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ABSTRACT

The desire to use railguns in defense applications has elevated the level of
concentration in all areas of the railgun system. Necessary in any railgun is a large
amount of electric power to deliver the required force to the projectile. One popular
source of power is high voltage capacitor banks. The NPS Railgun Lab employs a fully
functioning railgun with capacitor banks as power supplies. A reliable and safe charging
supply for these capacitor banks is desirable and investigated in this paper. Construction
and testing of a power supply charger is compared to simulation results. The power
supply charger consists of a Voltage Source Inverter (VSI) connected to a high voltage
boost transformer; the output of the transformer is connected to a voltage doubler
rectifier; the output of the rectifier charges the high voltage capacitor to 9 kV in two
minutes. The power supply controller is an FPGA (Field Programmable Gate Array)

with embedded control to ensure the safe operation of the power supply.
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EXECUTIVE SUMMARY

The desire to use railguns in defense applications has elevated the level of
concentration in all areas of the railgun system. The Naval Postgraduate School
participates in research contributing to railgun defense applications. The Railgun
laboratory at NPS maintains a firing railgun. This pulsed power weapon requires a large
amount of energy to fire that is not readily available from typical AC or DC power
sources. As a result, it becomes necessary to develop a means of delivering the required
power in an effective manner. The power supplies for the rail gun are high voltage
(~10kV) capacitors that are charged and subsequently discharged to deliver the necessary
power to the railgun. Railgun power supplies are important to railgun use in defense
applications. This research contributes to the ongoing investigation in usable railgun

power supplies.

The first objective of this research was to develop a charger that charges the high
voltage capacitors to a desired voltage. Additional objectives of this research were to
determine the electrical and thermal stress on components selected for the charging
supply and design a controller to ensure that peak current and voltage stresses are not

exceeded.

The existing method of charging the capacitors in the railgun power supply
involves an open-loop method of controlling the voltage on the capacitors. A 208 V AC
source is manually controlled by a variac, boosted by a transformer, and then rectified by
a diode bridge rectifier. The DC voltage at the output of the rectifier charges the
capacitors in the power supply. The new solid state power supply charger achieves
closed loop control of the voltage and current to the capacitors. By regulating the voltage

on a capacitor, the charging rate is faster.

XV
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Figure 1. Simplified Circuit of charger (ellipses represent 6 additional diode/resistor

pairs in series).

Figure 1 shows a simplified circuit diagram of the capacitor charger. This design
contains three main components; a doubler rectifier and voltage source inverter (VSI), a
transformer, and a high voltage doubler rectifier. The 208 V AC source is rectified and
then inverted using an IGBT H-bridge to a controlled AC waveform. A transformer
boosts the voltage and bucks the current. A high voltage doubler rectifier rectifies the
high voltage waveform. The output of the high voltage doubler rectifier charges the high

voltage capacitor.

The charger design was simulated to determine the behavior of the capacitor
charger prior to selecting parts and construction. After parts selection and construction
was completed, charger control was developed to meet the required objective of
regulating capacitor charging. The charging of the capacitor is regulated by controlling
the switching of IGBTs in the VSI. This control is performed by a field programmable
gate array (FPGA), using two control loops: an inner current control loop and an outer

voltage control.

Fault protection logic is incorporated to ensure safe functionality of the device. A
voltage protection is included to prevent the charger from exceeding voltage thresholds.

A current limiter is used to prevent damage to the secondary diode rectifier. A time

XVi



limiter is included to prevent the system from being on for longer than a desired time.
Each of these protections shuts the converter off if a voltage, current, or time threshold is

exceeded.

The completed charger was tested to a voltage of 8850 V. Each fault protection
shut the charger off when a current, voltage, or time threshold was exceeded. The
charger developed for charging the high voltage capacitors achieves the objective of
charging the capacitor to a target voltage at an acceptable rate. Additionally, the fault
protection logic protects the charger from current, voltage, and temperature failures with
the current, voltage and time protections. Accurate simulation of the charger aided in the
design, construction and control of the charger. Comparison of simulation and hardware

waveforms is shown below.
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Figure 2. Capacitor Charging Comparison

Figure 2 compares charging capacitor voltage waveforms in simulation and the
performance of hardware. Figures 3 and 4 compare hardware and simulation waveforms
for the primary and secondary current of the charger respectively. These figures
demonstrate the usefulness in using simulation in the design and construction of this high
voltage capacitor charger.
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Future research is important in the advancement of railgun technology. The
development of effective power supplies for use in railgun defense applications is vital

for future implementation.
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l. INTRODUCTION

A. PURPOSE

The Railgun Laboratory at the Naval Postgraduate School maintains a fully
functioning railgun. This pulsed power weapon requires a large amount of energy that is
not readily available from typical AC or DC power sources. Instead the energy comes
from a pulse forming network (PFN) of high voltage (~10 kV) capacitors that are charged

and subsequently discharged to deliver the necessary power to the railgun.

The existing method of charging the capacitors in the power supply involves an
open-loop method of controlling the voltage on the capacitors. A 208V AC source is
manually controlled by a variac, boosted by a transformer, and then rectified by a diode
bridge rectifier. The DC voltage at the output of the rectifier charges the capacitors in the
power supply. This method is effective and simple but is limited in two primary areas.
First, a human component is needed to control the voltage across the capacitors, which is
somewhat dangerous in the case of a misfire of the capacitors, as the individual observing
the charging of the power supplies is close to the supplies. Second, with open loop
control, the desired set point voltage is not controlled and can cause errors in energy input

to the railgun.

The new power supply achieves closed loop control of the voltage and current to
the capacitors. By regulating the voltage on a capacitor, the charging rate is faster. At
the same time this controller reduces the voltage droop of the capacitors after reaching
desired voltage. With automated charging of the capacitor, the human control component
needed in the open-loop method is removed and the charging of the capacitors becomes
safer for the technicians. Additionally, the automation provides safety features such as
limitations on the current to the capacitors and prevents over charging the capacitors.
This thesis describes the design, construction and employment of a power converter to

charge a capacitor.



B. RAILGUN OVERVIEW

The mission of the Electromagnetic Railgun (EMRG) Innovative Naval Program
is “to develop the science and technology necessary to design, test, and install
a[n]...EMRG aboard United States Navy Ships in the 2020-2025 timeframe [1].” As of
March 2008, the Office of Naval Research (ONR) is testing a functioning 32—mega joule
railgun at the Electromagnetic Launch Facility (EMLF) at the Naval Surface Warfare
Center (NSWC) in Dahlgren, VA.

Railguns have long been considered as potentially significant military weapons
because they accelerate projectiles to high speeds (~2.5 km/s) [2]. These weapons have
applications in the U.S. Navy to provide long range Naval surface fire support and in the
U.S. Army in armor penetration. An added benefit is the elimination of chemical

propellants as a firing mechanism.

The power requirements of firing such a weapon are massive. The gun itself is
driven by supplying a large amount of current to two rails (hence railgun) and using the
resultant magnetic field to propel a projectile. In the NPS Railgun Laboratory and the
EMLF this current is supplied by the using a PFN created by discharging high voltage
capacitors. The primary focus of this thesis is the development of power electronics to

safely and efficiently control the charging of the NPS high voltage capacitors.
C. APPROACH

A safe and effective method of charging the high voltage capacitors is needed. A
topology of a boost converter is used in order to boost the voltage. Simulation of this
topology determines transient and steady state behavior of the charger. The construction
of the charger is based on the design simulated. Charger control uses a Xilinx FPGA
(Field Programmable Gate Array) to control an H-bridge of IGBTs (Insulated Gate
Bipolar Transistors). The Xilinx blockset operating in the Simulink environment
develops the control algorithms for the charger. The waveforms generated by the charger

were compared to the simulation waveforms to validate the design process.



The thesis is organized as follows. Chapter II contains a background of design
issues. Chapter III contains an overview of the charger topology and describes the main
components of the charger. Chapter IV discusses the charger hardware and Chapter V
addresses the control organization. Chapter VI shows the waveforms during charger
operation and compares important simulation waveforms to the performance of the
hardware, and Chapter VII describes the conclusions and possibilities for further

research.
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II. BACKGROUND

A CAPACITOR CHARGING

The capacitors used to fire the railgun are General Atomics Series C High Voltage

Energy Storage Capacitors, are rated at 11 kV and have a capacitance of 830 u F with 50

kJ stored energy. This energy is then rapidly discharged (on the order of milliseconds) to

fire the railgun.

The existing method of charging the capacitors in the NPS Railgun Laboratory
includes boosting 208 Vs AC with a voltage boosting transformer and then rectifying
the boosted voltage. The circuit diagram for this method of charging these capacitors is

shown in Figure 5.

5k

AA—

208V 8kV

AC@ ‘ ‘ /N N R—  830wF

Figure 5. Circuit Diagram of Existing Capacitor Charger.

The AC wall source supplies 208 Vi to a step-up transformer that boosts the
voltage to approximately 9 kV. A full bridge rectifier then rectifies the AC waveform.
The parallel-series set up of the 0.5 pF capacitor and 5 kQ resistor simultaneously
provide a filtering effect and limit the current to the charging capacitor (the 830 pF load).
This method of charging the capacitor is open loop control, where a lab technician
observes the voltage on the power supply and adjusts the input voltage according to the

error. This technique of charging the capacitor works but has limited controllability and
5



involves a human component. In addition, there is little control to the charging of the

capacitors other than current limiting resistors.

Different methods of charging high voltage capacitors exist. Solid-state switching
is a common means of supplying the desired energy to capacitors. A voltage boosting
transformer can be used to boost the output of a Voltage Source Inverter (VSI) and the
output of the transformer can be rectified [3],[4],[5]. With solid state devices the
charging of the capacitor can be controlled digitally and control input changes can be

made quickly and accurately.
B. HIGH VOLTAGE CONCERNS

The National Electric Code (NEC) in the United States defines high voltage as
any voltage over 600 V [6]. According to this definition the voltages (1 — 10 kV) at
which these capacitors are charged exceeds the NEC benchmark. Concerns at these
voltages include the need to contain such potentials within safe parameters. When
building equipment designed to sustain high voltages two parameters must be taken into
consideration: creepage and clearance. “Creepage distance is the shortest distance
between energized parts...along the surface of an insulating material. Clearance is
defined as “the shortest point to point distance in air between uninsulated energized parts
[7].” Creepage and clearance become critical factors because their oversight can lead to

equipment failure.

To eliminate high voltage issues, proper care is taken in the construction of the
elements of the power charger which sustain such voltages. The distance between
charger components that would be exposed to these voltages is kept at distances of at
least two inches. Any connection to ground near the high voltage components is covered
with high voltage protective tape. The metal casing of the charger is bonded to ground.
The transformer, which sustains voltages that exceed the NEC benchmark, is wrapped in
protective high voltage tape, and care was taken to ensure the tape’s continuity. Further

discussion of transformer design and construction will be discussed later.



