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ABSTRACT

This thesis presents a solid state thyristor switched power supply capable of
providing 50 kJ from a high voltage capacitor to a railgun. The efficiency with which
energy is transferred from a power supply to a projectile depends strongly on power
supply characteristics. This design will provide a better impedance match to the railgun
than power supplies utilizing spark gap switches. This supply will cost less and take up
less volume than a similar supply using spark gap switches; it will also produce a smaller
electromagnetic pulse. Voltage limitations on the thyristors require two in series acting
as a single switch. Railgun, snubber circuit and gate control systems were modeled for a
50 kJ railgun supply. These simulations yielded component values necessary to protect
and control the thyristors for voltages up to 10 kV, currents up to 180 kA, and changes in

current with respect to time up to 10° A/s.
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l. INTRODUCTION

A. PURPOSE

The purpose of this thesis was to design a Solid State power supply for ongoing
research in the Naval Postgraduate School’s Railgun program. Currently the power
supplies use “Titan High-Action Spark Gap Switches” to transfer energy from high
voltage electrolytic capacitors to a large inductor for current pulse shaping and then onto
the Railgun. Although these power supplies and switches have proven to be reliable,
there is a need for them to be improved. A solid state design using thyristors (also known
as Silicon Controlled Rectifiers (SCRs)) will be more efficient, cost less and take up less
volume due to design simplification. The physical construction of the switches will also
reduce the electromagnetic signature. Finally, this design is important because the

Navy’s railgun power supplies will be switched this way in the future [1].

Two top level concerns will be addressed in this thesis. First, companies that
build these parts provide data sheets with listed limitations. The problem is that industry
does not make these large thyristors for impulse power applications. They are made to be
used by industry in continuous power applications. This design will begin to explore
how to use the thyristors in railguns and not break them. The second concern addressed
in the design is preventing false or intermittent triggering of the thyristors. It is
paramount to have full control of when the thyristors trigger at the large energy and

power levels appropriate for railguns.
B. OVERVIEW

The Mission of the Electromagnetic Railgun (EMRG) Innovative Naval Program,
based out of the Office of Naval Research (ONR), is to develop the science and
technology (S&T) necessary to design, test, and install a revolutionary 64 Mega Joule
(MJ) EMRG aboard United States (U.S.) Navy Ships in the 2020-2025 timeframe [2]. In
the fall of 2006 the Navy commissioned an 8 MJ Railgun at the Electromagnetic Launch



Facility (EMLF) at Naval Surface Warfare Center (NSWC), Dahlgren, VA. By the
summer of 2007 NSWC will have a 32 MJ railgun delivered and the program schedule
has it fully operational by 2009.

There are many advantages to changing to this type of weapon over a standard
gun. From the logistics and storage perspective these rounds are non-explosive. This
means a large reduction in logistical cost. Also, the magazine can be reduced in size
because it is considered non-explosive and it does not have to be designed to withstand
damage or prevent high explosive inadvertent discharge. Figure 1 shows the other
benefits of the Railgun as compared to the ERGM and LRAP rounds. A smaller
projectile delivers more energy to the target, at a further distance in a shorter period of
time. The energy on target is defined as Kinetic Energy computed from summing the
quantity of fragments and average impact velocity. Under each round in Figure 1 the
weight is shown with two numbers. The first number is the weight of the projectile itself
and the second number is the weight of the propellant charge. The railgun round, which
does not use a propellant charge, lists the equivalent amount of fuel. Two other benefits
include the ability to scale up and/or down the weapon system and less recoil exerted on

the mount [3].

ProjecTiLE COMPARISON

60 Inches

EnercY ON TARGET
(M) per SHoT)

RanGE 43 nm 63 nm 250 nm
FucHr Time 60 minutes 10 minutes 6 minutes
WeGHt 110 Ibs + 40 Ibs 260 Ibs + 90 lbs 44lbs + 3 gals
MAGAZINE Explosive Explosive Nonexplosive
Figure 1. Projectile Comparison [from Ref.4].
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Not until the past couple of years have other institutions within the Railgun
community made promising improvements; however, there are still significant technical
issues that need to be resolved in order to sustain the program. The railgun is made up of
subsystems which include the power supply, the gun, and the projectile. For the power
supply the major concerns are the energy storage elements, and what the switching
typology will be. For the gun they include reducing the size of the system, increasing
bore life and reducing EMP. Finally the projectile has to withstand the incredible amount
of force, acceleration and EMP exerted upon it. If improvements are not made in all

three subsystems, the total system has the chance of being terminated.
C. APPROACH / THESIS ORGANIZATION

The new power supply was designed from the perspective of system as a whole.
Subsystems for detail circuits and major components were then identified. Component
behavior was modeled by solving mathematical equations in Simulink, a software
subprogram that runs inside Matlab. The model yielded limitations from which
component selection was made. Besides the thyristors, diodes and inductor the power
supply also has two separate sub-circuits that needed to be designed. A snubber circuit
was designed to protect the thyristors statically and dynamically. Then a gate control
circuit was designed to ignite the thyristors. Each of these two sub-circuits were put onto
Printed Circuit Boards (PCB) that were designed and laid out with an online software tool
called PCB123. Once the boards were populated the system was then put into Rhino a 3-

D CAD software tool for final component placement and bussing dimensioning.

Chapter II will detail the design for the entire power supply. Chapter III will
detail the results from the testing of the gate control circuit and Chapter IV will highlight

future and follow on work.
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Il. DESIGN

A. POWER SUPPLY

1. Introduction

The starting point of this design centered on the capacitor and its specifications.
The railgun lab currently has six 11 kV, 50 kJ, 0.83 mf capacitors waiting to be placed in
power supplies. The design focused on a single capacitor per supply with the intent to
increase to two capacitors in parallel. Two capacitors would supply 100 kJ which is
equivalent to the other two supplies currently in operation. Figure 2 shows the electric
circuit. Once the capacitors are charged up to firing voltage, the two thyristors are
triggered and forced into forward conduction mode. Energy is then transferred to from
the capacitor to the inductor through the railgun. The crowbar diodes then go into

forward conduction and the rest of the energy is then released into the railgun.

