

the figure 5.1 at the turn off instant with wavefofor current (sky blue) added.

1

kv
=

100 200 300 400 500 B00

Tirmefm>ecs 100mSecs/div

Figure 5.2 Simulation results with Si-IGBT
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Figure 5.3 Zoomed in results with Si-IGBT

When the fault occurs at t=49.999mS (load changédsvice of its previous value),
load current shoots to twice of its steady stataezaAfter a delay of 2uS (operation time of
control circuitry), IGBTs begin to turn off at 5@DmS and load current begins to fall. In
about 13uS, load current reduces to 220mA and sporeling load voltage is 13V. All
IGBTs share the voltage equally for the initial ipdrseen in the above waveform. About
400uS after fault event, voltages across IGBTsrbagdeviate from each other as shown in
figure 5.4. In steady state, voltage across IGB3 Bigher than other two by 21V as shown

in figure 5.5 below.
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Figure 5.5  Steady state ¥ with Si-IGBT
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Now, some time delay is added into the circuit. Té&son we want to examine this
case is because in practice no two componentsxaitle the same and thus in a practical
circuit it is possible that gate signals to IGBTymmet be perfectly synchronized. Let IGBT 2
begin to turn off 50nS later than IGBT 1 and IGBDB&gins to turn off 50nS earlier than

IGBT 1. The waveforms obtained are shown in figau@
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Figure 5.6 Zoomed in results with Si-IGBT (50nS delay)

We see that there is not much difference thandéal icase in which all IGBTs begin
to turn off at the same time. Figure 5.7 showswheeforms in more details when the IGBTs

are in the processes of opening. In the waveforeiewb we see that initially there is
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difference in voltage across each IGBT since theycammanded to open at different times.
However in steady state voltage shared by therangesas in the ideal case (when all of them

open at the same time) as shown in figure 5.8.
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Figure 5.7 Vg voltage variation with Si-IGBT (50nS delay)
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Figure 5.8  Steady state ¥ with Si-IGBT (50nS delay)

To simulate even greater time difference, let IGBBegin to turn off 150nS later than
IGBT 1 and IGBT 3 begins to turn off 150nS eartiean IGBT 1. The waveforms obtained

are shown in figure 5.9.
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Figure 5.9 Zoomed in results with Si-IGBT (150nS delay)

We see that there is not much difference thandbelicase in which all IGBTs begin
to turn off at the same time. Figure 5.10 shows whae&eforms in more details when the
IGBTs are in the processes of opening. In the wawes we see that initially there is
difference in voltage across each IGBT since thheycammanded to open at different times.
However in steady state voltage shared by therangesas in the ideal case (when all of them

open at the same time) as shown in figure 5.11.
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53 Simulation resultswith SSC MOSFET

The circuit shown in figure 5.1 is modified by raping IGBT with SIC-MOSFET
and simulations are repeated. Simulation resuésshown in figure 5.12 which shows load
voltage as red waveform, SiC-MOSFET voltages asrgreiolet and yellow waveforms. It is
seen that load voltage falls quickly once SiC-MO$§&begin to open and in steady state
they share DC bus voltage equally. Figure 5.13 sh@woomed in view of figure 5.12 at the

turn off instant.
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Figure 5.12  Simulation results with SiC-MOSFET
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Figure 5.13  Zoomed in results with SIC-MOSFET

When the fault occurs at t=49.999mS (load changewite its previous value), load
current tries to shoots to twice of its steadyestatiue. After a delay of 2uS (operation time
of control circuitry), MOSFET begin to turn off 80.001mS and load current begins to fall.
It is observed that load current drops to zeroessl|than 1uS and SiC-MOSFET voltage
drops to 15V in less than 5uS. Current is inhibit€dtimes faster than Si-IGBT but at the
cost of higher conduction loss. Notably, voltageoas each SiC-MOSFET is the same

during dynamic operation and in steady state agsho figures below.
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Figure 5.15

Steady state ) with SIC-MOSFET
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To simulate asynchronous operation of circuitM@SFET 2 begin to turn off 50nS
later than MOSFET 1 and MOSFET 3 begins to turns0iiS earlier than MOSFET 1. The

waveforms obtained are shown in figure 5.16.
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Figure 5.16  Zoomed in results with SIC-MOSFET (50nS delay)

In the waveforms below it is seen that initiallyeté is difference in voltage across
each MOSFET since they are commanded to openfateatit times. However in steady state
voltage shared by them is same as in the ideal(edsn all of them open at the same time)

as shown in figure 5.17 and figure 5.18.
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Figure 5.18  Steady state M with SIC-MOSFET (50nS delay)
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To simulate even greater time difference, let MOBREbegin to turn off 150nS later
than MOSFET 1 and MOSFET 3 begins to turn off 15@a#ier than MOSFET 1. The

waveforms obtained are shown in figure 5.19.
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Figure 5.19  Zoomed in results with SIC-MOSFET (150nS delay)

