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ABSTRACT

Faults in electric power grids often result in long term interruption of electricity
supply. The frequent and the sudden occurrences of faults undermine the reliability and
continuity of electric networks However, the new age digital economy demands a
continuous supply of electricity of high power quality. This demand of continuous supply
and the effort to increase the penetration of renewable power sources into the electric grid
has led to a need of highly efficient and flexible systems with the ability to provide power
of very high quality. The solid state fault interruption device (SSFID) is one amongst
those devices. It is used to quickly isolate sections of the networks where permanent
faults have occurred.

The development and simulated testing of a SSFID to validate its use in future
medium voltage transmission systems is discussed. Also, the effects of using these

SSFIDs in such systems during faults are investigated.
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1. INTRODUCTION

1.1. BACKGROUND

Power systems must operate with optimum economy, reliability and power
quality. Historically, the reliability of a network has been measured by its ability to
supply electricity with the lowest possible frequency and duration of interruptions
throughout the year. The cost of supplying electricity is measured by the combined cost
of generating and distributing electricity. With the advent of the digital economy, it has
now become imperative to have strict control over the quality of electricity supplied to
the customer. With the advent of deregulation and, in some cases, re-regulation, the
meaning of reliability and cost of delivering electricity has taken a whole new meaning. It
is now required that the electricity supply has excellent quality of voltage and current at
all times, which usually increases the cost. Momentary interruptions are now considered
part of system reliability indices and thereby actions must be taken to reduce the impact
of momentary events.

Precisely for this purpose, the National Science Foundation has launched the
experimental Future Renewable Electric Energy Delivery and Management (FREEDM)
system. The FREEDM system makes use of the assimilation of the innovations in
semiconductor technology to improve the adoption of renewable technologies as well as
to improve the performance of the network. This is achieved by not only making use of
the newest semiconductor, but also innovations in control and communications and
distributed generation technologies. The semiconductor technology being used for the
FREEDM project allows very fast switching and high blocking capacity even at medium

voltage levels. This has proven to be a boon with the ability to limit fault currents and



almost instantaneous isolation of faulted sections from the network which was hitherto
impossible with conventional transformers and circuit breakers. The immediate isolation
of faulted sections has made it possible to have high power quality even in the cases of
faults. Precisely for this purpose, the Solid State Circuit Breaker (SSCB)/ Solid State
Fault Interruption Device (SSFID) has been developed. The SSFID eliminates the
problems of deep voltage sags that occur during faults in a distribution network when
conventional circuit breakers are used

The objective of this thesis is to demonstrate that the SSFID is a superior
alternative to the contemporary mechanical circuit breaker used in power systems. This
thesis proves that the SSFID is much faster at isolating faulted sections of an electric
network resulting in better power quality. The SSFID has been subjected to simulated
tests where it has been tested for its interrupting capabilities to validate its use in medium
voltage distribution systems. A comparison of effects in a medium voltage distribution
system with distributed generators having SSFIDs or circuit breakers during faults has

been done.

1.2. SOFTWARE USED

Although there are various simulation tools available in the market like MATLAB
based Simulink and SimPower Systems, ASPEN’s DistriView etc, PSCAD (Power
Systems Computer Aided Design) was chosen for performing the simulated tests and
studying the distribution system for transients during faults. Another reason was to
maintain the uniformity of software used by the team members of the Fault Isolation

Device Sub-thrust team of the FREEDM project.



1.3. OUTLINE OF THESIS

This thesis is divided into five sections. The first section introduces the need for
SSFID.

The second section introduces important terms pertinent to the development of a
circuit breaker. This section also presents the various testing methods presently used for
the development and validation of circuit breakers.

The third section deals with the development of the SSFID, its efficiency and
speed performance. It also deals with the tests proposed for the development of the
SSFID.

Section four deals with the effects of using SSFIDs on faults in a microgrid test

system. Section five presents the conclusions drawn from this work.



2. CIRCUIT BREAKERS IN POWER SYSTEMS

2.1. BACKGROUND

A circuit breaker (CB) is a mechanical device capable of making, carrying and
breaking currents under normal circuit conditions and also making, carrying for a specific
time and breaking currents under specific abnormal circuit conditions such as those like
short circuits [1]. They are used in all sections of an entire power system, i.e., generation,
transmission, and distribution for protection purposes. They are switched open during
undesirable conditions in a power system which may cause excessive currents to flow
and hence cause damage to components of the power system.

The selection of a circuit breaker depends on its application and is decided by its
ratings. The rating of a circuit breaker is a designated limit of operating characteristics
that is based upon the usual service conditions [2]. The commonly used ratings for the
selection of circuit breakers are [2]:

2.1.1 Rated Maximum Voltage. It is the highest rms phase-to-phase voltage
for which the circuit breaker is designed, and is the upper limit for operation

2.1.2 Rated Power Frequency. It is the frequency at which it is designed to
operate. The standard frequencies are 50 Hz or 60 Hz

2.1.3 Rated Continuous Current. It is the established limit of current in rms
amperes at rated power frequency that it shall be required to carry continuously without
exceeding any of the limitations designated in [2].

2.1.4 Rated Dielectric Withstand Capability. It is the voltage withstand
capability when voltages of specified magnitudes and wave-shapes are applied under

specified conditions [3].



2.1.5 Rated Power Frequency Withstand Voltage. It is the rms voltage that
the circuit breaker can withstand when tested under conditions given in [3].

2.1.6 Lightning Impulse Test Voltage. It is the peak voltage that a circuit
breaker must withstand when a standard 1.2/50 us lighting impulse voltage wave is
applied to it under conditions specified in [3].

2.1.7 Required Symmetrical Interrupting Capability. It is the value of the
symmetrical component of the short-circuit current in rms amperes at the instant of arcing
contact separation that the CB shall be required to interrupt at a specified operating
voltage, on the standard operating duty cycle, and with a direct current component of less
than 20 % of the current value of the symmetrical component [2].

2.1.8 Required Asymmetrical Interrupting Capability. It is the value of the
total rms short-circuit current I; at the instant of the arcing contact separation that the CB
will be required to interrupt at a specified operating voltage and on the standard operating
duty cycle [2]. This value is determined from the rated value of the symmetrical
component and the direct component of the current expressed as a percentage of the peak

value of the symmetrical current lsym

%dc T -
2.1

I =1 1+2

t sym ( 100
2.1.9 Rated Transient Recovery Voltage (TRV). It is the maximum voltage

that a CB can withstand when it interrupts three-phase grounded and ungrounded

terminal faults at the rated short circuit current at the rated maximum voltage.



2.2. TESTING OF CBs

Design testing is an important stage in the development of any kind of switchgear
equipment. The CB has to be subjected to design tests to confirm whether it will be able
to withstand the interrupting duty during faults. Only after a CB has been design tested,
the type of CB is certified to be used in power systems.

2.2.1 Direct Tests. In this method, the CB is tested on a three phase system, and
at a short circuit MVA equal to its full rating i.e. on a three phase circuit at full current
and at full voltage [1].

2.2.2 Indirect Tests. These tests permit the use of alternate test methods to
demonstrate the capabilities of the CB in three-phase grounded and ungrounded systems
[1].

The methods commonly employed are:
1. Single phase tests

2. Unit tests

3. Synthetic tests

2.2.2.1 Single phase tests. The testing of an individual interrupter of a three
phase breaker is considered perfectly acceptable irrespective of whether it has been tested
by a three—phase or a single-phase source as long as it is subjected to the same voltage
and currents that are present during faults. In a three phase application, at the instant of
current zero, or in the phase where the current interruption is about to take place, the
interrupter itself does not know that there are two phases lagging behind this phase. If the
first phase fails to interrupt the current at the current zero, the next sequential phase will

attempt to clear the circuit. Thus, there is a higher probability of successfully interrupting



a three phase current than a single phase fault. The interruption in the three phases is
shown in Figure 2.1. As shown in the diagram, attempts are made to interrupt the current
in phase B, followed by A and, finally, current is interrupted in phase C. The other two

phases interrupt current simultaneously at A-B.

Figure 2.1. Single Phase Tests -Current Waveforms for Phases a, b, and c.

Since in a three phase circuit, the high frequency oscillations of the load side TRV
die down and before the other two phases interrupt the current, the source side power
frequency recovery voltage is reduced to 87%of the line-to-line voltage, due to neutral
shift, it is necessary to ensure that a proper transient recovery voltage is applied across

the interrupter while testing.



After the currents in all three phases are interrupted, the voltage in each phase
becomes equal to the line-to-neutral voltage which corresponds to 58% of line-to- line
voltage. This reduction takes approximately 4 milliseconds which is long enough to
justify that the CB has gained its full dielectric capability. Possible effects of
electromechanical forces produced by the currents and of gas exhaust from adjacent poles
should also be considered while designing and testing.

2.2.2.2 Unit tests. This method is a variation of the single phase test method and
is used for validate the interrupting capability of a single interrupter in multiple
interrupter pole [1]. This test is performed at full rated short circuit current and at a
voltage level that is equivalent to the ratio of the number of interrupters used in pole
assembly to the full rated voltage of the complete pole. The distributed voltage must be
properly adjusted to compensate for the uneven voltage distribution that exists across
each series interrupter unit due to stray capacitances (between adjacent poles and between
pole and ground). The test voltage must be at least equal to the highest stressed unit in the
complete CB arrangement.

2.2.2.3 Synthetic tests. This test is needed and performed on a single-phase basis
since it is very difficult to perform the test on a three-phase basis in a small laboratory
due to power limitation [1]. These tests are generally performed combining a moderate
voltage source which supplies the full primary short circuit current with a second, high
voltage, low current, power source which injects a high frequency, high voltage pulse at a
precise time near the natural current zero of the primary current. The behavior of the CB
in thermal and dielectric regions is evaluated by the high voltage that is superimposed by

the injected current/voltage which when properly timed embraces the transition point



where the peak of the extinction voltage just appears and the point where the peak of the
recovery voltage is reached, thus covering the thermal and dielectric recovery regions.