Rsnul)
i..,J , i, { 2.20 Ryus
snub 70kQ
A08pf
Rsnuh
+ H . RI)Iee(l
Ga { J_'zl. ‘ (2Lt 70kQ
. . —t— Csnul)
/"\ 0.83uf A4081f
5pH
Rail Gun
Crowbar
Diodes
iluml
—
Figure 2. Electric Circuit.
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2. Model Simulation Using Simulink and Matlab

The railgun model presented here was used to approximate the shape of the

source current and quantify the voltage stress on the circuit components [4].

_—
+ r=0 I
ol o=
.

v M ee || T .
- —_ VvV

| —
x=0 '

Figure 3. Railgun model.

The magnetic field intensity, H , created by the current in the top rail, i, is a
function of the distance from the center of the rail (r =0):
.[H~d | =i:>H277r=i:>H(r)=2L where I, > 1>,
zr

The contribution to flux linkage from the top rail is:

A= :J'gd S= x%!%dr = x%(ln(rz)—ln(rl))
By symmetry the contribution to flux linkage for the bottom rail is the same. The
inductance is defined as the ratio of flux linkage to current:
Z=L(x)=x"(In(r,) ~In(r))

The railgun voltage, Vv, , is:

dA u dxdi dx _di

Vo= ﬂ(ln(rz)—ln(n))['a”ﬂ:'{‘E”E}

where k =§(1n("z)_ln(rl))



For this linear magnetic circuit the coenergy stored in the coupling field is:

The electric force acting on the mass is [5]:

oW i ki?
= =g () -In(0)=

The equivalent circuit to describe the power supply behavior is:

f

V, = Lﬂ+ Ri+v, = Lﬂ+ Ri+k i%+xﬂ
dt dt dt  dt

V, = L%+ Ri+kiv+ kx% where the velocity is v = % and L is the circuit inductance

The rail resistance, R (X) , does depend on the position X of the mass in the railgun.

The differential equation for the current is:

ﬂ = \Ll_klv where R is the circit resistance
dt L + kx
L R
/7YY /\/
% _—
|
Figure 4. Electrical circuit model

The differential equations to describe the electromechanical system are:

dx dv _ d’x f di _V,-Ri-kiv

= :a:—e

—=V R —
dt dt  dt? m dt L + kx

The above equations were then programmed into Simulink and a model was

developed to verify characteristic output curves for time based current and voltage.
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Figure 5. Simulink Model of a Railgun [from Ref 4].

3. Component Selection

Details on the snubber circuit and Gate control circuit are in sections II.B and
II.C. In order to hold off the maximum voltage of the capacitor, two thyristors are placed
in series, as shown in Figure 2, so that the maximum voltage across a thyristor during the
hold off condition will be 5000 V. Figure 6 gives the specified maximum hold off
voltage of these thyristors to be 6500 Vpgm [6]. The data sheet also specifies the
maximum current to be 71.4 kA; however, ABB has calculated maximum sustainable

currents greater or equal to 180 kA for pulses shorter than 3 ms, as shown in Figure 7. In



order to control the current rise with respect to time a minimum of 4 pH inductor is

needed. Specified maximum turn-on dI/dt to these thyristors is1x10° A/s. For a high

quality factor tank circuit:

ﬂ N (OA'A _ 4V,
dt  (zJLC/2)? 'L
where C = capacitance(8.3x10* F)

L = Circuit Inductance (H) and V, is the inital charge on C.
4(10%)

If V=10, then L* ——=4x10"H.
n10
Vil B Phase Control Thyristor
|T(A\.‘]M = 3460 A
IT(RMSJ = 5440 A
how = 71.4x10° A S5STP 42U6500
Vi = 1.24 \'
rn___=0162___mQ
Figure 6. ABB Data Sheet for the 5STP 42U6500 Phase Control Thyristor [from Ref 6].

Dotted lines are calculated |

<?EE[“'T\ SATE SRS Aps (1 1% [m.q;;]

] 80
140 '. .‘I.‘ " " d " . " s ?u
120

B0

100

50
B 40

60 30

40 20

] ]
1 2 3 45 10 20 30 4050 100
t [ms]
Figure 7. Surge on-state current vs. pulse length. Half-Sine wave. [from Ref 6].
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4, Summary

This model of the electromechanical behavior of a railgun was developed to
predict the electrical stress on a solid state switching power supply. From this model

component selections were made and detailed sub-circuits were further developed.

Simulation results shown in Figures 8 and 9 were consistent with laboratory data.

“elocity, Position and Farce

L ! : ! ! ! ! 1-
,-_1|:||:|_.;.'..‘.‘ ..... .......... ...................................................
200 _: ........ * .......

EDD_E ......... s Gl LT i ST .......... RRTTRRTRRE Sy 4
: " ForcellO {N*m) Position™ 00 (m)
-/ . e i -

100 e ........... Lot ::.,5:;;: ....... ........ ,'...'.‘:-*"""'-"'-"% ......... =
: : ___'_'_,'.'.x-.g-.-‘, e : :

: T B
Qe — T S ............................... 4

-1on | I 1 i | 1 ]

0 0.5 1 1.5 2 25 3 35 4
time (seconds) ¥ 10°

Figure 8. Simulated behavior of mechanical variables
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%10 Railgun current

amps

I:I 1 | 1 1 1 1 |
time (seconds) e
Figure 9. Simulated railgun current

B. SNUBBER CIRCUIT

1. Introduction

The snubber circuit is designed for two separate states of operation. The first
state is considered the static condition and it is the point at which the thyristors are
holding off the charged capacitor. Due to manufacturing tolerances each thyristor will
have a slightly different leakage current. Thus, the thyristors will not share the voltage
evenly. Placing a bleed resistor in parallel with one thyristor develops a voltage
potential. Repeating this on the second thyristor with an equal resistor ensures that each

device is at the same voltage and therefore the static load is equivalent.

The second state of operation for the snubber circuit is the dynamic state. This
state is defined as the point in which one thyristor has been triggered; however, the
second thyristor has not. During this time the Resistive-Capacitive (RC) portion of the
snubber circuit, which has also been placed in parallel with the thyristor, will resist the

11



change in voltage and hold the voltage potential on the non-triggered device for a brief
moment. During the delay the second thyristor will be triggered and thereby release the

energy from the capacitor into the inductor.
2. Model Simulation Using Matlab

Figure 10 is a subsystem inside the Power Supply Model simulation.