In the waveforms below it is seen that initiallyeté is difference in voltage across
each MOSFET since they are commanded to openfateatit times. However in steady state
voltage shared by them is same as in the ideal(edsen all of them open at the same time)

as shown in figure 5.20 and figure 5.21.
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The waveforms for SiC-MOSFET are different thant b Si-IGBT because of its
higher on-resistance. When SiC-MOSFET is ON, vatagross it is simply on-resistance
multiplied by current flowing through it. When fawccurs, current flowing through SiC-
MOSFET is trying to change voltage across it instaaously which is not permitted by
balancing capacitor connected in parallel with IOSFET. The capacitor takes a charging
current which is seen as current overshoot asogsers 160A in figure 5.19. The charging
current slowly reduces and as a result load cuaksat begins to reduce. The SiC-MOSFETs
are ON the whole time before t=50.001mS and thezeds current through them increases,
load voltage (red waveform) is seen to be fallidier t=50.001mS, the MOSFET begin to
turn OFF and as a result current begins to faidigp

The simulations presented in this chapter show3h#GEBT has low conduction loss
but takes longer time (13uS) to turn OFF. On theeohand, SiC-MOSFET has higher on
resistance which leads to higher conduction lo$sésit is capable of interrupting fault
current in less than a micro-second. Given thessebffs, a circuit designer should carefully
choose a semiconductor switch depending on tapgeifications.

The purpose of fault current rate limiter used 004 prototype is to prevent the
current from going too high which otherwise coulshthge the semiconductor switch. It is
clear that there is always a tradeoff between thicls current rating and amount of
inductance required to be put in power circuitrpwéver, if the switch is able to interrupt
the fault current extremely fast, the fault currémtnot able to rise as high as it could

otherwise. The advantage of using a faster swig MOSFET) is that we could totally
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eliminate the presence of external inductor (faultrent rate limiter) on SSCB board. Any

parasitic inductance of circuit would only helprégluce di/dt of fault current.

54 Conclusions and futur e work

It is seen from calculations and simulation res(ptesented in chapter 4) that sensor
operating time should be less than 1uS for allenirthresholds. However, hardware results
indicate that this is not followed in case of cuatréhreshold 8.1A which is about 87% of
final steady state fault current value. Therefare,can conclude that current sensor response
deviates from first order response somewhere betB88o of steady state value (5.5A) to
87% of steady state value (8.1A). This should lEated as an important factor while
choosing current thresholds. For a given systeeadst state fault current at a given location
can be calculated provided all loads connectedystem are known. While programming
SSCB, care should be taken to select a currenshble less than 59% of final steady state
fault current. Another advantage of doing thishiattthe equations derived in chapter 4 could
be used to predict sensor response time.

It is seen that more than half of the total opagtime is taken by micro-controller
alone. Clearly, there is fairly good scope for immment in total response time if a faster
micro-controller is used. More improvement in opiigk time could be achieved by using
smaller gate resistor value which would make MOSIEM off faster. Further improvement
could be achieved by using a silicon carbide MOSREHETich have lower gate charge

requirement.
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While topology used in thesis gives advantagesoof tonduction loss and faster
operation time, one of the drawbacks is that itsdoet have soft turn-on/turn-off feature

which mean there will be some loss during switching
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CHAPTER 6

Improved PV model for faster response

In this chapter a PV model is developed startirgnfibasic equations for PV cells
and since there is no explicit solution to it, aesglsheet solution is adopted as described in
[13]. Once a model is obtained for a cell, the samecept can be extended to get a model
for a panel and consequently for an array. Finsiliyulations are performed to compare the

performance of newly developed model to that ofateventional model.

6.1 Modd for a solar cdl

A solar cell is nothing but a p-n junction. Simpleguivalent circuit of a solar cell is
real diode in parallel with an ideal current souriee ideal current source delivers current in
proportion to the solar flux to which it is exposéa practice, there is a series resistance Rs
due to contact resistance and semiconductor rassstand a parallel resistance Rp which
models leakage current of p-n junction. This resuit more accurate model as shown in

figure 6.1. From this model equations to calcut@aitput voltage and current can be obtained.
| =1g = 1o =) -V, /R, (6.1)
V, =V +I.R, (6.2)

I, =V, /R, (6.3)



Figure 6.1 Model of a solar cell [13]

Terms used in equation 6.1 [13] and equation 632 &te explained below.