C. CHARGER CONTROL - THE FPGA

An effective and readily available means of controlling the solid state switches is
a Xilinx Field Programmable Gate Array (FPGA). FPGAs are semiconductor devices
that contain programmable logic elements (such as AND and OR gates, or more complex
logic) that can be programmed to perform certain functions. In this case, the function is
used to control the switching of the solid state IGBTs in the VSI. In addition to
controlling the VSI, the firing of the capacitor is controlled through logic programmed
into the same FPGA.

A Xilinx Virtex-II XC2V1000 is the FPGA used for this application. The FPGA
is programmed by using the Xilinx Blockset in the Simulink environment. This software
provides a user-friendly means of programming the FPGA in an effective and repeatable
manner without having to know VHDL (VHSIC (Very-High-Speed Integrated Circuits)
Hardware Description Language). By creating the software with the Xilinx Blockset in
Simulink, the user can then generate VHDL code using the Xilinx System Generator, a
block in the Xilinx Blockset. After VHDL generation, the user compiles the VHDL code
using Xilinx ISE (Integrated Software Environment). After the code is compiled it is
then ready to be loaded on the FPGA. This high-level design provides a means for the
engineer to design a wide variety of tools for use in a wide array of applications. Though
it is not necessary to know VHDL, it is quite beneficial for the user to be comfortable
with discrete processing techniques, fixed point math, and combinatorial logic in digital

control applications.

A control board is integrated to the FPGA board. This board enables the pins of
the FPGA to be easily accessed through BNC (Bayonette Neil-Concelman) connectors.
There is also a 4-channel, 12-bit A/D converter to provide measurement capabilities to
the FPGA. Because the FPGA may not supply adequate voltage to the device being

driven (such as gate drivers or logic circuits), level shifters are also included.

Integrated together this package provides control solutions for a wide variety of
applications. In addition to the fact that these tools were readily available, this FPGA is

particularly suited to this application for a number of reasons. First, the FPGA and

7



control board integrates easily with the VSI: the only connections to be made were the
BNC cables. Measurements are easily taken with an A/D converter. Turning the charger
on/off and firing the capacitors is simplified through a fire and control system that was

programmed into the FPGA, which will be discussed later in this thesis.

Perhaps the greatest benefit to using this FPGA configuration is through the use
of Chipscope, an integrated signal analyzer accessible through software on a PC.
Chipscope is able to program, interact with, and retrieve data from the FPGA, making it

extremely useful throughout the design and construction of the charger.



I11. CHARGER TOPOLOGY

A TOPOLOGY OVERVIEW

The topology of the capacitor charger is discussed in the following section.

Figure 6 shows a simplified circuit diagram of the charger.
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Figure 6. Simplified Circuit of charger (ellipses represent six additional
diode/resistor pairs in series).

The AC Power source in the left of the figure signifies the 208 V,ns source, which
is rectified and doubled in the first doubler rectifier and becomes the DC bus voltage
(labeled V4.) as shown. The set of four switches signify the VSI, H-bridge which goes to
the boosting transformer. The secondary set of windings of the transformer is wired to
the high voltage doubler rectifier. The output of the rectifier is connected to the positive
and negative terminals of the high voltage capacitor. The VSI, the transformer, and the

rectifier will be discussed in detail.
1. Doubler Rectifier and Voltage Source Inverter (VSI)

The doubler rectifier works as follows. Each capacitor is charged to
approximately the peak of the AC input voltage. The top capacitor in the DC bus is
charged through the top diode during the positive cycle; the bottom capacitor is charged

through the bottom diode during the negative half cycle. The resulting DC bus voltage is
9



the sum of the peak AC input voltage [8]. With a 208 Vs source (295 V peak), the
doubler rectifier has an output of 595 V DC. The DC voltage is then inverted to a
controlled waveform in the VSI. The VSI consists of an H-bridge of IGBTs which create
a single phase AC waveform. The switching of these IGBTs is controlled by the FPGA
which reads in high voltage capacitor voltage and the primary current and makes control

decisions, varying the IGBT duty cycle depending on the charging of the capacitors.
2. Transformer

The output of the VSI goes to the boosting transformer. This transformer consists
of primary and secondary windings with the direction of the positive current shown
above. An external leakage inductance (labeled L., in Figure 6) is added to limit the
di/dt of the primary current. The external leakage inductance is lumped together with the
leakage inductance of the transformer. A description of an idealized transformer model

follows.

A transformer is a magnetically coupled circuit used for the purpose of changing
the voltage and current levels in a circuit. As this design utilizes a two winding
transformer, this discussion will be limited to a transformer with two windings. The

voltage equations for a two winding transformer may be expressed as [10]

V1:”1i1+6i1_/11

! (1)
Vv, =11 +%
2 2%2 dt

where the subscripts 1 and 2 refer to the primary and secondary windings respectively.
The term r refers to the resistance in the coil; i refers to the current in each coil, and A
refers to the flux linkages related to coils 1 and 2. These equations may be written in
matrix form as [10]
. dA
v=ri+— (2)

dt

where

10



and

This design utilized such a large magnetic core for the transformer such that saturation
would not be a problem. Neglecting saturation, the system becomes linear and the flux

linkages may be described as follows [10]
A=Li (5)

where the inductance matrix L is broken down as follows [10]

L — |:L11 le} — |:L11 +Lml Lml } (6)
L21 L22 LmZ LIZ + Lm2

The leakage inductances are L;; and L;; and the magnetizing inductances of coils 1 and 2
are L,,; and L, respectively. The external leakage inductance is lumped with the
leakage inductance of the primary windings. L;; and L;; are the self inductances of coils
1 and 2, and the mutual inductances are defined as L;; and L,; [10]. Ideally, L;; and L;;

are equal.

Using the equation (5), the voltage equations in matrix form become
. di
v=ri+L— (7
7 (7)

With this equation it becomes possible to simulate the voltages and currents of the

transformer, solving for the primary and secondary currents. This method was used in

2

the Simulink model subsystem “Magnetics.” Using the current as a state variable, the

equation becomes

di . . .
—=L"(v-riy=i=|L"(v-ri)dt (8
=L v ==L (v-ridr (8)
The output voltage of the charger can be calculated:
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where Vyy is the high voltage output of the rectifier, Vpc is the voltage on the DC bus,
and Ny is the turns ratio for the transformer. Multiplying by 2 is a simple calculation to
1
account for the voltage doubler at the output of the rectifier. The DC bus voltage with the
rectified 208 Vims AC input is 595 Vg4. Using this value the turns ratio %can be
1
adjusted to achieve the desired output voltage Vyy. This yields a turns ratio of 10:1 to
boost to a theoretical voltage of 12,000 V. Limitations of the components of the system,
such as the lifetime of the high voltage capacitors preclude the operator from reaching

such voltages.
3. High Voltage Doubler Rectifier

The output of the transformer feeds the high voltage doubler rectifier, as seen in
Figure 6. This doubler rectifier works exactly the same as the doubler rectifier supplying
the DC bus voltage, only at much higher voltages and at a different frequency. The
ellipses in the figure signify a diode/resistor string of 6 additional diodes in series for a
total of 7 diode/resistor pairs on each part of the bridge. The 20 MQ resistors are in
parallel to protect the diode. The 1 pF capacitor banks are actually 10, 0.1 uF capacitors
in parallel. These two banks act as a voltage doubler and boost the voltage to the output
capacitor, the 830 pF capacitor. The 10 Q resistors divide the current evenly between
each diode string. The two 100 Q resistors in series with the 830 uF capacitor dissipate
energy upon capacitor discharge. The high voltage capacitor has a reverse voltage after

discharge, and these two resistors dissipate this reverse voltage energy.
B. SIMULATION

Matlab’s Simulink simulation environment was used to predict the behavior of the
charger before actual construction. Figure 7 shows the topmost level of the simulation

for the railgun charging supply.
12
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Figure 7. Top Level of Simulation [9] (Standard Simulink symbols are used).

This simulation includes all elements mentioned in section III.A; the VSI, the
transformer and the high voltage doubler rectifier. The subsystem “Switching Control”
contains the algorithmic elements included in the FPGA to control the VSI, as well as the
logic for the switching elements of the VSI. The subsystem “Magnetics” includes the
calculations for the transformer magnetics based on the inductance values measured
experimentally. The external leakage inductance is included as a parameter of the
transformer. The output of the transformer (reading “I secondary (out of xfmr)”) is the
secondary current. This current is sent through the simulated rectifier (the saturation
blocks) then through the capacitors (the gains “C-bank™ and integrators). The resultant
voltages are summed and sent through the output resistors (gain block “resistor”), which
becomes the current sent into the charging capacitor. The charging capacitor is then

simulated by the “Charging Cap” gain and the integrator.

Figure 8 shows the subsystem “Magnetics.” The equations describing the
computation of the voltages and currents in this subsystem are described in section

IIL.A.2.
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Figure 8. Inside Subsystem “Magnetics” [9] (Standard Simulink symbols are used).

Figure 9 shows the subsystem “Switching Control.” A 4 kHz sawtooth wave is
generated by integrating the constant “fmod.” This sawtooth wave is compared to a duty
cycle generated in the subsystem “Control.” When the duty cycle is greater than the
sawtooth, the IGBTs are switched on. To prevent the IGBTs from turning on more than
once per switching period, control logic was also added. The whole of this control logic
is computed in the subsystems “A+ B- Switch Control” for one half of the H-bridge and
“A- B+ Switch Control” for the other half.
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Figure 9.

Inside Subsystem “Switching Control” [9] (Standard Simulink symbols

are used).

The subsystem “Control” reads in the value of the high voltage capacitor and uses

the error between desired capacitor voltage and actual to compute a current reference

using a PI controller. A feed-forward term is added to this current reference to improve

the rate of charging the high voltage capacitor. This current reference is compared to the

measured current and sent through an additional PI controller to compute a duty cycle.

This duty cycle is compared to the sawtooth waveform to switch the IGBTs on.
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IV. CHARGER HARDWARE

A DOUBLER RECTIFIER AND VSI

The doubler rectifier and VSI used for this application is a combined package
SEMIKRON SEMISTACK three phase rectifier and inverter. The SEMISTAK was
modified slightly to enable the operation of a doubler rectifier. Only one phase of the
rectifier and inverter is used. The 208 V AC source was rectified using a full wave
rectifier in the SEMISTACK module. A DC bus voltage is maintained constant in a
capacitor bank acting as a voltage multiplier. The multiplier maintains the DC bus

voltage at approximately 595 V when the inverter is off.

The rectifier used in the SEMISTACK is a SEMIKRON SKD 51/14 three phase
rectifier. The capacitor bank is made up of two 2200 pF capacitors. A lead is connected
between the two capacitors in series to create the voltage multiplier. These capacitors are
sensitive to inrush current. To limit this inrush current applied to the capacitors during
operation of the charger, two thermistors are placed at each lead of the AC source into the

rectifier and capacitors.