1 j' _
s Y_cap

.
L

-1/1.66e-3

lload

Rsnubbers

¥

ToWorkspacel

»
-

¥
¥y Y Yy vYv%

Rsnubberd

0

Constant

> 1 M “eapa Yeaph
l 5

Switch

v ¥ ¥

v

1/csnubber Wea

.
g

-

P ;_ rsnubher |

Stept

Switch1 1

I »{ 1)

Wsource =

e Rsnubber? -
‘
=>
Rsnubber1 Wawa Wswh
-I

L

1/csnubbert veb I_.

l‘_*v?&v

1= 2us -

Iswa 1swih)

j : A4

i1ai1bi2a i2b vioad

-

it 1al2a

-1/Rsnubbert L SIUDRe

2 1
—{E-p-E-E

o Math Integrator energy
pad Function

-1/Rsnubber

Figure 10. Simulink Model for Snubber Circuit Component selection [from Ref 4].

3. Component Selection

The following component values were input into the simulation above to obtain
Figure 11. To ensure each thyristor shares the same voltage in the static condition fifteen
1 MQ resistors were placed in parallel to make an equivalent 70 kQ resistor. To ensure

the max voltage on second thyristor does not exceed the 6500 kV limit during the
12



dynamic condition, six 6000 V , 0.068 uf film capacitors were placed in parallel to make
an 0.408 pf equivalent capacitor. These capacitors were placed in series with four 2.2 Q

resistors. PCB123 was used to make the PCBs and is shown in Figure 11.

Thyristar foreard woltage
7000 T T T T T

BO00

5000

4000

volts

3000

2000

1000

time ( 1S )

Figure 11. Simulated thyristor voltage sharing when the turn-on differs by 0.5 us
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Figure 12. Snubber circuit pictures from top left moving clockwise. PCB123 board
layout, PCB123 3-D View, Side view, Top View.

4. Summary

The model that was shown in Figure 10 for the subsystem in the power supply
design was used for determining the values of the components of the snubber circuit.
Figure 11 shows that thyristor 1 and 2 share voltage up until the time when the first
thyristor is triggered. With out triggering the second thyristor, voltage begins to build up.
Figure 11 shows that with the modeled components the second thyristor must be

triggered within 0.5 ps to stay well within the 6500 Vpgy limit.

C. GATE CONTROL CIRCUIT

1. Introduction

The objective of the gate control circuit was to simultaneously turn on both

thyristors by taking a single input light signal and converting it into two equivalent
14



current pulses. Sections C-2 through C-4 go into detail on how this was accomplished.
One of the main objectives of this thesis was to ensure that the thyristors were kept from
false triggering, Section C-5 covers this in detail along with describing the circuit

protection.
2. Signal Conditioning for One Gate Control Circuit

The recommended current waveform for triggering the thyristors was provided in
the data sheet and is shown in Figure 13. This waveform was the driving factor in the
gate control circuit design. A thyristor is a current-controlled bipolar semiconductor. In
order to make sure the thyristor turns on when directed the device needs a current pulse
(Iem) between 2 and 5 A. As per the data sheet, see Appendix A, this current is not to
exceed 10 A (Irgm). The time frame in which to reach the 90 percent of the Igy is less
than or equal tol ps. The duration (t,1) of this first pulse needs from5 to 20 us. The
second pulse (ty2) 1s used to ensure that the thyristor remains on for the entire event. The
intent of this design was to apply the first current pulse at 5 A for 20 pus and then apply

the second pulse for 0.5 A for 10 ms. To create the single current waveform two separate
pulses were magnetically coupled together into a single output, I,3. I3 is shown in Figure

13. The first pulse will be set to 20 ps and the second pulse will be set tol0 ms. Ry will

set Iy; to 5 A and Ry, will set I to 0.5 A.

s (8 l, =2.5A
l,, 2151
100 % — lam difdt =2 Alus
90 % t Z1us
til,) =5.20us
di (¢ |
|'l| Gon
/
10 % I I-"
fl .
t | [ 4/ t
i) |t
Figure 13. Recommended gate current waveform [from Ref 6].
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Figure 14. Gate driver equivalent circuit.

Figure 16 is the circuit diagram of the gate driver circuit and Figure 17 is a picture
of the same circuit. Each of these figures have been broken into 8 sections to better aid in

the following circuit description.
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Figure 15. Gate Control Circuit.
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Figure 16. Top down view of Gate Control Circuit.

Section 1 is an off-the-shelf GSC25 Low-Voltage Power Supply (LVPS)
purchased from Global Performance Switchers. It takes 120 VAC and converts it into
+5/+15 VDC. Maximum current on the output for the +5 and + 15 Vis 2.5 and 1.5 A

respectively. The LVPS is fully protected against short circuit and output overload.
17



Short circuit is cycling type power limit [7]. Two modifications were made to
incorporate this LVPS. First, a bleed resistor of 1.0 kQ added as a continuous load to the
+15 V terminal and ground terminal to ensure that the LVPS stayed in a continuous
regulation state. The bleed resistor also gives a path for the holdup capacitors to
discharge when the power supply is turned off. The second modification to the LVPS is

described in the next paragraph.

Section 2 of the gate driver circuit is comprised of two 16 V 5600 puF holdup

capacitors. As mentioned in the previous paragraph, the output current limit on the
+15 V power supply is 1.5 A. Without these capacitors the LVPS would be driven into
an overload condition and the desired current waveforms would not be produced. The
following energy balance calculation was made to determine the capacitance needed to

ensure the two that the current pulses were maintained.

T

CAP = IVidt <%CV2 = 15-(2-12)-0.003(\/AS) < %C(ISV)Z
0

=c>10mF

To obtain the minimum capacitance needed the capacitors have to be able to drive
the largest desired current pulse. This pulse is defined as pair of 15 V, 12 A, 3 ms pulses

and therefore, the minimum capacitance needed would be 10 mF.

Section 3 highlights the fiber receiver. The device chosen here is the
HFBR-2521. The output of this device is held high until the light pulse is received. Once
this happens the output goes low and triggers the next devices. A critical point to
mention is that the trigger pulse duration has to be less than t,; as defined in section

I1.C.2. Power comes from the +5V of the LVPS.

The next section is section 4 and is comprised of two LM555 Monostable timer
circuits. The LMS555s are each accompanied by the RC network needed to set the output
timing and one 0.01 uF capacitor for filtering. Once the input is a signal goes from high
to low, the output is inverted and goes from low to high based off the values of the RC

network. Figure 17 from LMS555 data sheet and Table 1 show the resistor and capacitor

18



values need to set the timing pulse t,; and t,;. The data sheet refers to the timing pulse as
the time delay t4. The output of this stage is from low to high. Power for the LM555’s
comes from the +5 V LVPS.