2.2.2.3.1 Parallel current injection method. This test simulates the conditions

that occur across the contacts of the interrupter during the interruption of fault current.
The CB is tested for the simulated high fault current and for the successively appearing
transient recovery voltage conditions Figure 2.2 shows circuit for parallel current

injection test.

Li
BUB IB SLF Lv TG

- o e

i1 —

B
—— Cmrv

E ; I Source
Source

Figure 2.2. Parallel Current Injection Test Circuit.

MS- making switch

BUB- back up circuit breaker

Li- limiting reactor

IB- isolation CB

TB-test CB
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SLF-short line fault
TG-triggered spark gap

V source-capacitor bank

The test is initiated by closing the MS which lets the current iy flow from IS
through 1B and TB. As current approaches zero crossing, the spark gap is triggered, and
at time ty, the injected current i, begins to flow. The current iy + i, flows through TB until
t, is reached. At this time, main current i; goes to zero and IB separates the two power
sources. At t3, injected current is interrupted and high voltage, supplied by the high
voltage source, provides the desired TRV which now appears across the TB terminals.

The current waveforms are shown in Figures 2.3 and 2.4.

1.00 T
0.90 +
0.80 + :
0.70 +
0.60 +
0.50 +
0.40 + i+
0.30 +

020 + -

0.10 ¥+ . Y
| 5] .\ ’1 \-

CURRENT p.u.

0.00 + +
0 2 4 6 8 10
TIME milliseconds

Figure 2.3. Current in TB for Parallel Injection Method.
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CURRENT

Figure 2.4. Zoomed Version of Current in TB for Parallel Injection Method.

2.2.2.3.2 Series_injection _method. For this test, the high voltage source is

connected in series with the high current source voltage. This test is performed for the

same reason for which the parallel current injection test in performed Figure 2.5 shows

the circuit for the series injection test.

o

Li
MS BUB m
TREEN Ctrv \Vj
1B — Lv — Source
SLF TG
. e

Source S

B
\L is

Figure 2.5. Series Injection Method.
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MS- making switch
BUB- back up circuit breaker
Li- limiting reactor
IB- isolation CB
TB-test CB
SLF-short line fault
TG-trigger gap
V source-capacitor bank

At initiation of test, MS is closed and at t; spark gap is triggered, thus allowing i,
to flow through IB but in opposite direction to that of i; from high current source. At ty,
when i; and i, are equal, current in IB is interrupted and between instants t, and ts, i3
flows in the TB. This current iz is equal to i; + iy, which is produced by series
combination of high current and high voltage sources. Following interruption of i3 at ts,
resulting TRV supplied by high voltage source appears across TB terminals. Figures 2.6

and 2.7 show currents in the test breaker.
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CURRENT p.u.

TIME milliseconds

Figure 2.6. Current in TB for Series Injection Method.

CURRENT

Figure 2.7. Zoomed Version of Current in TB for Series Injection Method.

2.2.2.3.3 Voltage injection method. This test is another type of synthetic test

used to simulate fault conditions across the CB. This method is similar to Parallel current
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injection method with the difference being that the output of the high voltage source is
injected across the open contacts of the TB following the interruption of the short circuit
current. The short circuit current is supplied by the high current source. The high voltage
is injected immediately after the current zero and near the peak of the recovery voltage
that is produced by the power frequency current source. A capacitor is connected in
parallel across the 1B contacts to apply the recovery voltage of the current source to the
TB.

2.2.2.3.4 Advantages of synthetic tests. The following are the advantages of

synthetic tests.
e These are non-destructive in nature and therefore ideal for development test
purposes.
e It is an adequate method of testing and in some cases the only way for
performing short line fault tests.

2.2.2.3.5 Disadvantages of synthetic tests. The following are the advantages of

synthetic tests.
e Itis difficult to do fast re-closing with extended arcing times.
e This method is not suitable for testing CBs which have impedance connected
in parallel with the CB contacts in which case it is likely that the full recovery

voltage cannot be attained due to power limitations of the high voltage source.
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3. SOLID STATE FAULT INTERRUPTION DEVICE

3.1. BACKGROUND

The integration of loads which are sensitive to power quality has led to an
increased demand for better power quality. Hence, the need to have devices which
eliminate or reduce the impact of disturbances occurring in the system has become
imperative. It is known that faults are responsible for causing large disturbances in the
system and hence they need to be cleared as soon as possible. Currently, mechanical
circuit breakers (CBs), which take several 10 ms [4] to clear the fault, are being used for
this purpose. However, this span of several 10 ms may be enough to distort power quality

to unacceptable levels. The other disadvantages with mechanical CBs are [1]:

1. The slow switching time has no influence on the peak current. The peak current may
rise to 20 times the maximum operating current. This high current stresses the
components both electrically and mechanically. Hence, all grid components have to
be oversized to withstand this peak value.

2. Limited number of short-circuit clearances.

3. Limited turn-off capability.

Because of the above mentioned drawbacks, solid state CBs would be preferred as

a replacement for mechanical CBs as they should be able to clear faults within 100ps to 5

ms. The clearing time is enough to maintain a healthy voltage in the power system. Also

the fault current can be prevented from reaching its peak value due to the ultra-fast
operation of solid state devices. Today, high-power semiconductors with blocking
voltages upto 9kV are available. These semiconductors can even be connected in series to

give higher blocking voltages. However, the only drawbacks of these devices are their
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high initial costs and their conduction losses when used for constructing a solid state

circuit breaker.

3.2. AVAILABLE TOPOLOGIES

The different semiconductors currently available in the market that can be
considered for this application are thyristors, IGBTs, GTOs, GCTs etc. However, only
IGBT-based topologies have been considered in this thesis. As mentioned earlier in
section 3.1, the SSFID may consist of several semiconductor devices connected in series
to achieve a blocking voltage that is greater than the maximum grid voltage. If multiple
modules of semiconductor devices are used, then the blocking voltage rating of the
device should be greater than, the phase voltage divided by the number of the modules
used, to achieve successful operation. The current rating should be calculated from the
maximum power flowing through the SSFID. Asymmetric IGBTs have used been used
for these applications. Hence, additional diodes have been connected in parallel with each
IGBT.

3.2.1 Topology # 1. A snubber circuit consisting of a resistor and a capacitor may

be needed to limit the voltage during turn-off. Topology # 1 is shown in Figure 3.1 [5].
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Figure 3.1. SSFID Topology with IGBT and a Snubber Circuit.

The disadvantage of topology # 1 is that it has a high initial cost due to the large
number of components.

3.2.2 Topology # 2. The snubber circuit may be replaced by a varistor to limit the
over-voltage during turn-off [5]. Topology # 2 is shown in Figure 3.2. The disadvantage
of topology # 2.is that it has a high initial cost due to the large number of components and

non-modular construction.
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Figure 3.2. SSFID Topology with IGBT and a Varistor.

N

For both topologies, each half cycle of the grid current flows through either the
upper or the lower branch of the circuit.

3.2.3 Topology # 3. To reduce the number of IGBTs used, another topology that
uses a full diode bridge rectifier as shown in Figure 3.3 was considered [5]. This topology

uses a single IGBT and a snubber / varistor across it.
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Figure 3.3. SSFID Topology with Full Diode Rectifier with IGBT.

3.2.3.1 Advantage of topology # 3. One IGBT has been replaced by two diodes.
Thus, the initial cost of the module is highly reduced.

3.2.3.2 Disadvantage of topology # 3. The IGBT conducts over two half-cycles
and there is one more diode in the circuit which also produces additional losses. Hence,
the operational cost of this topology is higher.

3.2.4 Topology # 4. It consists of IGBTs and thyristors [6]. It also consists of a
small transformer with a small inductance and pre-charged capacitance integrated into the

circuit. Topology # 4 is shown in Figure 3.4.
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Figure 3.4. IGBT and Thyristor-based Topology.

During normal operation, the current flows through the main thyristors. When a
fault is detected, the auxiliary circuit (IGBTs and thyristors) are turned on. The energy
stored in the pre-charged capacitor is used to demagnetize the inductance and the current
will commutate to the IGBT circuit [6]. After the hold-off interval of the main thyristors
is over, the IGBTs interrupt the short circuit current. With such a topology, the
interruption lasts less than 0.5 ms [6]. Hence, even with this circuit, the peak current is
limited.

The disadvantage of topology # 4 is that this topology with thyristors and IGBTs
has a higher initial cost when compared to the first three topologies since it has a
transformer as well as 6 thyristors and a capacitor.

Tests carried out by Meyer and DeDoncker [6] on the topologies show that the

performance of all four topologies is nearly the same. During the short-circuit test, the
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fault current never exceeded twice the maximum operating current. Also, the voltage in

the grid is disturbed for only about 100 ps.

3.3. COMPARISON OF DIFFERENT TOPOLOGIES

3.3.1 Technical Comparison. For each of the topologies, the time required for
interrupting the fault current by the IGBTs is 100-500 ps. Thus, the power quality
attained, by using any of the above topologies is almost the same. Due to the above
reason, it is necessary to analyze the topologies on an economical scale.