The IGBTs are SKM 50 GB 123D IGBTs. These IGBTs are driven by
SEMIKRON SKHI 22 gate drivers. The gate drivers are controlled by the output of the
FPGA. As mentioned previously, only a single phase of the three phase inverter is
utilized, creating an H-bridge configuration for the inverter. The datasheet for the

SEMIKRON SEMISTACK is included in the Appendix.
B. TRANSFORMER

According to simulation, the desired voltage boost ratio at the outset of design is
ten to one. This ratio changed as design proceeded and difficulties in dealing with the
magnetics persisted. The transformer was built in house with a Metglas AMC 630 C-
core. Initially the transformer was wound with the primary on one side and the secondary

on the other. However, because of the dimensions of the core, this configuration does not
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provide enough flux linkage to give the adequate boost in voltage. The windings are
instead placed with the secondary on top of the primary, which improves the flux linkage
yielding better results. The final turns ratio used is 158:13 yielding approximate boost
ratio of 12 to 1.

To limit the change in current over a period of time at the output of the inverter, a
leakage inductance is placed in series with the output of the VSI, as shown in Figure 6.
The core for this inductor is an Arnold MP-2205205-2 powdered core. The datasheets
for the Metglas AMC 630 C-core and the Arnold MP-2205205-2 are available in the
Appendix.

Final winding of the transformer allows measurement of the device’s parameters
to produce accurate simulation of the hardware. These parameters are measured with the
transformer not installed in the charger. With a series of open and short-circuited
measurements the values of the matrices in equations (3) and (6) are determined. In (3),
the resistance r; represents copper losses in the primary windings and 7, represents
copper losses in the secondary. In (6), L;; represents the leakage inductance of the
primary windings. The mutual inductance between winding one and winding two is
represented by L,,;. The mutual inductance between winding two and winding one is
Ly2,. The leakage inductance of winding two is L;. It is assumed that core losses are

lumped into the winding losses.

Using the equations in (10) for referencing inductances and assuming that 96% of
leakage inductance is on the primary windings [10], the inductance values of the
transformer are determined. The primary and secondary resistances are measured
directly with an ohmmeter. The inductance values are measured with an impedance
meter with open and short-circuit configurations. Primed variables indicate values
referred to the opposite winding. Measuring on the primary and an open circuit on the

secondary yields L, + L, . A short circuit on the secondary measuring on the primary
givesL, +L,. An open circuit on the primary and measuring on the secondary

givesL,+L ,. A short circuit on the primary and measurement on the secondary
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yieldsL, +L,. Measurements and inductance values are shown

inductance values are in milli-Henries, resistances in ohms.

2
| N.
L, = [ij L, (10)

L, =0.96(L, +L12)

in Table 1.

Measured Values Extrapolated Values
L,+L, 1.89 mH L, 1.88 mH
L,+L, | 00134mH || L, 266 mH
L,+L, 267 mH L, 22.89 mH
L,+L, 2.33 mH L, 21.86 mH

’”1 0.05Q L, 0.0067 mH

r 2.56Q L, 1.34 mH

Table 1.  Measured Transformer Parameters

These are the values of the transformer model.

transformer is 158 secondary to 13 primary, giving a boost ratio of 12.15.

C. HIGH VOLTAGE DOUBLER RECTIFIER

All

The turns ratio on the final

The diodes used in the rectifier are Vishay RGP02-20E ultrafast rectifier diodes.

These diodes have a maximum repetitive peak reverse voltage of 2000V and have a

maximum peak forward surge current of 20 A. Placing these diodes in series increases

the reverse blocking capabilities up to 14,000 V for a string of 7 diodes. In order to

protect the diode string from reaching avalanche breakdown, a high value resistor (20
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MQ) is placed in parallel with each diode. These resistors divide the rectifier output
voltage across each diode to prevent any one diode from reaching the avalanche

breakdown voltage.

The capacitors used for the voltage doubling capacitor bank are ASC 6000V DC
0.1 pF capacitors. This rectifier doubles the output voltage; the 20 MQ resistors divide
the voltage evenly on the rectifier. The 1 pF capacitor banks create a more constant
output voltage. The 10 Q and 100 Q resistors used are Ohmite resistors, AW100KE and
AY101KE respectively. The datasheet for the ASC capacitors and the specifications for

the Ohmite resistors can be seen in the Appendix.
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V. CONTROL DESIGN

A CONTROLLING CAPACITOR CHARGING

The charging of the capacitor is regulated by controlling the switching of the
IGBTs. This control is performed by an FPGA which uses two control loops: an inner
current control loop and an outer voltage control. An added benefit of controlling the
capacitor charging is that the FPGA is used to prevent devices in the converter from
being damaged. Discussion now turns to the hardware and software of the voltage and

current control loops, beginning with the voltage control.
1. Voltage Control

The output voltage of the converter is reduced by a voltage divider by 100. The
output of the voltage divider is measured by a Tektronix P2500 High Voltage Differential
Probe. Because this probe requires high impedance at termination which is not present at
the A/D Converter input, a unity gain inverting operational amplifier is used provide
adequate termination impedance for the probe. The output of the op amp is then
connected to the A/D converter. The op amp circuit is shown in Figure 10. With a
reduction by 100 in the voltage divider and an attenuation of approximately 52 in the

probe, the amplification required to give accurate voltage is -5200.
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Figure 10. Operational Amplifier Circuit

The desired charge voltage is sent from the firing and control board to the FPGA.
More will be discussed concerning the firing and control board at a later point. This
desired voltage (the “V_Des” signal) is compared to the actual voltage measured by the
high voltage probe (the “V_meas” signal). The error signal is then sent through a PI
controller, the output of this PI controller is the reference signal for the current controller

(the “I ref” signal). The voltage control algorithm in Simulink/Xilinx environment is

shown in Figure 11.

¥
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.
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Figure 11. Voltage PI Control Block Diagram

The accumulator is driven by the “Running” signal, a signal that keeps the converter on

as long as there is no fault. The error signal is sent out to feed-forward control, discussed
in the next section.
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2. Current Control

The output of the voltage PI controller is a current reference added to a feed-
forward term with logic as follows. When the converter is turned on, a feed-forward
value is added to the current reference signal to accelerate the charging of the capacitor.
When the converter reaches charge voltage, determined by comparing voltage error to
zero, the feed-forward term is removed, and the current reference is reduced to a smaller
value to compensate the losses due to leakage current in the thyristors at high voltage.
The current PI controller is the same logic as the Voltage PI controller. The current
sensor is an LT 100-S SP30 current transformer (CT). The gain on this CT was also
verified by comparing Chipscope measurements and oscilloscope measurements, as with

the voltage probe. The datasheet for the LT 100-S SP30 can be seen in the Appendix.

Figure 12 shows the overall voltage and current regulation computational
algorithm with feed-forward logic. The output of the current PI controller is the duty
cycle that drives the on/off signal of the IGBTs. While voltage regulation alone would be
effective in achieving the desired charge voltage of the capacitors, regulating the current

protects the diodes in the high voltage rectifier from exceeding their average current

limitations.
-
Running L
= Funining I_ref la Rurining
W meas a+hb o |_raf duty
W Emor Ll
_meas W Des @—b—l_meas

W_Des Woltage Pl controller I_meas Current Pl controller

hi CurrentState

On_pulse P Inputs

\‘3 a<b - lo Outputs
0 b = | and
Bl

10 d1

3
Figure 12. Control Scheme with Current Feed-Forward Terms
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B. FAULT PROTECTION LOGIC

Fault protection logic is incorporated to ensure safe functionality of the device. A
voltage protection is included to prevent the charger from exceeding voltage thresholds.
A current limiter is used to prevent damage to the secondary diode rectifier. A time
limiter is included to prevent the system from being on for longer than a desired time.
Each of these protections shuts the converter off if a voltage, current, or time threshold is
exceeded. Each signal is driven by the converter being turned on, and are ANDed
together. Thus, the fault protection logic is active low. If the converter is running and
none of the thresholds are exceeded, then the protection circuits each output a one to the
AND gate. If one threshold is exceeded, the output of the protection logic goes low, and
the “Running” signal that drives the converter goes low, and the converter shuts off. A
simplified block diagram of this logic is shown in Figure 13. The three methods of

protection are now discussed in detail.

on Sra s® a0 Time Limiter
R T
} To VSI Switch, Voltage
Vaoltage & Current Control
Protection
Running
Current
Protection
Figure 13. Block Diagram of Fault Protection Logic
1. Over Voltage Protection

Over voltage protection is achieved with a simple comparison test. The Xilinx

blocks generating the code for this protection is are seen in Figure 14.
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Figure 14. Over Voltage Protection Xilinx Blocks

The “on” signal sets an SR flip-flop, the output of which is ANDed with the on
signal itself to ensure no false setting or resetting. If the threshold voltage is exceeded
then the flip-flop is reset, and the signal “OV_Protect” goes low. This signal is then
ANDed with the other protection signals, the output of which is the “Running” signal.
The Out block labeled “U47 OV Protect” configures an output pin to a BNC port to as a

test point to determine the fault source if the converter is shut off spuriously.

The SR flip-flop used is not part of the Xilinx blockset and works as follows. The
output of the flip flop is a function of the current state and the inputs. The inputs are the
values for S and R, and the current state is either 0 or one. For example, if the current
state is 0 and the current value of the output is 0, and the input for S is 1 and R is 0, then
the output will become 1, as seen above, and the next state will be state 1. As long as the
R input bit is not a 1, the output will remain a 1, and the current state will remain one.
The truth table for the SR flip flop is shown in Table 2. The SR inputs are under the
columns S and R. In a Mealy state machine the next state depends on the current state,
and the column “state” indicates the value of the current state. The next state of the state
machine equals the output. This same flip flop is implemented throughout the converter

control software.
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S | R | State | Output
0/0] O 0
010 1 1
01 0 0
011 1 0
1/0] O 1
110 1 1
1|1 0 0
111 1 0

Table 2.  Truth Table for SR Flip Flop

2. Over Current Protection

Over current protection is implemented in a similar manner as the over voltage
protection. The measured current value is compared to a threshold, and if the threshold is
exceeded, the converter shuts off. Again, this logic is active low. The Xilinx block
configuration that generates the code is seen in Figure 15. Note the similar configuration

to the over voltage protection.
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Lo PRI
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U5 OC Frotect
Figure 15. Over Current Protection Xilinx Blocks

3. Timer Shut Off

The switching of IGBTs generates a great deal of heat. The charging of the high
voltage capacitor is completed quickly enough that overheating of the devices is

generally not an issue. However, if the device were to be left on for an extended period
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of time, the IGBTs would heat up to an undesirable temperature. To prevent this, a time
limiter is implemented in the software. This timer shut off is implemented similarly to
the voltage and current protection. A counter is started when the converter at the rising
edge of an on pulse, which also sets an SR flip flop. With a 24 MHz clock (the FPGA

clock), the counter counts to 24000000 in one second. With timer is set for five minutes,