100
— 1o
S
=] 1
%
a o
3
“ 00
0001
10 w5100 p2 me 10ms100ms 15 10s 100s
ty= TIME DELAY
CE0OTes-y
Figure 17. RA Values to set td based off specific C values. [from Ref (8)]
Ra 1.49 kQ 68.0 kQ
C 0.01 pF 0.1 uF
ty 10 ps 8 ms

Table 1.  LMS555 resistor and capacitor component values to set the timing for the current
pulse Ig; and ).

Now that the timing of the two pulses is set, the peak current of each pulse is
established via a MIC4452 non-inverting MOSFET driver and resister combination. This
is shown in section 5 of Figure 16 and 17. From Figure 14 the voltage drop on the
resistor R, will set the current I,. Table 2 shows the values of R, and Ry, needed to
obtain Iy and Ig. For protection a schottky diode was put in before the transformer to
prevent reverse current back onto the drivers. Power for the drivers comes from the +15V

LVPS.
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IGl |G2

R 220 220

Peak Current 5A 0.0A

Table 2. Resistance values to set Ig; and Igo.

Section 6 is the high voltage isolation section of the gate driver. Magnetic
coupling of the control circuit was critical due to the high blocking voltage on the
thyristor which is coupled through the gate. The transformers are 500174K Magnetics
tape wound core made of magnesil material. The major design consideration here was to
minimize leakage flux while ensuring the magnetic core did not saturate. After wrapping
the primary windings on the core two layers of Kapton tape were used to isolate the
primary windings from the secondary windings. The same was done again after wrapping
the secondary windings onto the core. Details regarding the High Voltage (HV) isolation
tape can be found in Appendix (C). The second function of the core was to combine the
two current pulses I, and I, into a single output pulse Ig3. There are 25 windings on the

core with a turns ratio of one.

Section 7 is the voltage clamp and it was designed to protect the gate to cathode
from over-voltage. The clamp is made up of the two zener diode stacks placed in parallel
with the output of the transformer and the gate/cathode of the thyristor. Each stack has a
10V breakdown voltage in the forward direction and 5V breakdown voltage in the reverse
direction. Finally, section 8 is the output of the gate driver circuit and is connected to the

gate and cathode of the thyristor.
3. Signal Sequencing for Both Gate Control Circuits

A second pulse, identical to the one described in the eight steps above, had to be

produced within in 0.5 ps as mentioned in Chapter II. As indicated in Figure 10, the

model shows that the time difference between each thyristor turning on has to be less

than 0.5us . All the sections that were described in the part I1.C.2 were duplicated on the
same board. The input light pulse also triggers the second set of LM555s. To save space
20



on the Printed Circuit Board (PCB) the second HV transformer was placed on the
underside. See Figure 18. Care was taken during component layout to ensure all signal

paths were of equivalent size and length.

Figure 18. Side view of Gate Control Circuit

4. Model Simulation Using Matlab to Design the Transformers

Simulink was used to model the transformers. The purpose behind modeling the
transformers was to determine if the transformers were going to saturate and thereby not
let the current pulse be transferred to the secondary coil. The manufactures data was put
into the model along with the component values of resistors that set I, and Ig; listed in
Table 2. See Appendix (B) for the MATLAB code used to set these values. Figure 19
shows the model. Three state conditions exist for the model. The first is when both Ig;
and Ig, turn on. The second is when Ig; is turned off and Ig; is still applied, and the third
is when both Ig; and I, are both off. Figure 20 shows the details of each of subsystems
and Figure 21 shows the output current. The blue trace is I, the green is I, and the red

trace 1s Igs.
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Figure 19. Simulink Transformer Model to Determine Values of Rgl and Rg2.
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Figure 20. Details of subsystem in Simulink Model.
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Figure 21. Simulated current pulses from the Simulink Transformer Model.

5. False Triggering Suppression and Circuit Protection

False triggering is a major concern when using thyristors in a noisy environment.
To use this design to its fullest extent it has to be able to work in proximity to spark gap
power supplies. These supplies produce significant EMP. Electrical isolation and
shielding was incorporated into the design to keep the thyristors from false triggering.
Figure 22 from the ABB data sheets specifies a minimum value for the gate-trigger
current (Igt) to be greater than 400 mA and a gate-trigger voltage (Vgr) to be greater than
2.6 V when operating the device at25 °C. As the temperature of the device increases
ABB states that the thyristor can potentially trigger on a gate signal of only 0.3 V

and/or 10 mA; however, operation at room temperature is planned for this power supply.

24



5STP 42U6500

Triggering

Maximum rated values "

Parameter Symbol | Conditions min typ max Unit

Peak forward gate voltage | Vegw 12 A

Peak forward gate current  |lzgm 10 A

Peak reverse gate voltage  |Vaam 10 A

Average gate power loss Papn see Fig. 9

Characteristic values

Parameter Symbol | Conditions min typ max Unit

Gate-trigger voltage Var T,=25°C 26 \

Gate-trigger current lat T,=25°C 400 mA

Gate non-trigger voltage Van V5 =0.4 X Vpam, Tymax = 110 °C 03 \'

Gate non-trigger current lan Vo = 0.4 X Voam, Tymax = 110°C 10 mA
Figure 22. Maximum rated values for triggering [from Ref 6].

Isolation is accomplished in these layers via two transformers. The first isolation
from the 120 VAC from the wall outlet to the output of the LVPS will block any
disturbances being fed back from the outlet. The second isolation, between the control
circuits and the gate/cathode connections, will prevent high voltage from being fed back
to the control circuit and thereby causing damage. Figure 25 shows the two isolation

transformers outlined in blue.

Shielding was incorporated to suppress possible EMP and was accomplished via
two methods. A copper ground plane was chosen for high frequency protection copper
and for low frequency protection a mumetal box encases the entire circuit board. Figure
23 shows the process of calculating the attenuation loss in dB based off the thickness of
the material used and the skin depth of each material. The thickness of the mumetal is
0.035 in and by taking the ratio of the thickness to the skin depths Figure 23 produces an
attenuation of 15 dB at 60 Hz and 90 dB of attenuation at 1 kHz. The thickness of the
copper is 0.0014 in. Following the same process yields attenuation of 15 dB at 10 MHz
and 90 dB at 1 GHz. The yellow box in Figure 25 shows where the copper ground plane

is located on the gate control PCB. The mumetal box is not shown.
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Figure 23.