3.3.2 Economical Comparison. The primary component responsible for a high
initial cost of the SSFID is the semiconductor itself and hence losses are used for
comparing operating costs. Although the rectifier topology (Topology # 3) with only one
IGBT is comparatively cheaper to implement, the presence of one more diode in the
circuit adds to the conduction loss. The losses associated with a semiconductor device

can be estimated by the following equation [5]
2
R/ = Irmsxrt_'_I ><VT (3-1)
r. _slope / on-state conduction resistance

V; -threshold voltage/on-state voltage drop

| -average value of 60 Hz sinusoidal current
.« -Yms value of 60 Hz sinusoidal current
Thus, each of the above topologies has its own pros and cons when compared on

the basis of cost. It is, therefore, necessary to evaluate the topologies on the basis of

break-even point. The time to reach the break-even point depends on the amount of
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power transmitted through the SSFID. At the break-even point, the difference of

investment costs must be equal to the costs associated with additional losses [2].

Thus, if m = cost per kWh

AC = difference in investment costs

T = hours per year = 8760

a = the number of years

AP = difference in losses

AC=axTxmxAP (3.2)
Hence, the most cost-effective solution for selecting a topology for a SSFID

depends on the average transmitted power through it and the time for which it will be in

operation in the grid.

3.4. SOLID STATE FAULT INTERRUPTION DEVICE

The proposed SSFID will have 3 modules of IGBT-diode pairs [8]. Each module
will consist of two pairs, IGBT-diode in anti-parallel, connected in the common emitter
configuration. Each module is protected by a metal oxide varistor and a resistor in
parallel with the module. Just like the conventional CBs, the SSFID should be placed in
series with disconnect switch connected in series that can be opened after the SSFID is
switched off. The disconnect switch helps to completely open a circuit that was
previously still ‘live’ through the resistor in the SSFID. The SSFID design is shown in

Figure 3.5.
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Figure 3.5. SSFID Model.

For the SSFID, an IGBT module 5SNA 0400J650100 from [9] with forward
breakdown voltage of 6.5 kV and continuous rated current of 400 A has been selected. Its
parameters for the rated operating point in the three-phase 1IMVA, 12.5 kV, 46.2A
FREEDM distribution system [10] are given in Table 3.1. No snubber circuits will be

provided for the IGBTS since they have high leakage currents and higher losses.
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Table 3.1. IGBT Parameters

IGBT ON resistance 0.02 Q
IGBT OFF resistance le6 Q
Forward Voltage Drop 0.0024kV
Forward Break-over 6.5 kV
Voltage
Reverse Withstand Voltage 6.5kV

The diode to be used for the SSFID is built into the IGBT module and connected
in anti-parallel with each of the IGBTs in the module. Diode parameters for the rated
operating conditions are given in Table 3.2. No snubber circuit is provided for the diode

for reasons mentioned earlier.

Table 3.2. Diode Parameters

Diode ON resistance 0.011 Q
Diode OFF resistance le6 Q
Forward Voltage Drop 0.0017 kv

Forward Break-over 6.5 kV

Voltage
Reverse Withstand 6.5 kV
Voltage
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A specific type of MOV V242BB60 having disc size of 60mm [11] is selected for
protecting the IGBT-diode pair in case of over-voltages. One MOV of voltage rating
equal to 2.4 kV is connected across each module in the SSFID. The I-V characteristic for
the MOV has been derived from the [11] and entered as a user-defined characteristic for
the MOV in PSCAD. The characteristic for the MOV is shown in Figure 3.6. To calculate
the voltage across the MOV in per unit for different leakage currents, the arrester voltage

rating has been considered as the base voltage.

30,000
MAX CLAMPING VOLTAGE
DISC SIZE 60mm
1100 TO 2800V ac) RATING
20,000~ \ il
Ty =-55°CTO 85°%C
4
= gl
& 10,000 A
5 9,000 =it
£ 000 T T i
% 7000 _ T LA
o ] mEn anil o o -;u.
il uzﬂze.e.ﬁn-'l L= Lt [ L 4
% 3000 yaqope60=F - T 7
= 4,000 v202BB6D ' ]
| et e 4
1,000 ¥ 728E40 =11 |ttt Lt
Y y14zeBE0 =
V112BB&0 [ |
2 oo L L1
102 w0 w1 10f 1w 1wt 1w0f
PEAK AMPERES (A)

Figure 3.6. MOV Voltage Clamping Curve.
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Along-with the MOV, a resistor of 250 kQ is inserted in parallel with each

module for limiting over-voltages.

3.5. PRINCIPLE OF OPERATION
The SSFID is supposed to conduct current when normal conditions exist in the
network and interrupt the current during abnormal conditions in the network that cause an
unacceptable increase in current, e.g., during faults. For smooth bidirectional flow of
current, gate voltages of 20 V are continuously provided for IGBTs. This prevents
undesired voltages spikes from developing across the SSFID due to commutation or
changes in power factor. If there are spikes, the MOV provides a low resistance path
when spikes exceed the threshold rating of the MOV and hence limits the voltage across
each module.
3.5.1. Advantages of the SSFID Model.
e With only one MOV per module and the modular structure of the IGBT used,
fewer number of components are required to make up the SSFID module.
Hence, the cost of the SSFID reduces. The addition of a resistor does not
increase the cost significantly as resistors are rather inexpensive.
e The IGBT module is readily available in the market, thus making replacement
easier.
3.5.2. Disadvantage of SSFID Model.

e The addition of the resistor adds to the losses.
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3.6. TESTING OF THE PROPOSED SSFID MODEL

To test the validity of the SSFID for use on the FREEDM distribution system, the
SSFID model should be first subjected to a variety of tests. The model should be tested
for (i) continuous current-carrying capability, (ii) operation at frequencies different from
the nominal frequency, (iii) short-circuit current interrupting capability and (iv) lightning
impulse voltage withstand capability.

3.6.1. Continuous Current-Carrying Test. This test should be done to verify
whether the SSFID can carry the continuous rated current at rated frequency without
exceeding its temperature limitations as given in [3]. The conditions in which this test
should be carried out are also given in [3]. The test can be carried out on a single pole of
the SSFID.

The continuous current test should be performed and three readings of different
points in the assembly should be taken at 30 min intervals. The temperature of the points
in the assembly should not change by more than 1°C for the three readings. The SSFID is
said to have passed the test if the temperature readings do not exceed the limits specified
in [2]. For the measurement of temperature, thermocouples or resistances may be used.
The measuring device is located at a point from where the hottest accessible spot can be
made. Measurements should be made at junction points of insulation and conducting
parts to prevent exceeding limits of the insulation [12]. The resistance of the main circuit
should be measured for comparison between the circuit breaker originally design tested
and all other circuit breakers of the same type subjected to routine tests. A DC source is
used to measure the voltage drop or resistance across the terminals of each pole. The

ambient temperature can be determined as given in [12].
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For simulating the test, a 0.333 MVA, 7.2kV generator, the SSFID model and a
load resistor are connected in series. An auxiliary circuit breaker is used for back-up
protection. An inductor is used for current limiting purposes. The value of the load

resistor is given by Equation (3.3). The test circuit is shown in Figure 3.7.

RV 1560 (3.3)
0.046kA
Aucxiliary Current

Circuit Breaker ~ Limiting inductor

0.333MVA, lload = 0.046kA SSFID

7.2 kV,1-ph,
60 Hz AC@

Load

Figure 3.7. Continuous Current Carrying Test on a Single-phase Test Circuit.

The currents in the IGBTs were found to be as expected, i.e., 0.065 kA (0-peak).
Currents for the two IGBTSs are shown with continuous and dashed lines in Figure 3.8.

Identical currents were observed for diodes.
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Figure 3.8. IGBT Currents in the SSFID for Continuous Current Carrying Test.

3.6.2 Power Frequency Test. This test should be performed to determine the
ability of the SSFID to withstand its rated power frequency withstand voltage. The test
should be simulated with a sinusoidal voltage having a peak value of 41.57 kV which is
equivalent to 1.414 times the rated rms power frequency withstand voltage of 29.4 kV for
the rated maximum design voltage. This voltage is adopted from the recommended test in
[3]. The voltage test frequency shall be equal to the rated power frequency +20%.
According to [12], there should be no flashovers during the 1 minute test and no damage
to the insulation should be observed after the tests. Figure 3.9 shows the circuit for this

test.
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Auxiliary Current
Circuit Breaker Limiting inductor

[

1 MVA, lload = 58.69A SSFID
29.4 kV,
1-ph, 72 Hz,“@
Generator
500 Q
resistor

Figure 3.9. Power Frequency Voltage Withstand Test.

The line current flowing through the system and hence the model was as required,

_ 41.57kV (peak)

L= =83.14 A(peak) =58.78 A(rms 34
line 05|(Q (p ) ( ) ( )

The currents in the two IGBTs in the model are shown by continuous and dashed
lines in Figure 3.10. Like the continuous current-carrying test, currents through the diode

are identical to the currents in the IGBTSs



31

= |IGBT1 = |IGBT2

L

1§§” L

40
20 -

-20 -
40 -

ST

-100 -

Current (A)

Time 0.00 0.10 0.20 0.30 0.40 0.50

Figure 3.10. IGBT Current in SSFID Model for Power Frequency Voltage Withstand
Test.

3.6.3 Short Circuit Current Interrupting Test. This test is one of the synthetic
tests that should be used to verify the short circuit current interrupting rating of the
SSFID. The rated short circuit interrupting rating of the SSFID will be the maximum
symmetrical short circuit current in amperes at primary opening time that the SSFID will
be required to interrupt at the rated maximum operating voltage and the standard
operating duty cycle [3]. The fault current for the contemporary distribution systems is
between 5 to 20 pu of the rated operating current. It is assumed that the system having the
SSFIDs will have a peak fault current less than the peak collector current rating of the
IGBTSs. Hence, the total fault current (symmetrical and asymmetrical components) was
assumed to be 10 times the operating current for the first peak of the simulation test i.e.

| =10x 46.2 = 462 A(rms) = 653.3A( peak) (3.5)

short—circuit
For this purpose, a current source capable of supplying this current will be

needed. The SSFID will be required to withstand the transient recovery voltage (TRV)
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that follows current interruption. The magnitude of this TRV for the interrupting short
circuit current for a conventional CB is given by

E =K, xK, x0.816xV =13.57kV (3.6)

where
K, — transient amplitude factor =1.54 [13]
K — first-pole —to-clear factor = 1.5 [13]
V —rated maximum voltage = 7.2 kV

However, for test purposes a 4kV source has been used to provide the voltage that
occurs after the fault current is interrupted. This can only be synthesized by using
synthetic testing methods. Figure 3.11 shows the circuit for the short circuit current-

interrupting test using the parallel current injection method [13].