60 secj(240000000ycles
Isec

and Smin( j=7200000000, the converter will shut off after

I min
7200000000 clock cycles. Five minutes is a safe time preventing the IBGTs from

overheating

4
riot E on_pulse

5 hi CumentState \—' o
|—> y = o Dulpub—b’i’—b Timer_off
7200000000|
Figure 16. Timer Shut Off Xilinx Blocks

C. FIRING AND CHARGING CONTROL

A high level control mechanism in the Xilinx FPGA allows integration of
charging and firing control. Control software is integrated in order to control turning the
converter to begin charging; shutting off the converter to stop charging, and firing the
capacitor. This control also uses a Xilinx Spartan III FPGA development board as a
control panel for the user (now referred to as the Spartan board). The software used in
the firing and charger control had been previously developed at NPS. This software can
be divided into three sections; the first being the input from the Spartan board to the
converter control board (now referred to as the Virtex board), the output from the Virtex
board to the Spartan board; and the control software on the Spartan board. The Spartan
board and the Virtex board are connected by fiber optic cable, to electrically isolate the

operator from the high voltage equipment.
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Figure 17. Fire and Control Input Software

Figure 17 shows the software decoding the input signal from the Spartan board to
the Virtex board. The serial signal comes into the Virtex on pin R50, and is converted in
the subsystem “Charge Value/Pulse Receive.” The output of this subsystem has three
values: gain, gainl and gain2. The signal “gain” is the desired voltage signal selected by
the user from the Spartan board. This value sent from the Spartan is multiplied by ten to
reduce the size of the word containing the desired voltage value sent to the Virtex board.

The signal is then sent to the voltage PI controller.

The signal “gainl” contains two possible values sent in the same word. One
value (111) turns the charger on, and the other value (333) turns the charger off. On the
Spartan board, two push buttons are set up as a charge button (or converter on) and an off
(converter off) button. These two values are sent to the subsystem “Latch” to de-bounce
and latch the pushing of the buttons, i.e. when the on button is on, the signal “on” stays

on.
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The signal “gain2” contains the word with the value (222) to fire the capacitor.
This signal is sent out from the Spartan board, to the Virtex board, and from the Virtex
board, by way of the U46 pin, to a thyristor gate driver circuit. The thyristor gate driver

circuit controls thyristors that block the discharge of the capacitors.

The measured voltage across the capacitors is sent to the Spartan board by the
software shown in Figure 18. The subsystem “Display Hold” holds the value of the
capacitor voltage that is then divided by ten to enabling a transferable 12 bit word size to
the Spartan board. The value is then displayed on the Spartan board. The subsystem

“Serial Encoder” serializes the voltage value sent to the Spartan board.

Out1 Inl |l W Oisp W' hieas

U44-Pin LS

Dizplay Hald

Serial_Encoder

Figure 18. Fire and Control Output Software
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VI. RESULTS AND ANALYSIS

A PROOF OF WORKING CONVERTER

The metric for a working converter is as follows. Acceptable voltage controller
performance is charging of the high voltage capacitor to the desired voltage within 5%
error. Acceptable current controller performance maintains the current at an average
value below the acceptable value for the high voltage diode string. In addition, when the
feed forward term is changed when the target voltage is reached the feed forward logic is

working properly.

Transformer boosting is verified by comparing secondary and primary current
waveforms. The boosting ratio of the transformer in the working converter is at or very

near the boosting ratio determined in I'V.B.

Proper fault protection occurs when the charger shuts off when reaching the
threshold for voltage protection. The test point BNC is checked to see if the pin
corresponding to the fault goes low. Correct operation of the current protection was

determined in the same manner as the voltage protection.

The voltage controller reached a voltage of 8850 V when set to 9000 V, an error
of only 1.7%, within the acceptable error range. The current controller maintains the
average value of the current at approximately 220 mA during charging. The timer, over
voltage, and over current fault protection each shut the charger off when thresholds were

exceeded, shown by the test point BNCs.
B. CONVERTER WAVEFORMS

After the charger was determined working, measurements were taken to verify the
converter’s operation. Measurements were taken with an Agilent Infiniilum 2.25 GHz

oscilloscope. The data was then loaded and plotted in Matlab.

Figure 19 shows the capacitor step response for a desired voltage of 900 V. The
capacitor was charged to higher voltages, but charging to 900 V is sufficient to show the
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functionality of the capacitor charger and allows primary and secondary voltage and
current measurements. Because of the feed forward control term added to the current
reference, this step response has a linear appearance. The instant at which the feed
forward term is removed is the point where the voltage suddenly flattens out, i.e. the

capacitor reaches charge voltage.
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Figure 19. Capacitor Step Response

The primary and secondary current waveforms are also of interest. The two
measurements taken were at the instant the converter was turned on and after the
capacitor reached desired charge voltage. The measurement for the primary current was
made at the output of the VSI with a current transformer (CT). The measurement for the
secondary current was made at the output of the transformer, made with a different CT.

Figure 20 shows four complete cycles of the primary current at the instant when the

converter is turned on.
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Primary Current at Startup
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Figure 20. Primary Current at Startup

The secondary current was measured on the same charging cycle startup as the
primary current measurement. Figure 21 shows the same cycles on the secondary current
as the primary cycles in Figure 20. The max peak current value in the primary current in
Figure 20 is 28.48 A. The max peak current value in the secondary current in Figure 21
is 2.33 A. The transformer is bucking the current by a factor of 12.2. The frequency of
the switching period can be measured at 4 kHz. Note that the converter is operating in

discontinuous conduction mode.
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Secondary Current at Startup
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Figure 21. Secondary Current at Startup

After reaching the target voltage, the feed forward term on the current controller
is removed, and the peaks of the current pulses drop considerably. The current pulses are
still present, fighting the leakage current of the thyristors, maintaining the desired voltage
across the capacitor. The peak current in Figure 22 is 5.21 A, and in Figure 23 the peak
value is 0.4515 A.
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Frimary Current after Charging Complete
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Secondary Current after Reaching Charge Voltage
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Figure 23. Secondary Current After Reaching Target Voltage

Converter voltage waveforms also bear relevance at this point. Measurements
were taken at the same time as the current waveforms; at startup and after reaching
charge voltage. Voltage measurements were taken with an additional Tektronix P2500
High Voltage Probe and measured on an Agilent Infinilum 2.25 GHz oscilloscope.
Because of the configuration of the converter, it is not possible to take primary voltage
measurements. The secondary voltage at startup and after charging is complete can be
seen in Figure 24 and Figure 21 respectively. Note that the voltage at the output of the
transformer starts at a much lower voltage than the DC bus voltage multiplied by the
turns ratio. The capacitors in the high voltage doubler rectifier are charging up to half of

the desired output voltage.
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Secondary Yoltage at Startup
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Figure 24. Secondary Voltage Waveform at Startup

Figure 24 shows the secondary voltage at startup measured at the output of the
transformer. When an IGBT in the H-Bridge turns on, the capacitors in the high voltage
doubler rectifier begin to charge. The voltage peaks get larger as the capacitor charges on

When the IGBT turns off, there is an LC

both the negative and positive pulses.

oscillation due to the parasitic capacitance in the string of diodes and the inductance in

the secondary of the transformer.

switched on again.

This oscillation decays to zero before an IGBT is
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Secondary Yoltage After Charging Complete
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Figure 25. Secondary Voltage After Charging Complete

Figure 25 shows the secondary voltage at the output of the transformer after
charging is complete. On the positive pulse the voltage goes to approximately 580 V.
On the negative pulse the voltage peaks at -300 V. The difference between these two
values is approximately the desired charge voltage of 900 V. The oscillation after the
switch turns off is caused by the LC circuit created by the inductance of the secondary
transformer windings and the parasitic capacitance in the diodes when blocking current.

This oscillation dies out before the converter is switched on again.

C. WAVEFORM COMPARISON (SIMULATION/ACTUAL)

Comparing the simulated waveforms to the actual waveforms collected illustrates
the usefulness of physics based modeling in design. The main goal of using the

simulation was to select parts, predict operation, and tune the converter controller.
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The simulation used is discussed in III.LB. One important change is made
regarding current measurement. The Hall Effect sensor used to measure the primary
current has a limited bandwidth; the A/D converter also samples and holds the value of
the current. These characteristics affected the control calculations a great deal. To
account for these non-linearities, additional elements were added to the simulation. A
low pass filter was added to the current measurement to account for bandwidth

limitations. A transport delay was added to simulate the sample and hold of the A/D

converter.

Frimary Current at Startup
! ! ! ' '
.............. R ET I EETP PP PSS TR PP PP RERPP Y- SRR PPN Hardware [
" : : —-— - Simulation

Current (A)

Time (sec) 4

Figure 26. Primary Current Comparison at Startup

Figure 26 shows the comparison between the primary current in the hardware and
the primary current in the simulation at startup. At first glance the waveforms seem quite
similar. Note that there is some difference in the peaks of the current pulses. Peak value
for the hardware is 28.48 A. The peak (not including the initial starting peak) in the
simulation current waveforms is 31.43 A, an error of about 10%.
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Secondary Current at Startup
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Figure 27. Secondary Current Comparison at Startup

Figure 27 shows a comparison of the secondary currents at startup. The peak

value for the simulation current is 2.57 A. The peak value in the hardware is 2.33 A;

yielding about a 10% difference between simulation and measured values.
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Capacitor Charging
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Figure 28. Capacitor Charging Comparison

Figure 28 shows a comparison between the actual capacitor charging and the
simulation capacitor charging. Note the difference in time between the two capacitors.
The actual capacitor charges in about 9.7 seconds, where the simulation capacitor charges
in about 6.7 seconds. This difference is due to the higher current peaks in simulation than

in actual charging, as seen in Figures 26 and 27.
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VIlI. CONCLUSIONS AND SUGGESTIONS

A. CONCLUSIONS

The power supply was tested to a voltage of 8850 V. This is an error of 1.7%
from a desired voltage set point of 9000 V, within the acceptable range or error presented
in the metric. It may be possible that higher voltages can be reached with this charger.
However, the lifetime of the capacitor declines exponentially as the voltage approaches
11 kV. Thus reaching a charge voltage near 9000 V suffices for the current railgun

program.

Successful charger operation demonstrates the benefit of designing and
constructing a capacitor charger with the aid of simulation. The charger successfully and

repeatedly charges a high voltage capacitor to desired voltages.
B. SUGGESTIONS FOR FURTHER RESEARCH

A wide variety of possibilities exist for further research in railgun power supplies.
Limiting the suggestions to this configuration of solid state power supply is necessary for

an effective focus of this thesis.