Table 6-2 Skin Depths of Various Materials

Copper Aluminum Steel Mumetal
Frequency in. (in.) (in.) {in.)
60 Hz 0.335 0.429 0.034 0.019
100 Hz 0.260 0.333 0.026 0.011
1 kHz 0.082 0.105 0.008 0.003
10 kHz 0.026 0.033 0.003 —
100 kHz 0 008 0.011 0.0008 -
1 MHz= 0.003 0.003 0.0003 —
10 MHz 0.0008 0.001 0.0001 —
100 MHz 0.00026 0.0003 0.00008 —
1000 MHz 0.00008 0.0001 00000 —
100 10 ‘
80 8 /l
=
=
£ 80 6 y
9 P
z Pad
=4
: 4
E 40 4a /
g A
D P /
a 0
[ +] 0.1 ﬂIZ 0.4 0.6 0.8 | o
0 1.0 20 4.0 6.0 80 10

Figure 6-7. Absorprion loss is proportional to the thickness and inversely praportional to the
skin depth of the medium. This plot can be wsed for electric fields, magnetic fields, or plane

wiIves,

RATIO OF THICKMESS, t TO SKIN DEPTH, 3

Table and chart of computing attenuation for shielding [from Ref 9].



To minimize pickup all the control signals were kept to a minimum length and

were placed in the inner layer of the PCB.

Minimum creepage and clearance was also a concern and had to be maintained.
Figure 24 lists the minimum surface creepage distance to be 56 mm (2.2 in) and the
minimum air strike distance to be 22 mm (0.86 in). The red arrows in Figure 25 show the
major points of contention. Each of these lines will be a minimum of 1 in. As
mentioned above, the transformers are wrapped in Kapton tape with each layer of tape

rated to block 10 kV.

Mechanical data
Maximum rated values "

Parameter Symbol |Conditions min typ max Unit
Mounting force Fu 120 135 160 kN
Acceleration a Device unclamped 50 m/s?
Acceleration a Device clamped 100 m/s?
Characteristic values

Parameter Symbol |Conditions min typ max Unit
Weight m 36 kg
Housing thickness H Fu=135KN, T, =25°C 348 355 mm
Surface creepage distance De 6 mm
Air strike distance D, 22 mm

1) Maximum rated values indicate limits beyond which damage to the device may occur

Figure 24. Minimum surface creepage distance and air strike distance.

! T 1 L _ D

Figure 25. EMP Suppression and Creepage and Clearance.
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6. Summary

Although this circuit may seem simplistic it was paramount that an identical
current pulse be delivered to each thyristor at nearly the same time. It was critical that
the circuit be designed to prevent a false triggering of the thyristors. These objectives
were accomplished by using shielding for noise suppression. Isolation transformers were
used to protect the LVPS and control circuit from the outlet and from the high voltage on
the thyristors. Finally the physical layout of the components maintains the minimum
creepage and clearance distances. PCB123 was used to for the design layout and is

shown in Figure 26 and Figure 27.
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Figure 26. PCB 123 top view of the gate control circuit.

Figure 27. PCB123 3-D view of the gate control circuit.
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I11. EXPERIMENTAL DATA ACQUISITION FOR GATE
CONTROL CIRCUIT

A INTRODUCTION

Three changes made from the initial design are described in section III. B. Data
collection for the gate control circuit started by identifying the correct high voltage
isolation transformer. Signal sequence testing was completed next, then the peak currents
and timing were tested. Finally, the di/dt for the gate was measured to determine the
circuit delay from the time between when the fiber pulse was sent and the start of both

thyristors gate pulse signals.
B. CONSTRUCTION

Upon initial testing a problem with the power supply was noted. When measuring
the +5 V or +15 V supply the reading would cycle up and then back down to zero. It was
determined that the supply had to be under continuous load to regulate. A 1 k) resistor

was added to the +15 V terminal and ground.

The board that was tested was the second of two built. On the first board a faulty
LMS555 had to be replaced. During the de-soldering the board was permanently damaged
and caused the +5 V supply to be grounded. For the second board, chip sockets were
used. These sockets were not used initially in trying to keep the signal traces small;

however, final testing showed they did not adversely affect the circuit.

Initially a HRBF-2821 was chosen as the fiber receiver based on its performance
as specified by the manufacture. Testing revealed it was not the same type of receiver as
all the other HFBR-2X21; therefore, a receiver was used instead. A second socket with
wire wraps and jumpers was used on top of the board socket to handle the changes in the

in HFBR-2121 receiver’s pinout.

31



C. DATA COLLECTION

1. High Voltage Isolation Transformer

To determine the most efficient coil, 4 different wire wrapped coils were made.
Figure 28 shows the results of this testing. The blue trace is that of the fiber optic signal

set to give a low voltage for10 us. Ig; is the blue wire and Ig; is the magenta wire. Each

of the blue and magenta wires shown in the figure are the primaries. The secondary coil,

I3, 1s the orange wire.

Core 1 has a turns ratio of N=1:1 with the core completely covered in the primary
windings each having 43 turns. The secondary coil is tightly wrapped on the right half of
the core. As the plot shows, this did not give the desired coupling with a low di/dt rise

time.

For core 2 the primary windings were pulled back to match the area of the
secondary. Now the turns ratio was N=1:2. Although this configuration had the desired
coupling with a high di/dt, the current was now reduced by half.

Cores 3 and 4 are similar with a turns ratio of N=1:1 and the secondary loosely
wrapped. The difference is core 3 is completely wound with 43 turns and core 4 is only
wrapped half with 25 turns. Core 4 was chosen because of its slightly better

performance.
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Figure 28. Results from transformer testing.
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2. Sequence Testing

To test the circuit board two Integrated Bipolar Junction Transformers IGBTs
were used for their PN junctions. This was to simulate the gate to cathode connections
on the thyristors. A Pearson Transformer was used on each gate signal to measure the

current. Figure 29 shows the test set up.

Figure 29. Gate control circuit test set up.