Current  Auxiliary Current
Limiting ~ Circuit . Limiting Spark
Short line
Inductor  Breaker Inductor gap
Fault

ﬂ a r m o0
Current
Source  ac(y) SSFID 1 Voltage
462 A ) Source | T

4kV

Figure 3.11. Short-Circuit Interrupting Test on a Single-phase Test Circuit.
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The auxiliary circuit breaker is required to have its short circuit interrupting rating
greater than that of the SSFID. An inductor of 0.001 H is provided for current limiting
purposes in the simulation. An impedance consisting of, a resistor of 10 ohm in series
with an inductor of 0.026525 H, is connected to simulate a transmission line. The
capacitor and the inductor on the right hand part of the circuit are used for voltage
support and current limiting purposes respectively. A circuit breaker ‘SP’ is used to
simulate the spark gap shown in the circuit for the test. A dc voltage source having
parameters given in Table 3.3 are used for the test. The conditions and the sequence in

which the simulation test was carried out are given below.

Table 3.3. Voltage Source Parameters for Short-Circuit Current Interrupting Test.

Initial §ource 4KV
magnitude
Source power 1.6 MW

Initial Conditions:

(@) The auxiliary circuit breaker is closed. Hence a current of 462 A from the current
source directly flows through the SSFID.

(b) Circuit breaker ‘SP’ is open indicating that the spark gap is open and no current flows
through it.

(c) The SSFID model is conducting current flowing from the current source.
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Sequence

(a)The circuit breaker ‘SP’ closes at t = 0.2 sec. Thus the DC source injects a dc current
through the SSFID model. ‘SP’ remains closed till the end of the simulation.

(b)The auxiliary circuit breaker opens at t = 0.21sec. Hence the current from current
source flows through the auxiliary circuit breaker only from t =0 sec to t = 0.21sec.
(c)The gate signals for the IGBTs are made zero at t = 0.22sec. Hence, the SSFID model
stops conducting at t = 0.22sec.

Hence, with this sequence it is guaranteed that the SSFID model is exposed to
conditions occurring at the time of circuit interruption. The large current flowing from the
current source replicates a fault current while the dc source helps to produce a transient
recovery voltage across the model.

Ammeter ‘SSFIDcurrent’” was connected in series with the model. The current
flowing through the model during the simulation is shown in Figure 3.12. It was observed
that the current before t = 0.2s equals the peak current given by the current source. Also,
the current peak starting at t = 0.2s is taller than the previous peaks owing to the injection
of current by the voltage source. The increase in current through the SSFID is of

increment — ﬂ = 400A (37)
10Q

Also, it can be observed in Figure 3.12 that after t = 0.21sec, only the dc current
of 400 A flows through the model since the auxiliary circuit breaker opens and stops the
flow of current from the current source to the model. The current becomes zero at t =

0.22s when the SSFID model opens.
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Figure 3.12. Current Through the SSFID for Short-Circuit Current Interrupting Test.

When the model turns off at t = 0.22 sec, it is observed in Figure 3.13 that a peak
transient voltage of 6.2 kV appears across the IGBT. Hence, break-over of the IGBT is
prevented. After turnoff, the voltage across the IGBT settles down at just less than 1.35
kV. The leakage current through the MOV at t = 0.22sec is 349A (peak) and it settles
down to about 0.3A. This is shown in Figure 3.14. The total energy dissipated in the
varistor is given by its clamping voltage, peak leakage current and the time-to half for the
current [14].

E=14xV,.xl,xt (3.8)

=1.4x6200x349x0.00275 =8330.63J
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Figure 3.13. Voltage Across IGBT for Short-Circuit Current Interrupting Test.
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Figure 3.14. MOV Current for Short-Circuit Current Interrupting Test.

3.6.4 Lightning Impulse Voltage Withstand Test. This test will be performed
under dry conditions given in [3] to verify the SSFID’s ability to withstand its rated full-
wave lightning impulse withstand voltage of 95 kV. A standard lightning impulse with a
peak voltage of 95 kV with a front time of 1.2 xs and a time to half value of 50 us is used

in the simulation. Figure 3.14 shows the circuit for the lightning impulse test. The
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lightning impulse is produced by a dc source controlled by a surge generator model
available in PSCAD.
Test Sequence

(@) The impulse rises to 95kV from t = 0 sec to t = 1.2 psec and decays to zero value

att =101 psec.

Augxiliary
Circuit
Breaker
N
]
> SSFID
95kV
Lightning
Impulse
Generator
1.2/50 ps
Resistor
=1.6 kQ

Figure 3.15. Lightning Impulse Voltage Withstand Test Circuit.

The voltages across the IGBTSs rise to 300V and 600V respectively. The voltages
across the diodes were identical to that across the IGBTs. The MOV operates to limit the
voltages across the IGBTs/diodes and keeps them within safe values. The voltages

appearing across the IGBTs are shown in Figure 3.16.
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Figure 3.16. IGBT Voltages for Lightning Impulse Withstand Test.

3.7. EFFICIENCY OF THE SSFID

The efficiency of the SSFID is one of the parameters that will decide whether the
use of solid state interruption devices is indeed a viable option to replace the conventional
circuit breakers. The efficiency will decide the payback time of the breaker and hence it
is necessary that it be low or comparable to the contemporary breakers. Since the
FREEDM system may have varying loads, the efficiency for the SSFID has been
calculated at 100%, 60% and 30% of the maximum loading. All calculations have been
made at 125°C which is assumed to be the maximum operating temperature for the IGBT
module.
For 100 % loading

l... =1c =46.2A (Rated rms line current of the system)

rms

Vego = 2.4V (On-state collector —emitter voltage drop of IGBT at I, = 46.2 A)

e =0.02Q (Internal collector-emitter resistance of IGBT)
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V. =1.65V (On-state forward voltage of diode)
T, =16.667/ms

P

conductionloss

for 1 IGBT+1Diode=

To/2 . . .
Ti " Veeo x I xsin ot +1ce x 12 xsin® wt +Vi x| xsin ot [t
0

(I is the peak amplitude of 1 =1, =46.2A)

Voo x| r.xI? V_xl
CEO +CE +F

T 4 T
= 49.9+21.34+34.31
= 105.55W
Total conduction losses = 105.55 x 2(2 pairs in each module) x 3(3 modules)
=633.33 W.
The switching losses will be negligible since each IGBT/diode is shorted out by the other
component in the next half cycle.

Power per phase (MW) = % =333333W

333333

Efficiency for SSFID =
333333+633.33

=99.81%

For 60 % loading

l..« =1c =27.7A (Rated rms line current of the system)

rms

Vego =1.85V (On —state collector —emitter voltage drop of IGBT at I, = 27.7 A)
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r.e =0.04Q (Internal collector-emitter resistance of IGBT)
Ve =13V (On-state forward voltage of diode)

T, =16.667ms

P for 1 IGBT+1Diode =

conductionloss

1 T0/2 - 2 -2 -
[Vero X I xsinot + 1 x 12 xsin® ot +V,. x | xsin ot [dt

0

(I is the peak amplitude of I, = 1. =27.7A)

Voooxl roxl? V_xl
— Yeeo 1 | lce L VF

T 4 T
=23.08 + 15.36 + 16.22
=54.66 W

Total conduction losses = 54.66 x 2(2 pairs in each module) x 3(3 modules)

=327.96 W.
Power per phase (MW) = 20 0,6 = 200000W
Efficiency for SSFID per each phase = — 200000
200000 +327.96
=99.83%

For 30 % loading
I, =1c =13.86A (Rated rms line current of the system)

Vego =1.25V (On-state collector —emitter voltage drop of IGBT atl . =13.86 A)

re =0.07Q (Internal collector-emitter resistance of IGBT)
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V. =11V (On-state forward voltage of diode)
T, =16.667/ms
P for 1 IGBT+1Diode =

conductionloss

1 TO/2 - 2 =2 -
= [ Vero I xsin ot + 1 x 12 xsin® ot +V,. x | xsin ot [dt

0

(I is the peak amplitude of+ 1, = 1. =27.7A)

Vx| r-xI? V_xl
CEO +CE _I_F

T 4 Vs
=7.762 + 6.66 + 6.83
=21.252 W

Total conduction losses = 21.252 x 2(2 pairs in each module) x 3(3 modules)

=127.512 W.
Power per phase (MW) = 2" 0,3 100000W
Efficiency for SSFID per each phase = 100000
100000 ++127.512
=99.87%

Hence, it is seen that the efficiency for the FID essentially remains the constant

for different loading conditions.

3.8. SPEED OF OPERATION
The primary parameter on which the performance of a SSFID and a conventional
circuit breaker can be compared is the interrupting time, i.e., the time taken to interrupt

the fault current after the relay time has taken place. The interrupting time for the SSFID
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will be a few 100 ps to 5 ms while that for the conventional breaker is in the order of few
10 ms [4]. To verify this, a single-phase 7.2 kV distribution system with four buses was
created in PSCAD. The buses were connected by short lines. Two of the four buses were
connected to distributed generators (DG) through single-phase 7.2kV/0.48kV
transformers. Each line was protected by circuit breakers/SSFIDs indicated as switches at
each of its end. A differential scheme was used for protection purposes. A schematic of

the distribution system is shown in Figure 3.17.
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Figure 3.17. Single -phase 7.2kV Distribution System.