Further research on the charging supply controller can be done to tune the PI
controller gains to an optimal selection across all desired voltages. There is opportunity
to research accurate high voltage sensing and measurements for this application. In the
area of sensor research, reducing the number of sensors (getting the voltage observer
working) is a definite area of research possibility. Redesigning the charger supply to size
and performance is an additional area of research. Additional study in the area of power
converter simulation is an effective study that can better aid in examining changes to

converter design.
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APPENDIX DATASHEETS

This appendix contains the data sheets for major components used in the capacitor
charger. The LPT40 is the power supply for the IGBT gate drivers, the Virtex2 control

board, and the firing and control cards.

40-55 Watts
85-264 VAC
120-300 VDC
Triple

Total Power:
Inpur Volrage:

40 Watts
LPT40 Series

# of Outputs:

Special Features

Universal input

3" x 5" footprint

Femote sense on main output
Built-in EMI fitter

Low output ripple

Adjustable main output
Overvattage protection
Qrverlpad protection

110 KHz switching frequency
LPX20 enclosure kit available

Cperating temperature: 0" to 30'C ambisnt:
derats gach output at 2.5% per degree from 50" to
70'C

801,-2,-3.-4, -5,-6, Level 3

Humidity: Operating: nan-condensing

5% to 055

Vibration: Three orthogonal axes, sweep 2t

1 octfmin, 5 min, dwell at four major resonances
0.75 G peak 5 Hz to 500 Hz, operational

Storage temperature: -40" 1o §53°C
Temperzsture coefficient: £.04% per'C

MTEF demonstrated: =550,000 hours at full load
and 25'C ambient condition

Electromagnetic susceptibility: designed to meet IEC

ctrical Specs z
Input
Inputrange 55-254 AL
120-300 VDT
Fraquency 47-440 Hz

Inrush current

Inputcurrent
Efficiency
EMIfilter

Safety grownd
leakage current

Qutput

Maximum power

Adjustmentrange
Cros: reguiation
Hold-up time

Cverioad protection

Owervaltage protection

Rermote sense

0805/EME0950 (IEC50)

<18 Apeak @ 115 VAL

<36 A peak @ 230 VAC,

cold start @ 25°C

T Amax (RMS) @ 115 vAaC

TO0% typical at full load (60% for LET41)
FCC Class B conducte

CISPR 22 Class B conducted

ENG5022 Class B conducted

WDE 0878 PT3 Class B conducted

<0.5 mA @ 50/60 Hz, 264 VAC input

40 W far convection, (LFT41, 25W):
55 W with 30 CFM forced air

(LET4T, 41W)

-5, +10% minimum

=2% on autpur 1: =5% on outputs 2, 3
20m: @ 20W load, 175 VAC
nominal ling

Short circuit protection on all outputs.
Case overload protected @ 110-145%
gbove peakrating

5.7 ta 6.7 VDT on main gutput
LPT41: 3.6 to 4.6 VDC

Compensates for 0.5V lead drop min.
Will operate without remote tense
connacted. Reverse connection
protected.

11774-3336-1241

VDE
(L% 54938)
uL uL195a E132002
CsA CIA22,2-234 Lavel 3 LR53952C
NEMKO EN 60050/EMKO-TUE Pa4100374
(T4-5ec) 202
BABT EME0O50/557002 PL{e04782
CE Certificate and report 1T18,1122,1123,1124
CE Mark (LVD)

VLSS

84 America’s (USA): 1-888-41-ASTEC

Europe (UK): 44 (1384) §42-211
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Asia (HK): §52-2437-9662
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tuRsE Az
Wnbz 2115-2710, Ll 21 \
Tasmaet, Wwirenlaz .

Tl b B L 24T
Faztimibe L2

Aitme Bou o, Wabscraut Pl
=y 4L Dudley
et Whilea s, DY 105, UK

Faciiailec 4E[1 TS| Rar-718

-
3
=
=]

B} w
-]
Dutput Minlmun iaxfrrum Lead with Maxireur Lead with Feguiotiand Rigple =
Aure bar WJW I'.iu_d Convectoa EHIM 33 CFA Forced Alr F{P {RARD]|L m
LFT41 +1.FV %1} 48 TA =15 Iy
+3V o T34 20A =15 Wm
+12W o [ TA =1% 1210 my
LPT&2 +IV 44 1A 2% emy
+12% .34 1% R20mY
=12V nIA BTA =15 nIomy
LFT&F +3V LY A =1% W
n3A ATA =15 120 my
=12 [ ETA =15 120 my
LFT23 +IV 1A 2% Y
+12% LYA =15 120 my
-3V ETA 1% wmy
LFT2Y +3V 1A =15 Iy
+13% YA =15 130 mv
=13V TA =1% 130 my
" LFT20 +IV 1A §A =25 emy
+I14% YA IA =7R 240 my'
+12% ATA TA =15 n2omy
+3V [ TA §A =1% Wm
+14W 0za 1A LA 240y
=12V bA ETA 14 120 my

- Peak carreet [35ting <30 cecon gl with 2 maxdmem 10% duty coycle

. At 23°C Includiag Inttal tolerance, Bee voltage, bead coments 404 axtpetvelkages iffuited to fictory settiag:

. Peak-tn-peak-aith 20 MEz bandwidth and 18 pF In parallelwith a 0.0 gF capacor at rated line voltage and load ranges.
. Minlrem Laad required.

1
2
i
4

w Barezng Cirm

Pin Assignments [N

; : AL

Ceamecter LFTAT LPTA2 LFT43 LFT44 LPTAY LFT#8 LPT4F e \
TK1-1 Heairal Meutral  Mestral tieutral Netral Kewtral el in
K13 upe Lae Liae Une Lae une e
ST TV =TIV FTIV =TV AW
IK2-2 IV +IW +#1V IV +3V
-7 3V =3V =3V #3V 3 +V
ik1-2 Commas Cormmee Commea Commoa  Commen Commoa  Commen
TK2-3 Commar Coremas Commes Commoa  Commen Commoa  Cammen
ik2-0 12w S1ZW -3V -3 12w 12w
SK2E1-1 +iense +ienie =lease +iem g
IK2e1-2 -lenie -jeqie -iense -tense il __
—_—
Matiag Cennacters Neter T et
AT Input: Malex 35-30-2071 [U5A| 1. Specfications reblectto change withort natd Az
03-51-0700 {UK| 2. Alldireersions s faches {mmj, tolerance 15 =.02
BING: 05-35-0111 7. Souatiag boler M1 and M2 should be groasded for
DC Qutpuots: Melex 05-30-2001 [USA| E
03-87-0800 {UK|
PIRE: OF-3E-0117 % Haws ars for comvection
Malex 22-07-1023 g at 113 VACIoput, 29°C aaless otherwise itated. s &
BING: 0F-90-8114 5. Weamanty: 1 year e 2 .
7. ‘Weelght: 3.3 1b.[0.27kyg ] a |
Artec Coa pector KITS70-54T-004, L) ;EL
Incluges all af the abeve. - i LH

EMERSOMN
Sk Po 85

W astec.com
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The Ametherm Circuit Protection Thermistors are placed in the AC 208 Vi

supply line before the DC bus to limit the inrush current to the capacitors.

AMETHERM

Gircuit Profectfion Thermistors DATA SHEET
Part Number: MS35 3R030

STRAIGHT IKIDE
LEADS HINSED LEADE

Electrical Specifications: Mechanical Specifications:
Fesistance (@ 25°C 300 D 350+2.5mm
Dax Steady State Curzent Up to 63°C 3004 T 10.0 £+ 2.0 mm
Max Recommended Enargy Rating (Toulas) 750.07 Lead Diameter 25401 mm
Bhot @ 100% Steady State Current 0.0300 g 150+ 3.0 mm
Fhot (@ 73% Steady State Current 0.040 0 L 350+ 4.0 mm
Fhot (@ 50% Steady State Current 0.065Q Straizht Leads 9.0 mm Max
Rhot (@ 25% Steady State Current 0.155Q Cag:-_'_us Fum Down
Max Capacitance (@) Max Veltage 15600 pF B 250425 mm
Iax Recommended Voltage 680 WV C 7504 1.0 mm
Dlatenial Type o

Revision Date: March 19, 2003

Ametherm, Ine. 3111 N, Deer Fun Foad #4 Carson City, NV 89701
Telephone: (BO0) 808-2434 (775) 884-2434  Fax: (775) 884-0670
www.ametherm.com
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The SEMISTACK SEMITEACH is a three phase rectifier and inverter.

device is used as the low voltage doubler rectifier and the VSI.

SEMISTACK - IGBT

SEMITRANS Stack!

Three-phase rectifier +
inverter with brake

chopper

SEMITEACH - IGBT
SKM 50 GB 123D
SKD 51

P3f250F

Features

* Multi-function |GET convertar

+ Tranzparant enclosurs to allow
vizualization of avery part

+ |P2x protaction to minimize
safety hazards

+ Extemal banana’/BNC type

connectors for all devices

Intagrated drive unit offering

short-circuit detectionfcut-off,

power supply failure detaction,

interock of IGETs + galvanic

isolation of the user

+ Forged-air cooled heatsink

Typical Applicaticns

+ Education: One stack can
simulate almost all exizting
industrial applications:

- 3-phazeinverter+brake chopper

- Buck or boost converter

- Single phase inverar

- Single or 2-phase rectifier

I Phato nen-contrasiual

Circuit lrma (A) Vae { Vdemax Types
BE&CI 30 4400 [ TRO SEMITEACH - IGBT
Symbol | Conditions Values |Units
I no avarload a0 A
TGET - I« GEMED GE 1230
Viegs 1200 v
Weepan | b= S04, Vag= 15V, chip level; T= 25{125)°C 2738 v
Vaes +20 v
I Tense= 25 (801°C 50 40 A
Lo Tense= 25 (80)°C; tp= 1Mz 100 (80 A
Rectifier - 1x SKD 51714
Vinmay | without filksr Jx 480 v
with fittar 3 x 280 v
O Capacitor bank - Electrohtic Zx Z200p FEOIV
Cagqu total equivalent capacitance 11007800 [pF/ W
Voomax | mas. DC voltage applied to the capacitor bank TEO v
Diiver - dx SKHI 22
Powear
supply 0/15 v
Currant
consump [ mew; per driver 16 mé
tion
tTr.l'::””E’ Normally Cpen typs (HO) 7 °C
00 AN f nn 00 00N A
I[¥F ¥ v WYY ¥ '-"g‘_l B R - - T
ek el b o
|
A= |
oir
(1 wm T = L. " T
— i RS CE 4 T i
o=
] h
- - i
B k wo o me o oma e |
] ] = [] M= o el
320 Sm— 03
F 340 308 e

General dimensions

Thig tachnical information spscifies ssmiconductor devices but promises no
charscteristics. Mo warranty or guarantes expressed or implied is made regarding
dalivary, parfformance or suitability.

08-06-2005 @ by SEMIKRON
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This LEM Current Transducer is used to measure the primary current in the

current control loop.