Figure 30 shows that both rise to 5 A in 20 us and are held on at 0.5 A for at
least. 50 us This closely matches the desired from ABB as shown in Figure 31. Figure

32 shows that the delay from the time the fiber receiver sends the low pulse to the time
I3 starts to be 300 ns. Both Igss for each thyristor rise at the same time and reach the 90

percent of Iy (defined as t. in Figure 31) inl us.
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Figure 30. Output waveforms from the gate control circuit.
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Figure 31.

Recommended gate current waveform [from Ref 6].
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Figure 32. Gate control circuit time delay and rise time.
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IV. CONCLUSIONS AND RECOMMENDATIONS

A INTRODUCTION

The final chapter will start by covering a brief discussion on validation of the
models and then it will move into discussing how the research question was answered.
Because the fabrication of the entire supply was not completed the majority of the future
work will reside in testing and optimizing these models. This chapter ends with

conclusions.

B. VALIDATIONS OF MODELS

The gate control circuit model proved to be helpful in ensuring the magnetic cores
were not going to saturate. Now the model can be used to see how changing components,
such as the resistors, will affect the output current pulse. The models for both the

snubber circuit and the railgun will be validated in future testing.
C. RESEARCH QUESTION ANSWERED

The intent of this thesis was to provide the Naval Postgraduate School Railgun
Lab with a solid state power supply design. The supply was designed and now the supply
is well on its way to final construction and testing. The snubber circuit was built and
waits testing. The gate control circuit was built and bench tested. The results from the
testing were better than expected with the delay between the two triggers so small it is

said to be simultaneous.
D. FUTURE WORK

The next round of testing should include testing the gate control circuit next to the
spark-gap power supplies when they are fired. This test will ensure that the false
triggering mitigation designs work to an acceptable level. Next, the rest of this supply
needs to be put together in a housing. Figure 33 shows the initial arrangement of parts in
the proposed power supply. The thyristors (red and blue disks) and crowbar diodes

(yellow and green disks) are clamped directly above the capacitor (blue upright
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rectangular box) via a single clamp. The light green cylinder is the inductor. Figure 33
also shows the proposed placement of the snubber circuit boards. Figure 34 shows the
spark-gap power supplies. Each of the two power supplies shown are placed in the same
size housing as the proposed design in Figure 33. By reducing the volume of the
switching components the inductor is now be placed inside the power supply hosing.

Once the new supply is built testing and optimization for the entire system can then

begin.

Figure 33. CAD drawings of the new power supply.
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Figure 34. Picture of the spark-gap power supplies.

Future projects include modeling and observing how theses power supplies can be
paralleled together to form a pulse forming network. Integrating the output inductor into
the bus network would reduce the resistance of the power supply and has the potential for

increasing the efficiency of the railgun.
E. CONCLUSIONS.

Although the final power supply was not completed and tested, much progress
was made in converting over from the expensive, noisy, non-efficient, and larger power
supplies to a new design that will be cheaper, less-noisy, more efficient, and smaller.
Using commercial products to do military applications is not straight forward. Because
this application is so different than the planed intent a new data sheet will be written from
future testing. In turn, this will allow the purchase of even smaller devices or allow more

capacitors to be controlled by a single thyristor.
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APPENDIX A

Vorm = 5E00 Vv
Vosm = B500 v
s = 3460 A
bipus = 5440 A
braw = 7T1.4x10° A
Vi = 1.24 v
Ir = 0,162 mik

Phase Control Thyristor

3STP 42U6500

+* Patented free-floating silicon technology

* Low on-state and switching losses

+« Designed for traction, energy and industrial

applications

« Optimum power handling capability

* Interdigitated amplifying gate

et ho, BET RIS et 4

Blocking

Mnvimum rated vaives ¥

Symbaol Condltlons SETP L2UCE00 | S5TP 42UE200 | S5TP 4205800
Voow Vame [T=5Hz 4, =10 ms 500 W 6200 W SEOD W
Wopw Venw |[T=3S0HZ, =10 me S6I0 W S300 4000 W
Vhew t = 5 ms, single pulse 7000 W 6700 W 6300 W
dVi,, Exp. 3 3rs0V, T,, = 110°C 2000 ViU

Charoonon'siic waiuos

Paramater Symbol | Conditions min typ max unit
Forward leakage current lpss Voo, Ty = 1107 700 m&
Feverse leakags current Insaa Vo, Ty = 110°C 00 M
Mechanical data

Mo imum rated vaives ¥

Paramater Symbol [ Conditione min typ max Unlt
Mounting fornce Fa 120 138 160 L4
Accalzration a Cevice unclampsd 50 mis’
Accaleration a Cevice clampad 100 mis’
Chharacionisiic wvaluos

Paramater Symbol [ Conditione min typ max Unlt
wWelgnt m 36 kg
Haousing thickness H Fa= 135 kN, Ty, =25 °C 4.8 55 mm
Surzce crespage distance Cis 56 mm
Alr sirlke disiance Oy 22 mm

1] Maximum rated values indicate Imits beyond which damage 10 the device may ooour

ABB &witzeriynd Ltd, Samlocnduaiors racarses the right to ohangs spsoltlcabions withowt notlos.
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On-state
Maximure rated vaives ¥

Paramater symbal | Conditions min typ max unit
Ayerage on-state cument  |hweee  |HEFEINS wave, T.= 70°C 3450 A
RS on-Glate cument T 5440 A
Peak non-repetiis surge | o p=10ms, Ty=110"C Ti4xip? | A
surrent _ ll-.l:‘ - '|-IR -0y _
Limiting load integra . | 25.453:10% | A%
Peak non-repetihs surge | bre fp=5.3ms, Ty=110"C, 7614107 A
surrent _ Vo= Wp=0OW _
Limiting load integra . | 24 645107 | A%
Charactoristic valuos
Paramater Symbal | Conditions min typ max Unit
Or-state woltage [ = 3000 A, T = 110"C T W
Threshald vwoliage Werm = 2000 & - 6000 A, Te=110"C 1.24 W
Slope reslstance “r 0.162 | mf
Haldng current " Te=25°C 200 mA
Tg=110"C 100 mA.
Latching cument . T,=25"C ann mA
Tg=110"C 700 mis
Switching
Maximum rafed vaives ¥
Paramater Symbl | Conditions min typ max unit
Critical rate of rse of on- diff, |Ty=110°C Caont 250 AlUE
slate current e = SO00 A, fmEDHz
Critical rate of rise of on- Al |V 2 163D W, Cont 1000 Alls
slate cument FQ-E'E\-L-EEFE fm {HT
Clrcutt-commutaied urn-off |1, T = 110°C, lrpug = 3000 A, 00 I3
time Vg = 200 W, dioidt = -1 Afps