To observe the response of the circuit breaker/SSFID, a fault was simulated at the
midpoint of the line protected by switches A and B. As a result, current of different

magnitudes contribute to the fault current from both sides of the fault location. Peak fault
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currents though switches A and B are shown in Figures 3.18 and 3.19, respectively for a

particular relay setting.
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Figure 3.19. Fault Current through Switch B.
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When the difference in currents becomes greater than the pickup value of the
differential relay, the switches operate and thus isolate the line from the rest of the
system. To prevent the fault current from reaching the peak value, the relay settings for
the simulation were kept such that the switches opened before the current reached its first
peak. The relay trip signal was generated at t = 0.20350s for SSFID models as well as the
circuit breakers. For comparison purposes, all system values and relay settings were kept
identical for both cases. Current interruption for SSFID models and circuit breakers is
shown in Figure 3.20 and Figure 3.23. Figures 3.21and 3.22 show the currents through
the IGBT and the MOV that together make up the current through the SSFID during

interruption. To give a better idea about interruption time, the trip signal is also plotted.
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Figure 3.20. Current Interruption in SSFID A.
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B Breaker A = Trip signal
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Figure 3.23. Current Interruption in Breaker A.

Thus, from Figures 3.20 and 3.21, it can be observed that after the relay trip signal
is generated, current through IGBT is interrupted within 250 ps while the current in the
MOV is interrupted within 5ms. From Figure 3.19, it can be observed that the total time
taken by the SSFID A to interrupt the fault current is about 5ms. From Figure 3.22, it is
observed that the breaker A interrupts the current at the next current zero which requires
about 11ms. This indicates a large difference in speed for current interruption by the
SSFID as compared to the conventional CB.

To gauge the effect of the interruption time for both cases on system voltages, the
voltage at the midpoint of line between switches G and H was measured. It was observed
that for the system with SSFIDs, the line voltages recover immediately as soon as the trip
signal is given to the SSFID. For the system with a conventional CB, the system
experiences a total collapse of the voltage until the time breaker A isolates the fault at the

next current zero. The system voltages can be seen in Figures 3.24 and 3.25.
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LineGH voltage

Figure 3.25. Line Voltage for System with CBs.
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4. PERFORMANCE COMPARISON AND IMPACT OF SSFIDs ON FAULT
STUDIES

4.1. WIND POWER PLANTS AND MICROGRIDS

The increase in generation of electricity from wind power plants (WPP) and their
increasing penetration in the legacy grid is imminent. The advantages of being abundant,
clean and renewable and the need to reduce emissions from conventional coal power
plants makes WPPs an absolute necessity that will complement the contemporary coal
and nuclear power plants for sufficing the ever increasing and distributed loads. The
different topologies for wind turbine generators that are presently available are given in
[15]. For this research, only the Type 1 configuration has been used.

The Type 1 configuration is a constant speed wind turbine, which consists of
squirrel cage induction generator (SCIG) directly coupled to the grid [16]. The wind
turbine rotor is coupled to the generator through a gearbox. This configuration does not
have any power electronic converters or control systems. Hence, the frequency control is
achieved through pole changing. The number of poles used is inversely proportional to
the speed of the rotor. The power extracted from the wind is limited by using the stall
effect. This implies that the efficiency of the wind turbine generator reduces at higher
speeds. Since the wind turbine generator is an SCIG, a capacitor bank is needed at its
terminals for supplying the excitation for the machine [17].

The experimental FREEDM system will be a microgrid that will be integrated
with the legacy grid. A microgrid is a complete electrical system consisting of distributed
energy resources (DER) located near loads that may operate independently or in
conjunction with the main electrical grid. The FREEDM microgrid system will make use

of all available renewable sources of generation namely — micro-turbines, photovoltaic
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cells, fuel cells and wind power The FREEDM microgrid may operate in parallel with the
main grid to substitute the generation from coal power plants with generation from
renewable sources or it may operate as an isolated system to suffice the needs of the loads
isolated from the main grid. In parallel operation mode, the legacy grid will control the
voltage and the frequency. In an islanded operation of the microgrid, the generators
balance the demand to achieve a stable electrical system.

The technical benefits offered by the FREEDM microgrid are that it will help to
improve the security, reliability and improve the quality of the electricity available from
the legacy grid. During failures in the legacy grid, the FREEDM system will be able to
supply electricity from the DERs to the critical loads. Also, during peak demand hours,
the FREEDM system will be able to deliver electricity to the legacy grid thus substituting
generation by contemporary power plants in the legacy grid.

The economical benefits offered by microgrids are such that the microgrids could
be setup where installation or expansion of power plants for meeting future energy
growth may not be possible. Further the owner of the DER or the distributed network
operator may earn extra revenue by selling electricity to the main electrical grid or to
customers within the microgrid during islanded operation. Since microgrids are located
close to loads, the cost of losses and congestion are minimal and hence electricity for
customers is cheaper than that from the grid.

However, the operations of microgrids such as the FREEDM system face several
problems when operating in the islanded mode. In islanded operation, one or more DERS
form the grid and prevent the voltage and frequency from collapsing. Non-critical loads

may have to be shed to keep frequency within limits. The microgrid has to increase or
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decrease their active or reactive power generation according to conditions present prior to
going into the islanded mode and according to the needs of the loads present within the
microgrid when operating in the islanded mode. Also, a microgrid will most likely
maintain the quality of power made available to customers by having energy storage
elements to inject or absorb real or reactive power to maintain voltage and frequency.
The increased short circuit capacity due to the presence of DERs requires the microgrid
to have a level of protection better or comparable to the existing grid.

The objective of this section is to compare the effects when SSFIDs or
conventional CBs are used for isolation of microgrids from the main electric grid.
Another objective of this section is to demonstrate that the SSFID does not affect the
stability of a microgrid having a properly controlled distributed generator unit during
planned and unplanned switching and subsequent islanding process. The severity of the
transients experienced by the microgrid, subsequent to an unplanned islanding process, is
highly dependent on i) the pre-islanding operating conditions, ii) the type and location of
the fault that initiates the islanding process, iii) the islanding detection time interval, iv)
the post-fault switching actions that are envisioned for the system and, v) the type of DG
units within the microgrid [18]. However, this thesis only focuses on the pre-islanding
operating conditions and the type of faults. The fault is assumed to be located on the
legacy grid. The islanding detection time interval and control/protection methods are not
discussed. The SSFIDs open subsequent to the occurrence of a fault and stay open until
the end of the simulation. No reclosing action takes place for the SSFIDs. The controller
for the DG unit is not optimized. Hence better transient performance could be expected

when they are optimized.
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4.2. MICROGRID TEST SYSTEM

To observe the impact of SSFIDs on fault studies and subsequent islanding for the
FREEDM system, a microgrid test system consisting of a stiff grid representing the
legacy grid and a Type 1 wind power plant (WPP), together feeding a constant power
load is created. The single-line diagram for the system and the system created in PSCAD
are shown in Figures 4.1 and 4.2, respectively. A synchronous generator used as a
standby DG to support the load when either of the two sources are forced offline due to

faults. The ratings for the grid, the WPP, and the DG are shown in Figure 4.2.
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Figure 4.1. Single Line Diagram for Microgrid Test System.
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Figure 4.2. Microgrid Test System in PSCAD.
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The stiff grid, the WPP, the DG as well as the load are all operating at 480 V. The

grid is connected to the load through two 0.480kV/12.5 kV transformers. The SSFIDs are

connected on the 12.5kV section. The WPP is connected to the load through a wye

ungrounded- wye ungrounded transformer that steps up the voltage from 480 V to 34.5

kV and through another transformer that steps down the voltage from 34.5 kV to 12.5kV.

The DG is directly connected to the load bus through a conventional circuit breaker. A

combination of a differential and an over-current protection scheme has been provided

for the relay that provides gate signals for the SSFIDs.
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4.3. SIMULATION SEQUENCE AND RESULTS

At any point of the simulation, a combination of any two of the grid, the WPP and
the DG can support the load equally by supplying half of the power. The grid and the
WPP together supply the load from the start of the simulation until the point when a fault
occurs at time t= 4 sec of the simulation. Following the occurrence of the fault, a large
fault current tends to flow into the fault. However, the relay senses this fault current and
trips the SSFIDs almost instantaneously. The DG is connected to the load at time t = 4.2
sec by switching the circuit breaker and thereafter the load is sustained by the two
sources.

The synchronous machine DG is initially connected to a dummy load in order to
keep the machine spinning before connecting to serve the actual load. If the dummy load
is not used, the DG fails to pick up the required load fast enough which leads to system
instability. A complete synchronous generator system with its exciter control and speed
governor control available in the PSCAD library is used for the DG. The model is shown
in Figure 4.3.