Current Transducer LT 100-S/SP30 | = 100 A

PN
For the electronic measurement of cuments - OC, AC, pulsed.
with a galvanic isolation between the primary circuit (high power)
and the secondary circuit (electronic circuit).
COMPLIANT
2002/ D5/EE
16240
Electrical data

l,  Primary nominal rm.s. current 100 & Features
I, Primary current, measurng range 0..x200 &
R, Measuring resistance Ry Rue * Closed loop (compensated) current

with + 12 W @ +100 Arm i 75 o ] transducer using the Hal EffeF:1

@004, 0 25 o Insulated plastc._case recognized
with £ 18V @004 3 135 g  3ccordnglo UL 84vD.
+200 A 30 58 o .
e e Special features
L., Secondary nominal r.m.s. current 100 mA
K, Conversion ratio 1:-1000 2T, = -4 £ TO°C
LA Supply wotage (& 5 ) 12 .18 \'} » Potted.
I Current consumption 23 @ £16Vi+l, mA
v, R.m.s. voltage for AC isolation test. 50 Hz, 1 mn 5 kW Advantages
| Accuracy - Dynamic performance data * Excellent accuracy
® Yzry good lineanty
X, Cweral accuracy @ L, . T, = 25°C + 05 o " Em'l' h‘_EHF-‘ETE‘NrE drﬁ:.
£, Linearity emor 201 5 . -H-F-tmlzed response time
_ * Wide frequency bandwidth
_ em ¥p | Max * No inseriion losses
I Ofisetcurrent @ |, =0, T, = 25°C cmee 04 mA 4 yigh mmunity to extemal
loy Thermal drift of I, -25°C .+ .C':C 03|08 mA nterference
S40°C .- 250 204210 mA oy oyrens overload capability.

t Response fime ™ @ 20 % of I =1 us
dildt diidt accurately folowed =50 aips  Applications
f Freguency bandwidth {- 1 dB) DC .. 150 kHz

* Single or three phases invertsr

| General data * Propulsion and braking chopper
* Propulsion converier

* Auxiliary converter

T, Ambient operating temperature -40 _+70 C * Battery ch
T, Ambient storage temperature -80..+85 C Sleny changer.
R_ Secondary cod resistance @ T, = T0°C 25 0 T .
m Macs 154 ) Application domain
Standards EM 50155
® Traction.
MNote : " With a difdt of 100 Alps.
oeDET 13

LEM resersms th rght to mairy oot medifcalions on s itassdumamm, in osder o improee tham. withou! previcus notice e 1%

LEM www_lem.com
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Dimensions LT 100-S/SP30 (n mm. 1 mm = 0.0394 inch)

1=

=@

Front view r/ | |
™y
| aﬁ'ﬁ o]
- L |
3 faston é.3x0.8 ars
T T
JWI N
[t |
o |
AN 57 | 12
76

- B 4007 -
[ {7 =]

\ = B
F ™~
I~ ¥, 9
NN 4
ra ]

&% | b
N L || LT

Saxed.d

Top view

Mechanical characteristics

+ 0.5 mm

4 holes & 4.3 mm

2 M4 steel screws
3.2 Nm or 2.38 Lb-Ft.
@ 15 mm

Faston 8.3 x 0B mm

* General tolerance
* Transducer fastening

Recommended fastening torque

* Conneclion of primary
* Connection of secondany

Remarks

® |, is positive when L fiows in the drection of the ammow.

* Temperature of the prmary conductor should not excesd

100°C.

Left view

50

Secondary terminals

Terminal + : supply wolage +12_ 18V
Terminal M : measure

Terminal - : supply woltage - 12 18W
Connection

LT 100-5/S5P20 ™

Safety

This transducer must be used in electric/electronic equipment
with respect to applicable standards and safety requrements
in accordance with the manufacturer's operating nstructions.

Caution, risk of electrizal shock

When operating the transducer, certan paris of the madulz can
camy hazardous woltage (eg. primary busbar, power supply).
gnoring this warning can lead to injury andior cause serious
damage.
This iransducer s a built-in dewice, whose conducting paris
must be inaccessible after installation.
& protectve housing or addtiona’ shisld could be used.
Main supply must be able to be disconnected.

DE0811/3

page 23

LEW remerves lherght % carrp ol madilcalioss on i hassdunar n oder ioimeioen them_ withoul previcus nolice.

WWW_lem.com
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The Ohmite Supermox and Dale RS-10 high wattage resistors are used in the

voltage divider circuit for the voltage probe.

High-voltage Super Mox resistors have been developad to mest
the precision temperature stability requiraments of high-accuracy
and high-voltage systems. Supar Mox combines propristary
norkinductive resistance system and design to achieve low tam-
perature coefficient, low voltage coefficients, high stability and
increased high operating voltages. Thase resistors are designed
to meet the demanding requirements of high voltage Ecnwer =]
plies, alectron microscopes, X-ray systems, high resolution CRT
displays and gecphysical instruments.

SPECIFICATIONS DERATING

Resistance Range: from 1 K2

Mox Series
High Voltage

; Su per
Rk .

 PTTTTRICTOTNNION

‘-mw

Uncoatad resishor elament pichuned for damoneiralon purpasas only.
Finished product Is coaled with sllizone.

1.38" [ 35mm £2

&

to B0GR on &l medels {contact
Cihimite for 541G 1 1T2)

Tolerances: 0.05%, 0.1%, 0.25%,
0.5%, 1%, 2%, 5%, 109 (0.05%
avail. to 100G, 0.25% to 10045,
other on request)

Tempearature Cosfficients: 5,
10, 15, 25, 80 and 100ppmoG
{10pEm® C available to 100G,
2bppmC to 100G, other on
request

Encapsulation: Silicone
Canfemal Coating

Terminal Material: Gold Plated

Core Material: Ala05 (95%)

Resistor Material: Rutherium
Ciwide

Op=rating Tempsraturs: -557%C
to 22597 {extended temperature
rangs to 350°C available)

PERFORMARNGE DATA

Parosni Rabed Watts
2 5 B 2

250

el
]

L 0 10 120 200
Amblent Temperahurs, "C

Irsulation FasiElEancs  «10,000 Mo B0 Volt 26 50 T6% ralaiiva humkiy
Dilchk Shenglh | 1,000 Vet 25 °C 75% ralalive hurnkdity
Themnal Shack S BB <O1% WP, MIL S 202, meingd 107

0.20% max, Cond. G (IEG 88 2 -14)
Cwerload 4 AR <0.1% k., 1dePm:rn

0.25% max. onmm&aﬂmumn&g&]
Molstura Resietance & AVA <.1% p.,  MIL St 202,

0.25% max. meiiod 108 (IEC 68 2 -3)
Load Life 4 AMA <0.1% typ., 1000 hours atraled power

0.25% max. {IEC 115 -1}

STANDARD PART NUMBERS

Part Number ‘Watlz 1% tal. TCR
MO 021 C04FVE. AW 1M Elppm
IIDIQHEEMFVE q.8W SM Elppm
MO 021 005FY q3.eW 10M S0ppm
MDIMEEEFI’E AEW M 1W$m
MOXI20210OSFVE awW 10M S1ppm
MOXRO2S0OSFVE W E0M E0ppm
MO0 DIEFVE aw 100M E0ppm
MOXa202100TFTE W 10C0M 100peEm
MO0 DOAFVE T.EW M Eappm
MOHIIN2S00IFVE. T.EW SM Elppm
MCXII021CISFVE T.EW 10M Elppm
MCXIINZ2EN5FTE T.EW ZEM 10apeEm
MOXI4021 DOSFVE. 10w 10M Edppm
MCXIA02E005FVE 1w E0M S0ppm
MK COSFVE. 10w 100M S0ppm
MO 00TFTE 10w 1000M 1[X]$m
MOHAS021 004FVE. 13.5% M Elppm
MCRIS02S004FVE. 12.8W M S0ppm
MOK3S021005FVE 13.5W 10M S0ppm
MOXIS022E05FTE 13.8W Z5M 100pEm
MOK3E021005FVE. 16w 10M E0ppm
MOXIB025005FVE 18W E0M E0ppm
MK 008FVE 18%W 100K SIppm
MOX3E021007TFTE 18W 1000M 100pem
MCHIT 021 004FVE. 20W 1M Elppm
MOKaT D25004FVE. 200 M E0rpm
MCT D21 00SFVE. 20 10M Eﬂﬁm
MOXAT0Z2E05FTE 20W 25M 100ppm

Chsek produs availability ot Www.ohmite.com

0.8 mm
r

-

ax. Dper, Max,  DUmENsiOns jin.jmm)
Serles ﬂﬂl-n[,l [w: Voltage Hangn iz) VCR® L 0
MOXSi0 380 15,000 %gﬁ_”s’g 3;.‘2 1072700 03800
MOXE20 500 21,000 115'5_-11% E% 146700 D.220.00
MOXS30 TS0 30,000 1‘&‘;1‘352 g;g 2055200 0.322.00
MOX340 1000 45000 ;:5?5?; g]g S0XTT00 03800
MOXS50 1350 60,000 316@0% 8’1:'3 AMR020 033820
Moxso 1600 7zoon S DA ga0n2200 034850
MOXST0 2000 90,000 s}iﬁ.ssu% ggg 5080500 034850

* typical vakis, contact fazlary for datalls

URDERING INFORMATIUN

Coallng
mmllloTnmd E:Fblﬁmrllplhm
MDKDIDZI“D'&JTE
T | | S——
Super Mow S ke Gh Tokrano s
sak char for waitags Frat® A= DOE
lh ki B= 0.0%
lar{pol mmes G = 025%
(-] ﬂ; as: D= 05%
1 e E= 1%
000 = 1000 G= 2%
1503 = 160, 000 4 = 6%
1005 =100 MG K=10%

Our Tech Center Is open 10am to
2pm CT Tuesdays and Thursdays,
Just call 866-9-0HMITE

Ohmite Mig. Co. 1600 Goll Rd., Roling Maadaws, L 60000 « 1-286-3-0HMITE = i1 1-B47 258-0200 « Fax 1-847-574-T522 » www.ohmile.com = Inkb@ohmie.com 71
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A4
RS, NS VISHAY.
Vishay Dale
Wirewound Resistors, Military, MIL-PRF-26 Qualified,

Type RW, Precision Power, Silicone Coated

FEATURES ]
* High tamperature coating (= 350 *C) "?\{y
* Comgplete weldad construction \‘;;_,_.