V : Output voltage of a cell

| : Output current of a cell

Isc : Short circuit current of a cell

lo: Reverse saturation current of a cell

V4 : Voltage across diode

Rs : Series resistance of a cell

R, : Parallel resistance of a cell (leakage resigtanc
I : Current flowing through the parallel resistance
T : Junction temperature

g : Charge of an electron

k : Boltzmann’s constant

84
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A closer look at equation 6.1 reveals that outputent is nothing but diode current
with negative sign and offset by land leakage currenj.llf I-V curves are plotted from
equations 6.1 and equation 6.2 it would more s lesk similar to figure 6.2. In practice,

I-V curves can be plotted using spreadsheet arsadyaborated later in this chapter.

Current
F
\ Vmpl | mp
Ise
VDC
/,
8] Voltage
Figure 6.2 I-V Characteristics of a solar cell

At a given operating point, power is calculatedpasduct of output voltage and
output current. It is seen from the graph that oufwer will be maximum at point ¢V Ir)
known as maximum power point (MPP). On either siofe8IPP power will be less than that

at MPP.
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6.2  Solar panelsand solar arrays

A solar panel consists of a number of cells coretedh series. When cells are
connected in series, voltage across the assembilgases in direct proportion while same
current flows through them. This means that sokreb I-V curve is an extension of solar
cell I-V curve. Figure 6.3 shows how I-V curves &86 cell solar panel can be derived from

I-V curves of a single cell.

4 cells

Adding cells in series

36 cells

CURRENT [A)

24V 3celsx06V=216V

v N

o \ VOLTAGE (V) 218V

0.6 V for each cell

Figure 6.3 Deriving I-V Characteristics of a solar panel froell |-V characteristics [13]

A solar array consists of number of modules coreteend series and parallel. Solar
panels are connected in series to form what i®d¢ak a string of an array. These strings
connected in parallel constitute a solar array. eV number of strings are connected in

parallel, their currents add up to give total laadrent. The more modules connected in



87

series, higher will be open circuit voltage and mhh@re strings connected in parallel, higher

will be short circuit current.

Cell Module Array

Figure 6.4 A solar cell, PV panel and an array [13]

Figure 6.5 Entech terrestrial solar array [14]
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6.3  Important Factorsaffecting panel performance

Two important factors which affect solar panel parfance vastly are solar
irradiation (also knows as insolation) and cell pemature. The short circuit current is
directly proportional to solar insolation. As auktighere are different I-V curves for different
insolations. As solar insolation changes duringtidas operating point shifts from one curve
to another and there is change in PV output poweordingly. Figure 6.6 shows I-V curves

at different insolations.
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= 200 Wim*= |
o L
o 10 20 30
Voltage (V)
Figure 6.6 I-V Characteristics of a solar panel at differesttiations [13]

S

<@g :m* Isc@lOOO (6.4)

Where S is the actual solar irradiation anggdooo iS short circuit current at

irradiation=1000W/rfA
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The other important factor which affects outputvpo is cell temperature which in
turn is affected by ambient temperature variatiod @radiation. Since solar panel efficiency
is small (typically <20% for crystalline silicomgmaining solar energy is converted into heat
which then increases the cell temperature. Higb#rtemperature significantly reduces Voc
(about 0.37% for crystalline Silicon) [13] but d$lity increases Isc (about 0.05% for
crystalline Silicon) [13]. The net result is thaCutput power drops by 0.5% for crystalline
silicon [13]. This is also confirmed by solar cetjuations 6.1 and 6.2. Figure 6.7 shows how

I-V curves shift as cell temperature increases fB&ndegree Celsius to 75 degree Celsius.

= IRRADIANCE: AM1.5, 1 KW/m?
1
=
S a
E
=
L]
2k
o
O 10 20 30
Voltage (V)
Figure 6.7 I-V Characteristics of a solar panel at differesll temperatures [13]

To account for effect of cell temperature, manufeats provide a nominal operating
cell temperature (NOCT) which is cell temperatuf@anodule when ambient is 20 degree
Celsius, solar irradiation is 0.8kW#nand wind speed of 1m/s. At other conditions, cell

temperature is calculated using following formula.
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(NOCT -20), ¢

0.8 (6:5)

Tear = Tanbient

In equation 6.4 [13], S is the actual solar irréidia

6.4  Spreadsheet analysisfor calculating |-V curves

The FREEDM systems center at NC State Universisyhsolar arrays on its rooftop.
Three of these are 12x4 arrays which means therd atrings in parallel and each string
consists of 12 panels. Fourth array is of 14x3.s&@ar panels used in this system are
REC215 AE-US. In this thesis, spreadsheet analygisrformed to develop a model for both

kinds of arrays.