The WPP is represented as a SCIG compensated by a 10 mF capacitor connected
at its terminals. This size of the capacitor is selected such that it supports voltages of 1.06
pu and 0.98 pu at the WPP and the load terminals respectively. For the purpose of
simulation, the WPP is operated in a constant torque mode in steady state (from time t =
0 sec to time t = 4 sec) as it helps to control the output power of the WPP. During
transients following the occurrence of fault at t = 4 sec, the WPP is immediately switched
to the constant speed mode which regulates the torque by itself but keeps the rotor speed

constant. In a practical system, this may represent a load change not affecting the speed
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of the SCIG because of the high inertia of such generators as well as due to the parallel
operation of the WPP which reduces the impact of the load change on a single SCIG.
Also, speed governing control systems are able to take an almost immediate corrective
action as the time constant for the electrical frequency is much smaller compared to the
time constant of the mechanical frequency of the rotor of the SCIG. When the system
settles down following the clearing of the fault and subsequent connection of the DG to
the load, the WPP is brought back to operate in the torque control mode again at time t =

8 sec.
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Figure 4.3. PSCAD Synchronous Machine Model as DG.
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The different cases studied to demonstrate the stability of the microgrid when
SSFIDs are used for the above mentioned simulation sequence for different kinds of
faults namely - (i) single line-ground fault (ii) line-line fault (iii) line-line-ground fault
(iv) three-phase fault, are -

a) The dummy load is equal to the part of the load taken up by the DG when the
microgrid operates in the islanded mode. This case is used for comparing effects
of SSFIDs and conventional CBs microgrids are isolated from the main grid..

b) The dummy load is not equal to the part of the load taken up by the DG when the
microgrid operates in the islanded mode

Case a)

For faults on the grid side, the SSFIDs are able to limit the fault currents from the

grid side to about 25% of values when the conventional CBs are used. The comparisons

are shown in Figures 4.4, 4.5, 4.6, 4.7, respectively.
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Thus, it is observed that the SSFIDs limit the fault current and never let it reach
its peak value. The SSFIDs interrupt the fault current before it reaches the first peak. The
fault currents are restricted to 25% of values that are observed when conventional circuit
breakers are used. Also, other components of the system such as the transformer is
subjected to lower stresses developed as a consequence of the lower peak fault currents.

The fast chopping and subsequent interruption of current by the SSFIDs leads to a
voltage of 1.8pu on the grid side. The conventional CB interrupts the current at the next
current zero and hence the transient voltage is zero. The voltages are shown in Figures

4.8,4.9,4.10 and 4.11, respectively.
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The high transient voltage developed across the grid due to interruption by the
SSFIDs can easily be limited by using shunt MOVs. Since the SSFIDs are able to isolate
the grid from the islanded microgrid much faster than the conventional CB, the time for
which voltage is low due to the fault is negligible as compared to that for the
conventional circuit breaker. This shows that power quality is definitely better when
SSFIDs are used.

The immediate clearing of the fault by the SSFIDs also obviates the need for the
grid to supply MVars to maintain the required voltage profiles on the grid side of the
network. Hence, a sudden injection of 1.7pu to 3.5 pu of reactive power supplied by the

grid for the different type of faults is not seen on the grid side unlike what is observed
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when conventional CBs are used. The powers from the grid for both cases are shown in

Figures 4.12, 4.13, 4.14 and 4.15, respectively.
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The effect of any type of fault on the output powers of the WPP is almost the
same. For the time interval between the instant of fault occurrence and the instant when
the DG is connected to the load, the WPP alone is required to support the load. Hence,
the power from the WPP suddenly shoots up at t = 4sec.This is done by increasing the
torque of the WPP while keeping the speed of the SCIG constant in the constant speed
control mode.

The input torque for an SCIG is negative in the generator mode and positive when
it is in the motoring mode. When the DG is connected to the load, the WPP momentarily
goes into the motoring mode. Following the transient, the WPP again goes into the

generator mode. This is shown in Figure 4.16.
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The input mechanical torque for the WPP is shown in Figure 4.17. Since the WPP

is running in the constant speed mode from time t = 4 sec to time t = 8 sec, the input

mechanical torque is variable, and hence it changes negative 1pu to positive 1.5pu during

the transient during which the WPP is in the motoring mode. Following the transient, the

torque settles down to its pre-fault value of negative 0.5pu and the WPP again runs in the

generating mode.
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For the short interval when the WPP alone supports the load, the voltage at the
WPP terminals remains fairly constant. However, if the WPP alone would be made to
support the load for an extended period, the capacitor at its terminals would soon
discharge making the SCIG inoperable and hence the system will collapse. With the
connection of the DG to the load, the capacitor remains charged and the system operates

as before. The WPP terminal voltage is shown in Figure 4.18.
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Figure 4.18. Case a WPP Terminal Voltage.

The momentary transition of the WPP into the motoring mode is due to the
conditions at the DG terminals. When the DG is synchronized with the actual load, it
produces a sharp peak of output power due to a momentary increase in the load angle of
the synchronous machine. Like the grid, the DG also acts as a sink for the reactive power
from the WPP. The powers at the DG terminals and the load angle are shown in Figures

4.19 and 4.20, respectively.
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DG P = DG Q
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Figure 4.19. Case a Powers at DG Terminals.
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Figure 4.20. Case a Load Angle of DG.

Following the connection of the DG to the load, the DG terminals experience an

increase in the voltage due to the change in direction of the DG reactive power during the
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transient period. However, they are soon brought back to the rated value by exciter

control of the DG. The DG terminal voltage is shown in Figure 4.21.

= DG Vrms
— 120 -
1.10 - —~
1.00 y i N I -
g 0.90 -
>
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ime 2.p 3.0 4.0 5.0 6.0 7.0 8.0 9.0 10.0

Figure 4.21. Case a DG Terminal rms Voltage.

From the instant of fault occurrence at t = 4sec to the instant the DG is connected
to the load at t = 4.2 sec, the power and the voltage at the load terminals follows the
powers and voltage at the WPP terminals. Following the connection of the DG, the power
and the voltage return back to the pre-fault values after a transient. This is shown in

Figures 4.22 and 4.23, respectively.
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Figure 4.22. Case a Load Powers.
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Figure 4.23. Case a Load Voltage.
Case b)

In this case, the dummy load is assumed to be consuming 0.4 MW and 0.4 MVAR

respectively. Apart from different load, the behavior of all components essentially
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remains the same. From t= 4s to t= 4.2s, the WPP supplies the same amount of power to
the load. However, the input torque to the WPP shoots upto positive 2.8 pu during the
transient to absorb to inrush of real power from the DG. This is seen in Figures 4.24 and

4.25.

= \WPP P

= \WpPP
1.50 - Q

f.'] | o=
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Figure 4.24. Case b WPP Power Output.
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Figure 4.25. Case b WPP Input Mechanical Torque.
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When the DG is connected to the load, the combined generation by the WPP and

DG is not sufficient to power the load. The DG load angle instantly increases to make up

the required power.

The DG real power reaches a peak of 2pu as compared to 1.75pu for

Case (a) as shown in Figure 4.26.
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Figure 4.26. Case b Powers at DG Terminals.

Since the DG has a governor control system, it slowly ramps down its output

power to match up

of connection by th

the load demand. The deficiency in the power supplied at the instant

e DG to the load causes deeper sags at the load. The sag in real power

reaches 0.8 pu value as against 0.9pu in Case (a) as shown in Figure 4.27.
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10.0

71

Similarly, the voltage at the load experiences deeper sags. The sag in the

measured rms voltage at the load reaches a value of 0.8pu as shown in Figure 4.28.
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Figure 4.28. Case b Load Voltage.
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Hence, unplanned switching with inadequate spinning reserves can cause larger
sags in the powers and the voltage at the load. If the need arises, the non-critical loads

may have to be shed to maintain system stability and power quality.
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5. CONCLUSIONS AND FUTURE WORK

5.1. CONCLUSIONS

The new age digital economy requires a continuous supply of electricity of high
quality with minimum frequency and duration of interruptions. To fulfill this need and
the need to increase the penetration of electricity from renewable sources, the concept of
microgrids has evolved where microgrids will be able to operate in islanded mode or in
conjunction with the main electric grid. The main electric grid and the microgrid will
both support each other to achieve the common objective of increasing the reliability of
the entire network and improving power quality indices.

The interfacing of microgrids with the main electric grid will require the use of
state-of-the-start power electronics, semiconductors, control and communications
innovations developed in recent times. To demonstrate the possibility of the renewable
energy-based microgrid and the main electric grid operating in tandem, the FREEDM
system was launched recently. The FREEDM system will serve as a test bed for
technologies that could be used for interfacing microgrids with the electric grid. One of
those technologies is the solid state fault interruption device (SSFID).

The SSFID is a technology which is slated to replace the mechanical circuit
breakers due to their inherent drawback of slow switching. For this thesis, available
topologies of SSFIDs have been explored and examined. It was found that all topologies
have the same technical behavior. Hence, a comparison on the basis of cost is a must
when deciding on the topology to be used for a specific application.

The SSFID is a power electronic circuit breaker. It is composed of a series

connection of three modules made up of IGBTs and diodes connected in anti-parallel, and
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in common emitter configuration. The SSFID uses an IGBT already available in the
market. Each module has a MOV and resistor connected across it to limit over-voltages.

To validate the use of the SSFID in medium voltage distribution systems, it is
subjected to four simulated tests. The continuous current carrying test proves that the
SSFID will be able to carry the rated current indefinitely when rated conditions are
present in the system. The power frequency test proves that the SSFID can carry current
with frequency deviations within limits and also withstand the power frequency voltage.
The short-circuit current interrupting test proves that the SSFID will be able to withstand
the conditions which will be present when it is required to interrupt the fault current
during faults. It proves that not only can the SSFID interrupt the fault current but also
withstand the transient voltage appearing across its contacts following current
interruption. The lightning impulse voltage withstand test proves that the SSFID will be
able to withstand the voltage surge that propagates through an electric system when
lightning strikes the electric grid.

The efficiency for the SSFID is calculated for different loads and it is found that it
essentially remains the same. Hence, the SSFID does not have any detrimental effect on
the efficiency of the whole electric system under any conditions. The SSFID and the
conventional circuit breaker are compared primarily on their speed of interrupting fault
current. For this purpose, a distribution system was simulated and it was found that the
SSFID is much faster than the conventional circuit breaker in interrupting fault currents.