» Mastes applicable requirements of MIL-PRF-28 TR

* Availabls in non-inductive styles (type NS with
Aryton-Perry winding for lowsat reactive componsanis .83 |
Excellent stability in oparation {typical resistance

zhift < 0.5 %) RoHS*
* Lead (Pa)-Fres verzion iz AoHS Compliant COMPLAHT
STANDARD ELECTRICAL SPECIFICATIONS
GLOBAL |HISTORICAL |MIL-PRF-26] 1 0 RATING™ ML R o aCE WEIGHT
MODEL |MODEL =% : & [Typical)
U v
= 0.05 % [+3 % thry %.:5
TYPE  [thru=5%| +10% | =005% £01% 2025% |s05%a=1% =10% g
A58 BE-18 = 0,125 = = = = 0.1 - 890 01-990 | 015
A51A GEEIT = X} = 11k 0459- 1k |0.260 -32K| 01-34% [ 0.0-34K ] 02
As1E RE-12 = 0.78 = 1-13k | 0.400-1.3% [0.200-204| 01-48K | 0.1-46k| 023
A501A, BE1A = 10 = T-2.74% [0.209 - 272 R|0.408 - 1044 0. -704K [01-104K] 032
AS01A.300| Be-1A-300 | AWTO— 10 = 0259 -272R[0490 - 103 O1-10.4K |01- 102K .
1.0 = - 0.1-274K -
EEI BE-1M = 10 = 1-132% [0409-167K|0400-GE0% 01-885k |01-685K] 030
AS002 RE-2 = 40 B3 |0498-127k|0.489-127k| 01-471K | 01-471k |01-471k] 210
GEED] IR = 30 —  [0.499-2.20K[0.209 -2 20K|01-1674K| 0.1-1872k |0.1- 16748 065
AS028 RE-20 = 30 370 |0469-62k|0490-608| 01-245K | 0.1-240K |01-243k] 070
AS02E..300| RE-28-300 | AWTE™ 30 = = 0498-60K[0.1-248K | 0.1-245K |0.1-233K[ o
3.0 = = 0.1-648K -
AS02C RE-2C = 23 325 |0.400-50K|0200-66K| 01-323K | 0.1-323K |01-323k| 16
AS02C_17 | Re-20-17 = ] 375 |0.259-68K|0200 66K | 01-323K | 01-323K |01-323k] 16
9502023 | Be-20-23 AWEE™ = 338 01-323k
3.0 - = - - 01-20K 18
AS005 RE-3 = 50 B3 |0490-257 k(0409 -257k| 01-852K | 01-952k |01-852k| 42
A5003..68 | RE-5-68 C 5.0 = = 0.289-207K| 0.1-992K | D1-902K |01-892K| .
5.0 = 0.1-243K 2
A5005.70 | Be-5670 AWET = 5D oi-®mzk| o
= £.5 - - - - 0.1-8.2K -2
AS007 BET = 70 90  [0.499- 214 K|0299 212K 0.1-194K | 07 -194K | 01-108K| 47
AS010 RE-10 = 10.0 130 |0.490-734K[0.489-73.4k| 01-273K | 01-273k | 01-273k[ B0
AS010..38 | Re-10-38 RWTE™ 0.0 = 0.489-73.4K| 01-273k | 01-273k | 0.1-273K
10.0 = - 01-715K 80
S5010..39 | Be-10-38 awWEE™ = 130 DI-273K
= 11.0 - - - - 01-20K 80

** Available tolerance for these Mil parts is = 5 % for 1 2 and above, = 10 % balow 1 2.

" Aeailabie woisrance for these W parts is = 0.5 9 & £ 1 9 for resistance valuss 0.1 @ and above, £ 0.1 2. for resistancs values 0,499 2 and sbaove
"Wichay Dale RS models have two power ratings :B:-a"ding on operation smparature and stabifty reguiremsants.

MOTE: Shaded area indicatas most popular m 1

GLOEAL PART NUMEER INFORMATION
Maw Global Part Numbering: RSDQCmKtES?ﬂﬂpreferm\dlErrt nurnbering format)

[2] [c] [1] [o] [F] [s]

njnja

1 - — — y
GLOBALMOOEL || HE?.!_E'LFﬁIEGE TOLERAMCE CODE PRCEAGTNG SPECIAL
(Se= Sandard KH _TD.I-.SU]WHJ.:I % =g?g° E ::g % % gﬂ =L|_?|;'ddl:?fl-i}m'1- 'HEP_H3| [ﬁ?’ﬂ'ﬂn&naﬁﬂ ID&BE Igl.‘ljrrb;?
Electical 24N == % D= % = I-fres, TapeHeel 005 B la (up igi
Spadﬁl.“:;n"m Global|| 15R00=150 ||[F=210% J=250% ey il vl | I A
Model column 10KDD = 10k K=10m0 % Lead (Pbj-free is not available on AW military type|| as applicable
i jons) 570 =Tinllead, Tapa/R=sl (smaller than RE00S
roptions 573 = Tin/Lead, a_.Pa-Ftal:al il
Bz {Laad, Bulk

Historical Part Number example: RS-2C-17 10 ki 1% 570 (will continue to be accepted)

RS-2C-17 10 K02 1% 570
HIETORICAL MODEL RESISTANCE VALLE TOLERAMNCE CODE PACKAGING

" Pb containing terminations ars not BoHS compliant, sxemptions may apply

vewviwishay.com For technical gusstions, contact ww@bresistors @vishay com Document Murmber 30204
124 Rsvision Z2-Mar-08
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A U
VISHAY. RS. NS
Wirewound Resistors, Military, MIL-PRF-26 Qualified, Vishay Dale
Type RW, Precision Power, Silicone Coated

DIMENSIONS A e S
S GLOBAL DIMENSIONS in inchas [millimeters)
L MODEL
A B C D
': i {Max 1™

— 1' RE1B oSS £ 008 | — 0O0E5£0015 0020200002
8 —sl T D [3:84 = 0381 [165=0361] ({0506 = 0.05)
. . _ . RE1M 0290 £ 0.031 | 0281 00B5+0020  [0.020 200002
acll:l-:ﬁgﬁ:ﬁﬂ:r::‘tvg-msﬂuﬁﬁq mathads, the lsads may bs trmmed 1o [B3%5=0787] | [7.14] RAG=04808]  |/0508 = 0.081]
NOTE: RE-1/8 terminal length will be 1.0" [25.4 mrm] minimum. R512 031“2 £ 0,016 [ D328 ?D?B+Di:-1ﬂ - 0031 | D.020 = 0.002
MATERIAL SPECIFICATIONS _ [92+0.206] | [B.33] |11 98 + 0.406 - 0.787, /0,508 + 0.051)
Elsment: "'...ol::pE'-nckal oy or nickel-chrome alloy, depanding on RSMA 0206 £ 0031 | 0237 008 + 0,031 0020 = 0.002
rasiEtanos valus . RS A_300|110.31 + 0.787] | [11.10] [238+0767] (0508 + 0.05)
Cora: Caram “ﬂ?‘ﬁﬂ fite or alumina, dIE'P"‘d"'g on physical sizs REIM  |02B5:0023 | 0.31 0.T10=0015 | 0.020 = 0002
Coating: .|P'E'“ G ImmpeTaLpg aficona N [F24 + 03] | [7.80] ETE«038]  [0508 = 0081

Standard Temminals: 100 9% Sn, or 8040 Sn'Pb coatad nveald®.
NOTE: Miitary "7W" parts &re on Iy availsile with 040 Sn'Pb finish. RS002 0E25 £ 0062 | O7ES 0250 + 0,031 OL0E0 £ 0,002
End Caps: Stainlszs steel [13.68 = 1.87] | [19.43] [6.35 £ 0.7ET] [1.02 = 0u01]

Deuiatlc-ns for RS-1/8: Thermasat silicone mokded conatruction, —

will b= nickei-aitver alloy and teminalz will b rnsd copper RalaM  [os0so0ge2| ofE2 [ 0185:0015 | 0.032-0.002
Part! arking: DALE. Modal, Wattaga". Value, Tolarance, Date N270=1497 | [1457] | [#70=0361] [05153=0.001]
“Wattage marked on part will ba "U" characteristic RS02B 0380 £ 0062 | 0822 0BT £ 0031 0,032 = 0,002
RSIZE. 300\ [(12.22 = 1.487] | [19.60] | [#75:0767] [[0813=008)

& 120
s RS0ZC  |O000= 0062 | 0063 | 021820031 | 0.080=0002
T . [270=157 | 1908 | psez07er] |[oz-o08
= [y RS0ZC_17 0000 = 0062 | 0083 | 0218=0031 | 0.032=0008
2 w L TR RSIZC_25 |[1270=157] | [19.08) | [BA%=0767] {013 =0.081]
~ 40 T N
E | \\ Hele o [pemmsome| 10 0320031 | 0040 =0.000
5 g i P |ezeszvam | o | rFeeso7en  |[oe-nosy
\\\ CHAR W RE0OT 120062 | 128 | 0312=0031 |D080=0.002
- | M P09 =157 | @251 | [eesTE]  |[ozeoosy
NN RS0 176=0062 | 187 | 03@=0031 |0.080=0002
\
0 i M - RSL_36 |[$3.21=157] | 47.50) | [PA3+0767] | [102=008]
| cHaR U [N RS010.55 | 176200062 | 18¢ | 0300031 |0.090 =000
. | 2321 = 147 | 4674 | PS3=0767 | [1.02=008]
€550 (Iﬁ 30 150 250 50 g {Max ) dmension is clesn lead to clesn laad.
Derating B AMBIENT TEMPEAATURE IN °C

NS NON-INDUCTIVE

r\.-bdﬂbof?guivqlar'tph'aim andalactical spacifications ars awvailadle  Two conditons apply:

with nor-nductive [Argon-Parry) windng., They ame identfisd by 1. For NS modalz, GI'.'K:lB maximum resistance valuss by two
sulatnuting the latar M for Rin the model number (MS-3, forexampls). 2. Body 0.0. on NS-2C may exceed that of the AS-2C by 010"