From equations 6.1 and 6.2, it is clear that themxplicit solution for either output
voltage V or output current I. In this case, a afgsheet solution is a simpler way to address
the problem. From spreadsheet calculations, V-tadtaristics are plotted and are compared

with those printed on panel datasheet.

The spreadsheet solution for output voltage andentiis obtained by incrementing
diode voltage ¥ by a small amount such as 0.001V and calculatutgus current | using
equation 6.1. Then using equation 6.2, output geltd can be calculated. Output power of a
cell is then simply product of output voltage andput current. In order to be able to use
equations 6.1 and 6.2, we need to know short tircurrent . at insolation under
consideration, dark currerg &t that insolation, cell temperature T, seriesstasce R and

leakage resistance,Rsc at a given insolation is calculated using equa@ighand value for
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lsc at 1000W/m from datasheet of REC215AE-US panels. Ambient taipre is assumed
to be constant for all irradiations and cell tengpere at give irradiation is calculated using
equation 6.5. Dark current lis back calculated using equation 6.1 under opesuit
conditions. When no load is connected at the outpat current | is zero and diode voltage
V4 = Voo Also, k¢ at a given insolation is known from previous dssion. Putting these

values in equation 6.1, tan be calculated.

The calculations elaborated above are for a sioglleand can be easily extended for
a panel and consequently for an array. Since a palzel is merely a series combination of
cells, output current of panel is same as that @dlbwhile output voltage of panel is output
voltage of a cell multiplied by number of cells adrin series. A 12x4 solar array contains 12
panels in series and 4 strings in parallel so dutpliage of an array will be 12 times that of
a panel and output current of an array will berde that of a panel assuming no shading of

any panel.

Once a spreadsheet is complete, |-V curves atrdifteirradiations can be plotted
using MATLAB. For REC215 AE-US panels, |-V curvestped using spreadsheet analysis

and that given in datasheet are as shown below.
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Figure 6.8 I-V Characteristics of REC215 AE-US obtained usspgeadsheet
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Figure 6.9 I-V Characteristics of REC215 AE-US from datasheet

6.5 Development of a PV model

Generally, a PV is modeled as a voltage dependentrd source (VCCS) as
explained in [15]. If we manipulate equations 6atl aquation 6.2 and use appropriate values

for PV panels used at FREEDM center at NC State&ssity, we get



93

V =720 [V, - {83~ 5025*107°* (€37 ~1) - 001*V/, } * 0009 (6.6)
| = {83~ 5025*107°* (€% ~1) - 001*V,} (6.7)

The VCCS model measures output voltage V to baldutzie V4 and then uses
equation 6.7 to generate output current. Howevegrradblem with this approach is that it
takes a number of iterations to settle to actuaraing value and actual number of iterations
required depends on value of load impedance. Duhiagterations, the operating point will
oscillate around actual operating point correspogdo the load. This can be overcome by
modeling a PV as impedance dependent current sqlE€S). This PV model measures
impedance connected at its output terminals ansl egeation 6.8 to back-calculatg. When
it uses equation 6.7 to generate output current.

V, o
{8.3- 5025*107°* (e***™ -1) - 001*V,}

R=180¢[ 009 (6.8)

Advantage of ICCS model is that it will take onlysangle iteration to reach the
corresponding operating point. Consequently a PMlaior built using this model will have

faster response.

In this section, simulations are presented to sttt impedance controlled current
source model (ICCS) is faster than voltage corgdkkurrent source (VCCS) model. To
prove this, same load step is applied to both nsoded results are compared. Model of a
12x4 PV array is used for simulation and solar lsson is assumed to stay constant at

1000W/nf. Figure 6.10 shows circuit used for simulation.
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Figure 6.10 Simulation for PV model comparison

As a result of load step applied, PV voltage shaddo 331.5V from initial value

333.3V and current should go to 31.32A from initialue 31.16A. Figures below show

contrast between performances of two models.
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Figure 6.11 ICCS model response

of settling to new operating point is shown.
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Figure 6.12  Zoomed ICCS model response

It is seen from figure 6.12 that ICCS model reactshe next step as soon as it sees

change in impedance.
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Figure 6.13  VCCS model response

Zoomed in version of above waveforms is showngur 6.14 where actual process

of settling to new operating point is shown.
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It is seen from figure 6.14 that VCCS model taketeo of magnitude longer time to
settle to final value. As a result, a PV emulatoilttusing ICCS model can respond much

faster than VCCS based one.
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