W 2 08TV g, dygdl= 2:'|,l'.'|_|5

Cihraractonisiic valuos

Paramater gymbal | Conditions min typ max Unit
Riecovery chars 2, To= 110°C, b= 3000 &, 4200 500 | pAs
g = 200 W,
i = -1 ATUE
Gale fum-on g2lay tme [ Vo= 0 Vg, lpg= 2 A 3 Us

fo=0.5p5, Ty=25"C

AEE Swhzerland Lid, #esmloondusiors reserves the right fo changes cpaciloations without nodlos.
DoC. Mo SEYA1043-02 Dot 4 page2als
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25TF 4206300

Triggering
Mayimurn rafed vaives
Paramafier Symbsd | Conditions min typ max  |Unit
Peak Tonaand gEtE 'l'l:lﬂﬁ.gl:- Weau 12 W
Peak forward gate current  [leaw 10 &
Peak raversa gate vallage | Veow 10 W
ANETagE gate power 55 |Pouy, 52e Flg. &
Charao fon'stic Voiuos
Paramaier Symibsl | Conditions min typ max  |Unit
Gate-tripger vollage Ve Te=25"C 2
Gate-tripger currant ar Tg=25°C 400 M,
Gate non-rigger valiage |Wa Vg = 04 X Vg Tpaa = 110 °C 0.3 W
Gate nan-trigger current s Vg = 04 X Vg Tpee = 110°C 10 MmA
Thermal
Maximeum rated vaives ¥
Paramater Symbal | Conditions il typ g Uit
Operating Junction Ta 110 'C
temperalurs rangs
Storage temperaiure rangs [Ty -40) 140 C
Charactorisiic values
Paramafier gymbad | Conditions min typ max | Unit
Thermal resksiance Juncon |Reg. | Doubie-side cooled 4 KR
10 case Fm = 120...160 kM
Rpgen  |ANOTE-EidE cI0IRD a8 UKW
Fm = 120...160 kM
fpan | Cathode-side cooled 3 EIEW
Fo = 120160 kM
Thermal resksiance ¢as2 0 | R, | Doubie-side cooled 0.8 KR
heatsink Fp = 120...160 kM
Rpery | SNGE-EidE cI0k 16 | Kmw
Fm = 120...160 kM

analytical function for translent tharmal z..;-_[mm 1

Impadance: F, = 120 - 160 kM
= [icuble nide cocled

By, ki m e Fid o § = S B0 H
1R i el 1 WA
I kil ekl 0T W
L T L

hil| - BT resimepdar, skl 18 AW
Zingc) =2 Rpyi(1-€" ) -

("]

i=1
[ 1 2 3 4
AndikW)| 2605 | 0814 | 0330 | Doe2 e
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on-slate curent.
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Flg. 12 Device Gulling Drawing
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APPENDIX B

Matlab code for the transformer design:

%Transformer design equations

%Magnetics Magnesil tape wound toroid 50017, 4 mil material
%ID 2 inches, OD 2.5 inches, thickness 0.5 inches

%ID 0508 m , OD .0635 m , thickness .0127 m

le=_1795;

Ae=.689/100"2 % meters”2

uo=4*pi*le-3;

ur=40000;

le=_152; Y%meters
turns=25; %Original Value

%turns=10; %Changed Value

ipeak=24;

B=uo*ur*turns*ipeak/le/10™-4 %gausses

inductance=uo*ur*turns”"2*Ae/le %H
H2=0.4*pi*turns*ipeak/(1e*100) %oersteds

Nl=turns;

N2=turns;

N3=turns;

Lleak=1e-6; %Original

%Lleak=20e-6; %Changed Value
L11=inductance; %Convert to henries
L22=N2"2/N172*L11;L33=N3"2/N17~2*L11;
L12=N2/N1*L11;L21=1L12;
L13=N3/N1*L11;L31=L13;
L23=N3/N2*L22;L32=L23;

%third coefficient is negative in each row because the winding polarity
is

%reversed.

Lmat=[L11+Lleak L12 -L13; L21 L22+Lleak*N2"2/N172 -L23; L31 L32 -L33-
Lleak*N372/N172] ;

Rg1=2.0;

Rg2=20;

Rg3=.005;

Rmat=[Rgl O 0;0 Rg2 0; O O -Rg3];

inv_Lmat = inv(Lmat);

Lmat2x2 = Lmat(2:3,2:3)

Rmat2x2 =Rmat(2:3,2:3)

inv_Lmat2x2 = inv(Lmat2x2);
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APPENDIX C

DuPont™ Kapton® PST

POLYIMIDE FILM

INDUSTRY SPECIFICATIONS

BULLETIN P5T-00-1

Physical Propertics of Kapton® 100 PST Film

Uhimats Tansils Strergth, MPa ipsi 22 (38 500] 120 (20,0000
Yiakd Poindt 21 2%, MPa [psil £9 10,0001 41 48,0000
Uhimats Elangstion, & T2 gz
Tensile Modulus, GPa ipsi 2.5 (370,000 2.0 [290,0001
Taar Strangth—Propagating (Elrandard], N b4} 0,07 .02

Tear Strangth—Initial [Gravas], N (4} 72 (18]

Intreduction

Thesa spedfications indude the vales
and tolerances for Kapton® F3T film
propamtiss and the characieristios

kniwyn ta bs of sipnificanos 1o costers,
lsrrinators and manufacturers of pressure
sansitive sdhesive taps.

#&ny aspagis of the specifications
that requirs furthsr interpretation

or clarification should be discussed
with rspresentstivss of DuPant High
Ferfarmancs Materials.

Kapton® PST Film

Kaptan® PET iz & tough film that axhibits
an excelbant balarcs of physical, dremical
and alsgtrical propertiss ovar a wids
tamperature marge, particulardy at
unusually high termparstures. The film

iz emilsbls in B0, 100, 200, 300 and

B0 gagas.

Manufacturing

Wt rial

Kapton® PET film is synthesized by &
pokcordensation reaction betwsen an
aromatic diankydrids and an aramatic
diamine.