To compare the performance and the effects of the SSFID and conventional
circuit breakers in the FREEDM system during faults, a system consisting of the main

electric grid and a microgrid in parallel, consisting of a wind power plant, a synchronous



75

generator, and a constant power load was simulated. It was found that the high speed of
operation of the SSFID enables a faster interruption of the fault current and an immediate
islanding of from the microgrid. The SSFID prevents the fault current from reaching its
peak while the mechanical CB only interrupts the fault current at the next current zero
irrespective of the type of fault. Also, the line voltage recovers within 3ms of operation of
the SSFID thus minimizing the time for which voltage is lost during fault periods.
Following the isolation of the grid, the WPP and the DG operate in parallel to supply the
load and the microgrid operates in the islanded mode. The DG is capable of making up

any shortage of power within a short time for the microgrid to operate in a stable manner.

5.2. FUTURE WORK

The SSFID developed in thesis has been used for a medium voltage distribution
system having only WPP and distributed synchronous generator. The SSFID can also be
used in microgrids having any other renewable source of electricity like PV cells, fuels
cells and battery storage. SSFIDs of lower ratings can also be developed to cater to low
voltage systems.

A combination of mechanical CBs and SSFIDs could also be used for extra or
ultra high voltage applications. Such applications will require higher ratings for the

SSFIDs and novel topologies for the combined fault interrupting system.



APPENDIX

MICROGRID TEST SYSTEM DATA

System frequency: 60 Hz

Grid
Rated L-L Voltage: 480V

Transformer T1
Star grounded- Star grounded
1 MVA, 0.480 kV/12.5 kV, 0.1pu

Transformer T2
Star grounded- Delta
3 MVA, 0.480 kV/12.5 kV, 0.1pu

Transformer T3
Star grounded- Delta
2 MVA, 345 kV/12.5kV, 0.1pu

Transformer T4
Star - Star
2 MVA, 0.480 kV/34.5 kV, 0.1pu

Squirrel Cage Induction Generator
Rated Power: 1340.5 HP

Rated Voltage: 480 V

Rated Current: 1200 A

Input mechanical torque: -0.51pu

Synchronous Machine
Rated Voltage: 480 V
Rated Current: 1200 A

Constant Power Load
Real Power: 1 MW
Reactive Power: 0.5 MVar
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IGBT datasheet

6500V

400 A ABB HiPak™

=
o
m
I

a
i

IGBT Module

o 9SNA 0400J650100

Doc. Moo S87A 1552-02 Jan 09

* Low-loss, rugged SPT chip-set

+ Smooth switching SPT chip-set for
good EMC

+ High insulation package

+ AlISiC base-plate for high power
cycling capability

« AIN substrate for low thermal
resistance

Maximum rated values »

Parameter Symbol | Conditions min | max | Unit
Collector-emitter voltage Vegs Vae=0W, Ty225°C 6500 | WV
DT collector current Iz T-=85°C 400 A
Peak collector current |z t=1mg,T.=85"C 800 A
Gate-emitter voltage Vaes -20 | 20 W
Total power dissipation Pt T =25 °C, per switch {IGBT) 7350 | W
D forward current IF 400 A
FPeak forward current =z 800 A
Surge current g | VRS0V Ty=1257C, 4000| A

t. = 10 ms, half-sinewave

Voo =4400 V, Vogyme <6500 ¥

IGET short circuit S04 fo=c Ve 15V, T,2125°C 10 | ps
Isolation voltage Wieat 1min, f=50Hz 10200| V
Junction femperature Ty 125 | °C
Junction operating temperature | T 40 ) 13 | °C
Case temperature T- 40 | 135 | *C
Storage temperature Tay 40 | 135 | *C
M, Base-heatsink, ME screws 4 6
Mounting torques = Mk Main terminals, M2 screws i 10 | Mm
M Auxiliary terminals, M4 screws 2 3

‘_ Maximum ratzd valses Indicate limigs beyond which damape to the device may oocwr per [EC 80747
¥ For detalied mounng Instruciions refer to ABB Document Mo, S3YAZOEI

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.

AL ID D
MpPw



IGBT characteristic values =

55MNA 04000650100

Parameter Symbaol | Conditions min | typ | max | Unit
Collector (-emitter) _ _ _ e
breakdown voltage Viemces | Vee=0V., lc=10mA, Ty=25 °C 8500 W
=ctor-emi @ Ty= 25°C 4.2 4.8 W
Collector-emitier Vegsat | lo=400 A, Vge = 15V o
saturation voltage Ty=125°C ¥ 5.0 W
_ ) Ty= 25°C =] m&
Collector cut-off cument lozm Veg=8800 VWV, VWge=0VW
Ty=125°C 35 80 mé&
Gate leakage current laes Ve =0V, Vae =220V, Ty=125 °C -500 500 na
Gate-emiter threshold voltage Vagmo | lo= 160 mA, Weg = VWge, Ty=25 °C il T4 & W
=400 A, Wz = 38000Y, _
Gate charge Q - e 53 C
ate charg o= Vg =-15V . 15V 1l
Input capacitance Clag 5.3
foe =104 =
Output capacitance Cres o Vs V. F= 1 Mhz, 4.41 nF
Reverse transfer capacitance Cres 0.85
T delay e Voo = 3600V Ty= 25°C Foo
urn-gn delay time won] = ns
| e =400 A Ty=125°C B30
Rz=56610 — - Y-
Rise fima tr Vs = :t : Iur'. _'d —— - ns
L= 280 nH, inductive load 9= 125°C 220
T # delay e Voo = 3600V, Ty= 25°C 1410
urn-off delay time — = ns
B 1e =400 A, Ty=125°C 1700
Rz =560, — P pys
Fall time t, Woe =215V, M= - s
Lz= 280 nH, inductive load Ty=125°C BEO
Voo = 3600V, Iz =400 A, Ty= 25°C 2250
Turn-on switching energy Ean Vee=215V, Rg=506 0, m-J
L= 280 nH, inductive load y=125°C 2800
Voo = 3600V, Ic =400 A, Ty= 25°C 1340
Turn-off switching energy E. = Vee=218W, Rg = 5.6 2, m.J
Le= 280 nH, inductive load Ty=125°C 2120
P ~ teee 2 10 us, Voe = 15 W, Ty = 125 °C,
Short circuit current lze Vg = 4400 V, Vezy oo & B500 V 1800 A
Module stray inductance Lzce 20 nH
Tg= 25°C o1
Resistance, terminal-chip Roc-ep mil
Tg=125°C 0.15

:: Characheristic walues acoording o IS 50747 - 2
Colector-smiti=r sasmation vokage I3 gven at chis bewe

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.

Doc. Mo, 5274 1532-02 Jan 02

page 2 of 3

78



Diode characteristic values »

SSNA 04000650100

Parameter Symbol | Conditions min | typ | max | Unit
Ty= 25°C 32 iB
Forward voltage Ve l==400 & - W
=125 °C 34 4.0
Ty= 25°C 510
Reverse recovery current It A
Ty=125C 880
K-'.;,_;= 3600V, T.— 250 <50
Recovered charge O I==400 A, pC
Ve =15V, Ty =125 *C 770
Re=580 Ty= 25°C 1540
Reverse recovery time i L.=280nH ns
Ty=125*C 212
nductive load 4 =123 120
Ty= 25°C 870
Reverse recovery energy Erc m.l
Ty=125*C 1380
& Charactaristic values acconding b IEC 50747 - 2
% Forward woltage 5 gleen 3t ohip level
Package properties »
Parameter Symbol | Conditions min | typ | max | Unit
IGET thermal resistance a | wn
junction to case Ring-epsst .08 | Kiw
Diode thermal resistance .
junction to case Riny-cimone 0.032 | KnW
IGBT thermal resistance 2
iC-LEET GBT it ; = 13 [ YK . E i
case to heatsink Ritpie-goaem | IGBT per switch, & grease Wim* K 0.01 KW
Diode thermal resistance 7
——sT iteh, 3 = {Wim* 024 o
case to heatsink Riic-zimiope | Diode per switch, L grease = TWim* K 0.0 KA
Partial dischar tinctio )
srhal clscharge extinetion V. |f=50Hz Qsz 2 10pC (ace. o IEC 512873 5100 v
valtage
Comparative tracking index CTI = 00
T 2o detalec rounting Insructions refer fo ASE Document Mo, S5YA2039
Mechanical properties »
Parameter Symbol | Conditions min | typ | max | Unit
Dimensions L*W *H | Typizal , see oulline drawing 130 * 140 * 42 mm
i according to IEC 60884-1 | Term. to base:| 40
Clearance distance in air dy . mm
and EM 501241 Term. to term: | 2§
cordi 4.1 | Term. to base:| G4
Surface crespage distance dy according t_l} IEC G0ce mm
) and EM 501241 Term. to term: | 55
Mass m 1150 g

Package and mechanical properiies acconding o IEC 50747 — 15

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.

Doc. Mo, 5374 1582-02 Jan 09

page 3 of 8
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S5NA 0400650100

Electrical configuration

C (5) JCT)
C(3)
G2}
E(1 O
OE4) Y E (8)
Outline drawing =
B1.2+0.3
185202
1 7
j—-— i - -
'!I "3..;_'
Il__[ | i r| 1
o'}
(=}
H
1304 0.5 =

absl 114001 13
] —|"/_L rﬁ = ff,_h

1
&
@
fZn

scrawing dep

max, 18

140 £ 0.5

4 & 0.2
12401

1B102, ., 41102

scrawing dept
max, §

Note: all dimensions are shown in mm

¥ For dstales mounting Insructions refer to ASE Document Mo, S5YA203%
This is an electrostatic sensitive device, please cbhserve the international standard IEC 807471, chap. 1X.