Unifarmity

Materid shall b= uniform in composition,
fre= of wisual cortinuous surface
soratdhvss, and fres of dafedts such &=
wrinklss, MO ridgss, stretched lanes,
holss, and particulats cortamination that
would prevent the usar fram producing
acospiable quality products. The msterial
will be processed in machines squipped
with static eiminators 1o assurs that the
met=ral will hews less than 5,000 wahs
static chargs. Fol telescoping wil rot
exmmed 1187 (LE mmi.

49

Cores

Fol cores shal be of sufficient strangth
to prewent oollapsing from harding. The
standard cars intamal dismetars ane
raminaly 27 ard £ {76 ard 152 mmil
wyith thes falowwing specifications:

3" 1.0, = 3.0327 + DOCE"
17701 = 0.20 mml

87 10 = 8.02E" £ 006"
ME2.11 £ 0AD e

Th standard cors matarial will be fibar.
Other core material options, sudh as
plastic, are smilsbls on reguest,

Width Tolerance

Ths maximum wanation in filr width from
that specified on the crder shallbe 25
fallows:

vt Ronge | Toleranee

17 128 mmil =16 mi
ar less 10,40 rrem

16" 1o 4" =30 mil
27 1o 102 mm} 12080 mmi

A" 1102 mmil B0 mil
and wider i+1.60 mml

a .

*

The miracles of science~



Length Tolerance

The nominal rell l=ngth iz specified in
Table 1. The actusl rressured rell lsngth
‘will be supplied an the core labsl of rolls
tht are 9 (228 mim} or widsr. Langihe
ordered in foctage will be supplied to &
taleranos of -0, +7% of footags ordened.

Pad Put-Ups

Bewmilsbls flm widths and rol disreters
are specified in Table 1. Largsr put-ups of
87 x 18" 1162 x 4E7 mm| are awvaiable on
requast.

Table 1.

Film
thickmassa,

mil {pm]

ini [ ]
Min.

Splices

Desoription

All film gauges are joinsd with & standard
butt splice, with the butt edpes oowsrad
an both sidss with 8 Kapton® film bassd
prassurs sensities adbesive tape. 27 wide
=plicireg tape is usad for all film gauges.

Table 2.

Width Ramge

Max

Pad Roll Specifications

1. Cors width will be ke filmn width =0,
418" 122 mm)

2. Cors edges shal not project maors than
1" 118 mm| beyond the roll face on
mithar sids.

2. Cors shall not bs recessed on sither
sids,

4, The outzids ard startting =nds of 1he
filrn shial ba fastersd o8 manrer 1o
prevent urvinding.

B. "Dishing” or "ouppirg ™ may rat
swossd 116" 18 mm), meesursd with
& straight edge scross the dismetsr of

hes rall.

Size, LD x O.D. —im [mm]

axi
|78 x 162]

2x 05
[78 x 241)

B x 0.5

Splice Plaoememnt

Splice tape wil ba centarad on the joint
o WY (+8 mml. hwil b= smecth and
wrinklz frae to avoid distortion of the
adjao=nit film lapers in the roll.

(162 x 241) | (162 = ZTH]

¥/l
%)

Bx T Bx 4

(162 x 366]

Table 2 shows the mewimurm numbsre
of splices par rol. b aso shows the
minimum lergth betwesn splices and
from the baginning ard the =nd of & roll.

Roll QLD Maximam Numbsr of Splices Minimam Lemgth Betwesn Splises or the
per Roll Beginning and End of & Roll—fit {m]

s S

Core LID.

im (mim]
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Packaging and Marking

Packaging Extra Core Label

bdmb=rial shall be sdequatshy padoed Ay mctra core labs| with the actual roll
ta prewant loss of contants or damags I=ngth shall be plscad on the cutside of
during shipmert. Al fim wil b= wapped the shipping container far ral widths of
with & ran-fibrous rmsterial. E7 1223 mm} ard widar.

Table 2. Package Marking

Shipping Comtainer Package

# Affooad bo the come onal vores 2287 67 mmlwide ard over.
Irzbuded with the paclmga on al cores lass than 2257 E7 mml wida

¥ |rside diameter of cone and nominal sueside diameber of mol.
83 dailabla for up 1o 12 charactars.

Table 4. Gansral Propertiso

Film Type

Marking

Mxterialis identified a5 shown in Table 2
to alkow complets traceability to the mw
matsridls and processing conditions:

Core Label®
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Table 6. Machanical Properties

Film Type

Table 6. Elsctrical Propertizo

Film Type Method

Thild indormal n 5 Bagsd o a5 balieved o0 bs rellabbs, Bt DuPE I G 00 waranties, & i i, a5 H acousacy and
Y B Ry il unhmmuwmnummmngﬁun b S I{aptnn*dupnnt*:um
b o Tmiks or usedl aloea 2y the sl of cavioe. Beeaars 0 oPY T cannar anodpals arcarial ta many

A coadions snchr wich tix | wioswariion sad'or prodect na p b U, does nod § ieaniss ha nsoiuing st 1 o infl mstion

o tha ya bl ey o Fie peociecis |0 anw § en appicatinn. Livars shaskd nosduct il 10w 510 1 denming e appopd asais of i

Produci i ihedr parioslar purpos<d. This hormaian ray Be o o rewlion & now mowlsoge and & gparkngs ecoma aw labie.

‘Thils patalicion s ot 1 b5 dabem 2 ol loanss 0 Dparais under, OF aransnidation 10 inki ige, ang palant.

Enutlor Doingd 5@ inmsical 3 ol cotin m inwolying parmiaient inplaniGdion in a wurea body. For mhet madca | appl ications, e

" DuFonk: kladica | Caarion Sidansent,"H- 5001

Dapriyen i J0 GaFore AN nigety rosoraed, Mo SR O g, Dumni™, Tha avacies of stionte™, ond Epian omaropiaionar

recaruths or irademads & £ g1 vt e Newo o ael Cenpapar Araiihes

P FABT OF THES MATERSAL MAYEE BEFROCUCED), TDRED M A RETRIEAAL SPATEM D6 TRANSMITTED M &MY FORM OF EY ANY MEANS (ﬂm}

ELECTRIINC, MECHANICAL PHOTOCCPYME, RECCROING (18 THERAWEE WATHOLIT THE FROE WRITTEN FERMS30M OF DLFCNT, *

X070 {1455/ PRVRET 6 LS. The miracles of scienice~
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