This product has been designed and qualified for Industrial Level.

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.

Dioc. Mo, 5374 1582-02 Jan 09 page 4 of 3
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S5MNA 04000650100
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Fig. 1 Typical on-state characteristics, chip leve Fig. 2 Typical transfer characteristics, chip level
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Fig. 3 Typical output characteristics, chip leve Fig. 4 Typical output characteristics. chip level

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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S5NA 04000650100
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Fig. 5  Typical switching enargies per pulse Fig. & Typical switching energies per pulse
vs collector current vs gate resistor
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Fig. 7 Typical switching times Fig. 8 Typical switching times

vs collector current

vs gate resistor

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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5SNA 0400J650100
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Fig. 3 Typical capacitances

Fig. 10 Typical gate charge characteristics
vs collector-emitier voltage
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Fig- 11 Turn-off safe ocperating area (REZ0A)

ABB Switzerland Ltd, Semiconductors reserves the right to change specifications without notice.
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Fig- 12 Typical reverse recovery characteristics Fig. 13 Typical reverse recovery characlenstics
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Fig. 14 Typical diode forward characteristics, Fig. 15 Safe operating area diode (30A)

chip level
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5SMA 04000650100

Fig. 16 Thermal impedance vs time

or detailed information refer to:
55%A 2042 Failure rates of HiFak modules due fo cosmic rays
53% A 2043 Load — cycle capability of HiPaks
55% A 2045 Thermal runaway during blocking
55%A 2058 Surge currents for IGET diodes
55ZK 8120 Specification of environmental class for HiPak

o
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Varistor Products
Industrial High Energy Terminal Varistors > BA/BB Series

#® BA/BB Varistor Series

BE Series

B Series

ETEOE-for BA Series only.

Description

Tha BA and EB Saries fransient surge suppressors ara
hesvy-duty industrial Matal-Oxide Varistors (MOWs)
designed ta pravide surge protection for rmotar
contrals and power suppliss used in ail-drilling, mining,

transpartation equipment and ather heavy industrial AC line
applications.

Thase UL- reccanized varistars have similar packags
construction but differ in size and ratings. The BA modals
are rated fram 130 to 880V, . The BB madsls fram 1100
to 2800V, .

Ecith the BA and BB Szrizs feature improved cragp and
strke capability to minimize breakdown along the package
surfaca, a package design that provides complats elsctrical
izclaticn of tha dizc subassembly, and rigid terminalzs to
BMEUrS SBCUrs wire contacts.

Ses BAJEE Saries Devica Ratings and Sp=cifications Table
for part number and brand informaticn.

*  RoHS compliant and * Rigid terminas for
Lezd-free availabls SECUre wins contact
* High energy absorption * Case design provides
capability W, complete slectrical
BA Series 3200J isolation of dsc
BE Series 10,000 subassembly
s \Wids operating voltage *  Linslfuse largest
rangeV . packaged disc
. E0mm diameter
BA Series 130V to 830W + Mo dersting upto
i ]
BB Saries 1100V to2200 55 ambiart -E
-]
Absolute Maximum Ratings :
& For raings of indvidual members o1 @ serkes, sea Devica Rafings and Epechcaiions chart g
[Continvows | BASeies | BBSeres | Unis J§ O
AC\uoltags Range IV, o 130t 880 1100 to 2800 v
DCVoltage Range V) 178 to T1ED 1400 to 350D W
Peak Puse Current il
For 820us Current Wave [Ses Figurs 21 50,000 1o 70,000 70,000 A
Singe Pulss Energy Rangs
For 2ms Current Sguarewaves (W) 450 to 3300 3800 to 10000 J
Dperating Armbient Tempersture Hangs [T,) -BE 1o +8E -EE to +86 "
Storage Temperature Rangs (T, -BE 1o +12E -EE o + 126 C
Temperature Cosfficient (8") of Clarmping Voltags IV at Specified Test Current =0.01 =0.01 HmC
Hi-Pot Encapsulation (CCATIMG Isolation Voltage Capakilityl 5000 5000 v
(Déslechic must wihsand indraied OC woitege for oné minute per MIL-STD-20Z, Msthod 301]
COATIMG Insulation Resistance 1000 100 1]

CAUTION: Stresses abovs thoss listed in "Absolute Maximum Ratings”

may causs permanent damage o the dewics, This is 5 stress only

rating and opsraton of the dewvice st thess or any other conditions sbove those nalicated in the opsrationsl sections of Bis specification is

ot inplied.
008 Lbathusa, Inc.

SpecMratians ar subjectio change wihastnato.
Plaase refor tmwaww) e s 6. comysen st of fbhuhimi 1o current imamiadan,

138
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BA/BB Series Rat & Specifications

Maximum Rating tEE"CJ cifications [25°C)
T
Conaci

Variator Voltage st TmA Clamping Volt
Number DC Test Currant .8

BA Series
V131 BABD 130 178 450 50000 154 200 228 340 20000
V1ETBABD 160 200 530 50020 212 240 268 400 16000
VZE1BABD Fi] 330 aao 50000 B4 380 428 620 10000
V2ZTIBABD 276 3649 850 60020 B9 430 473 680 2000
V321BABO 320 420 10D 50000 dg2 510 561 760 JEOO
VAZ1BABD 420 SB0 1800 70000 610 B850 743 1060 B000
VASTBARD 480 B40 1800 70000 E70 TED 825 NEd BEDD
VET1EASD 510 875 1800 70000 736 820 a0 1300 BO00
VETIBABD E7E 730 2100 70000 205 210 1000 1420 4500
VESTBAED 8e0 850 00 70000 240 1080 1ed 140 A0
VIR BABD TED a70 2600 70000 1080 1200 1320 1550 3500
VEETBABD 880 1ED 200 70000 1230 1800 1650 340 2700
BB Series

W11ZBBED 1100 1400 3200 70000 1620 1800 2060 2540 2300
V142BEE0 1400 1750 EO00 70000 2020 2200 2550 2800 1800
VITZEERD 1700 2160 8000 70000 2600 2700 030 4300 1800
W 202BEE0 2000 2600 TROO 70000 2970 3300 2530 E200 1200
V242BEBD 2400 3000 BE00 70000 3510 3900 4290 6200 1000
WV252BEE0 2800 3500 10000 70000 4230 4700 5170 o0 200

HOTE: Svareeds povesd dissipaion of ranskenis noi 1o swcsed 2.5W. S4a Agarss 3 and 4 for mars infomadon on poswer desipeion

e Ltisthuza, ne.

‘Apaciications ara subjeci o changa withawt sodoe.
Favigon: January §, 21K Plaazs refr o] isHese. comseresbe or b himi for curmen imamatan

BA/BRVarstor Berles 140
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Should frarsients coour inrapid succession, the averags powsr
dissipation requirsd is simply the enengy lwatt-secondsl per pulse
times the number of pulses per second. The power so developed
must be within the specifications shown on the Device Ratings
and Characteristics Table for the specific device. Furthermaors,

the operating walues need to be derated et high temperatures as
shown in the abowe diagram. Because varistors can only dissipate
a relatively smal amount of averags powsr they are, thersfore, not
suitable for repstiive applications that nwolwe substantial emounts
of average power dssipation.

PERCENT OF PEAK VALUE

O4—=| I:T — TIME
T1 —_—

Figure 2

0, =Virtual Qrigin of Wave
T =Time from 10% o E3% of Pagk
T,=FRizaTma=126xT 4%
T, = DecayTime
Example - For an 8720 s Current Wavsform:
8p= =T, = RiseTime
20pe =T, = Decay Time

Stand by Power Dissipation vs AppliedV__ atVaried Typical Stability of Standby Power Dissipation at Rated
Temp eratures Vi v8 Time
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Maximwm Clamping Voltage BA Serias Maximum Clamping Violtage BB Serias

W121BAGD - VEZ1BAG0

W1T12BRED - VZR2BEE0

4,00y

@
g

[
g

HAE H UH P EAK WILTE (V)
3

-

%[.;.;._ MAX CLANP M@ VOLTAGE
[ Disc SIZE somm
120 TO BE0Vijac) RATHG

- Ta=EE°CTO 25°C

1a? ! 1

PEAK AMPERES ()

a0, (0

00 TO 2800

HAX PEAKWOLTE (V)

Figure &
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w wt ot
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Repetitive Surge Capability BA Sanias
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Rapetitive Surge Capability BB Sanes
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MIOTE: If pulss raings am sxcesded, & shitl of W00 (1 spedfied cumand of more Than +-¥05% could resdtThis typa o shiff, which nenmally rasults in @ decreasa of W00, may resdt n
tha dasica nat mesdng the crginal published speciications, but i doas nod prevend T oevica from cordnuing b2 funcbion, and b2 provide ampks prot@Ection.

EBAEER Varstor Beres

Fesvidon: January §, 218

142

. _ . : Operating/Storage -BRPC to +86°CY
Lead Material BA /BB - Copper with Tin Plating Temmerature B0 1 +12E°C
+8E7C, BE% RH, 1000 hours
m . | Cured, flame retardant epomy pobyrmer . ; o '
Insulating Material | ~* " " oo requirements. Humidity Aging ;';E% typical resistance
nge
Device Labeling "g:f":' with LF, Fart Number and Date +EEP 10400 10 fimes
° Thermal Shock +- 5% typical resistance
change
Solvent Resistance MIL-STC-202, Methed 215F
Moisture Sensitivity Lewsd 1, J-5TD-020C

S0 Udetusa, Inc.
Spacfcations ard subjeci i changa wihaut scdce.

Plaass refor tmwass] KeHEs e, omsen esta or fblLhimi for cu ment imlamiadan
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