TECHNICAL SPECIFICATIONS
PARAMETER UNIT AS RESISTOR CHARACTERISTICS
Temperature Cosfiicent opmisC =00 forbslowln =50 for1 2008095 + 20 for 10 2 and sbove
Dislectric Withstanding Voltags] Wac S00 rinimwmn for BS-1/8 thru BS-1A. 1000 minemum for all othsrs
Maximum Warking Voltags W (P xRITE
| Insulation Besistancs o 1000 Msagohm minimum dry, 100 Meoohm minmum after moisture test
Terminal Strength b 8 minimum for AS-1/8 thru BS-1A 10 minmum for all others
Solderabilty - MIL-PRF-28 typs - Mests reguirsmsnts of ANSI J-STD-002
Operating Temperature Hanas i Charactsrisitic U = - 85+ 250, Characteristic V = - B5/+ 350
PERFORMANCE*
TEAT CONDITIONS OF TEST TESTLIMITS
Characiensi: U [EEE C
Thermal Shcch Haed power apolied unil Termally Seanle, NEn & min. o] 15 MInkes al - G | = (0.2 % + 0.0 ) AR = [0 % + 106 Q] &K
=nort Time Dwerioad 5 rald power (3,75 wail anc smaen, 10 raisd power i wal and ligs o fescones [ = (0 :—:I.II'o QAR = ET % + 105 2l aF
DEECIN: Wihsandng Woitags] 500 minimum or Fe-178 Tew BS-TA, 000 for al oners, dwaion of T mingsE =0T+ AR =0T %+ [ [
_ow Temperature Siovage - B3 T Tar 2 holrs = 02 % + 008 0] AR = [0 % + 105 2] AF
High Temperafure Exgoswie | 250 nours ak | = + 230 °G, ¥ = + 390 G = (0.0 % + 005 Q) AR = (20 % + 005 02) &7
Molsiure Resisance WIL-5T0-202 Wenod 106, 70 nol apoicae = (U2 % + 0.05 Q) AR = [0 % + 000 ) &7
SNOCK, Speciled Pulss WIL-5TD0-202 WeEnod 213, 1009 Ior § mINseconds, 10 Shee = :III.1 o+ 0.05 2) AR = (0.7 % + 0006 ©) A
Wibvation, Figh Frequency’ Frequency varked 1070 3000 Hz, 30 g peak, 2 diechons ¥ hours each = (0.7 % £ 0.08 ) AR] = 0.2 % + U005 O AR
Load Lig 2000 howrs a7 e power + 25 =G, 1.5 hours "0, 0.5 hours "0FF =055 +0.05 21 AR] = (3.0 % + 005 21 A7
. = 510 10 &2, 5 0f 10 1D pUITTEST [BEDSNANg On 522), 101 % = 0.05 021 &3] = (1.0% + 0.05 )
Teaminal Strengtn Sorsion test - 3 aEatng dieclions, 380 £a = {01 % +0.052) AF| = (1.0% + 0,05 2) &7

"R AR figures shown are maximum, based upon testing requirsmsnis per MIL-PRF-26.

Document Mumbsr 30204 For technical questions, contact ww2brecictors@vishay com whenavishay.com
Revision 22-Mar-06 125
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probe circuit. These two pages are the first two pages only.

National
Semiconductor

LF411

August 2000

Low Offset, Low Drift JFET Input Operational Amplifier

General Description

These devices are low cost, high spesd, JFET input opsra-
tional amplifisrs with wary low input offsst voltage and guar-
antesd input offzet volage drift They require kow supply
current yst mairtain a large gain bandwidth product and fast
slew rate. In addition, well matched high voltage JFET input
devices provide very low input bias and offsst currents. The
LF4141 i pin compatible with the standard LM741 allowing
designers to immadiately upgrads the overall performance of
exizting designs.

These amplifiers may be used in applications such as high
spead integrators, fast VA comverters, sampls and hold
circuits and mary other circuits requiring low input offsst
wvoltage and drift, low input biag curent, high input irmped-
ance, high slew mts and wids bandwidth.

Features

| Internally trimmed offzet volbage: 05 mvimax)
8 |nput offset voltage drift: 10 P Cimax)
8 | ow input bias current: E0 pA
® Low input noise current: 0.1 p&AfHz
8 Wids gain bandwidth: 2 MHz{min)
8 High slew rats: 10 pa{min)
u Low supply current: 1.8 ma
8 High input impedancs: 10720
8 | ow total harmmonic distortion: =0.02%
8 Low 15 noise corner: E0 Hz
8 Fast ssttling time to 0.04%: 2 ps

Typical Connection

Ordering Information
LF411XYZ

¥ indicates slkectrical grde

¥ indicates temperaturs rangs
UM for military
"M for commercial

L indicates packags type
"H ar "N

BHFET II™ ks a Fademark of Matioral Bemiconducion Corporation.

Connection Diagrams
Metal Can Package

WPUT ’
HO% nV[l;I:'I:II;’- ﬂw BALAMEE
iz

oamEEOE
Mate: Pin 4 connacted 1o casa.
Top View
Crrder Number LF411ACH
or LE411MHMAE3 (Mots 11)
Ses NS Package Number HIBA

Duakin-Line Package
oy '

1
BaLangt —

B _:.::D-L._ .
3 i
NPT = BUTAIT
)
W —

[ naLac

OIFELOT
Top View
Qrder Number LFA11ACH, LF411CN
See NS Package Mumber MOBE

i 2004 Mational Semisonducky Coporation DED0SEES
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waranational. com

The LM 411CN is the Operational Amplifier used in voltage divider and voltage

daij)jdwy [euonedado induj 1340 Bl Mo ‘19SHO MO LipdT



LF411

Absolute Maximum Ratings ot 1) H Package N Package
f Military/Aerospace specified devices are required, Tymax 150°G 145°C
pl.aas!a contact the N.ati(?r] al Samiconc.ll.mw.r Sales Offical B 1GZCAN (Still Air) |20
Distributers for availability and specifications. BECM (400
LF411A LF411 LFimin
Supply Voltags 22 18V Air Flow)
Differential Input Voltage 38V +30W ac 20'CAW
Input Vaoltags Rangs Opsrating Temp.
(Pote 2) 18V +18W Range {Mits 4) (Mot 4)
Cutput Short Gincuit Storage Temp.
Duration Continuous Continuous Range —BECET, =150°C -8B CeT,=180°C
Lead Temp.
H Package N Package {Saldering, 2E0NC 260°C
Poweer Dissipation 10 =)
{Motes 3, 10) B0 miwy B70 mW ESD Tolemnos Rating to be determinsd.
DC Electrical Characteristics (nat 5
Symbaol Pararmeter Conditions LF4114 LF411 Units
Min | Typ | Max| Min | Typ Max
Veoa Input Offeet Valtage Fg=10 ki, To=28"C 03 0.5 o8 20 m
ANog/AT |Average TC of Input Fg=10 ki (Mote £) T 10 T 20 [T
Offset Volkags {Mote B)
las Input Cffeet Current V=15V TE2E'C 25 100 25 100 pA
{Notes &, T) TET0'G 2 2 n&
Tei258C 25 25 n&
Iy Input Bias Current V=118V TE2E'C =i 200 1] 200 pA
{Naotes &, T TE70'G 4 4 n&
Tei28c ED =] n&
Firg Input Resistances TE2E'C 1012 1012 Q
Ao Largs Signal Voltage V=18V, Vo=t10V, ED 200 25 200 Vimy
Gain R =2k, T,=2&'C
Chvar Temperaturs 200 15 200 Vimy
Va Output Voltage Swing V=118V, R =10k 12 | #4135 2| {35 v
Viem Input Common-kods +18.5 +11 | +145 v
Voltage Range -16.5 -11.5 v
CMRAR Comman-Maode RAg=10k a0 100 0 100 dB
Asjection Ratio
PSRA Supply Voltage {Note 8) a0 100 70 100 dB
Asjection Rafio
Ig Supply Current 18 2.8 18 34 mA
AC Electrical Characteristic ot 5
Symbaal Parameter Conditiens LF411A LF411 Units
Min | Typ | Max | Min | Typ | Max
SR Slew Rate Wa=+18W, T,=2E'C 10 18 ] 18 Vips
GBW Gain-Bandwidth Product Wa=+18W, T,=2E'C 3 4 27 4 MHz
Sn Equivalant Input Moise Voltage fT:1_i5_|f Flg=10010k, o5 o5 I
I Equivalent Input Moise Current T,=25"C, f=1 KHz 0. 0.0 pAd Az

wara natioral.com
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The Arnold Powdered core is used to create the external leakage inductance to

limit the change in current over change in time across the IGBTs of the VSI.

o.d. 2.250

l.d. 1.400/ht. 0.550

Dimensions
Cutside Diameter Inside Diamater Height
CORMERAS:
0,654 Aaprar, Bedore Coating 225%in 1,400 in 0,350 in
Sadis [Bpical Mamnal 5215 mm 3555 rom 13.87 mm
After Coating 2.285 in Max 1.368 in Min. {585 in Max.
[Fue Epoey) S804 mm M. TS mm M. 1485 mm bax
Physical Specificati
Effective Cmoss M i Approzimate Approximate Mean
Sectional Ama of  Efective Magnetic  Effective Com Window Weight of Length of Tum far Full
Magretic Path, o,  Path Length, |, Velume, ¥, Area Finished 1250 Core Winding (Half of LD.
{Refermnce) [Felerence) [Reference)  [Referencel Aemaining]
0234 3628n 1,261 in® VATD T PP 170 000g 215N
1444 om® 14 296 &m 2065 cm' Q483 om” HF 152 000g 5487 am
1871424 emil SMES 1260009
Electrical Specificati
Appeoximate Ratio of
DL Resistancs Lo
Inductance Facter  Inductance for Full Fait Numbers
Naminal mH +i- 8% Winding (Half of LD,
Pemmeahllity  for 1000 tumns Remalning), (¥mH Maolypemallay HIFLLX SLPER-MSS
b
S 1B 01z MP-275014-2  A-D96018-2 HF-225014-2  ME-225014-2
6 33 0.066 MP-275026-2  A094033-2 HF-125026-2  MB-225026-2
Bl 5 D MP2ISOE0-2  AS3B01S2  HF2ZSOEOZ MS-2150602
76 936 0.023 - - - MS-225075-2
Oy 12 0.019 = o o ME-225090-2
T 136 o014 MP2I51252  AI091562  HE2251252  WE-ZISII52
1474 i85 0.0z MP-225147-2  A-1551E5-2 HE-225147-2 —
1604 200 oo MP-225160-2  A-32E200-2 HF-225160-2 -
173p 218 oo MP-275173-2  A-182218-2 —_ —
2050 259 [L0084 MP-2I5205-2  A-21E259-2 — —
Heavy Film Magnet Wire Winding Data (Approximate)
Full Winding Full Winding
BWG  mm (Halfof LD Remalning!  Single Layer Winding AWG  mm  (Half of L. Remaining)  Single Layer Winding
Tums Ryt k2 Tums Refl  Lof. Tums g kb Tums Rl [,
i Z500 — = M DO0S4S &S0 28 FELH 4850 548 260 180 429
1 2240 — — #0008 7I0 F1 T 5850 B33 8B 3B 474
12 1000 Mz Mm% 43 007 789 | 30 02 0 MF3 0 133 33 S48 %9
11 & 17 a.0677 43 00 Bar ELN i 240 5 MR 582
1M B0 prrd Q1657 54 00247 978 EFR e 11380 EIET] w04 B
15 1400 ar 0165 € 00Ms W9
16 1250 347 0.258 62 00485 120
17 120 433 040 76 q0ETd 134
18 1om 9528 85 OGSy Wa
19 0.800 BIS 980 . 13 166
M 0gd0 B40 1525 0 Q18e 184
1 [eali] 1048 238 120 0iel 205
22 DE3D 1an 176 135 0369 2B
23 0sab 1622 580 150 0512 K2
4 Red Ml G1Y Y6E. Qoo
13 D45k 2514 1432 138 101 313
16 0400 33 P 210 143 348
7 0385 3880 46 m 188 38E

p- B9 2006
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o.d. 2.250
Molypermalloy Q Curves i.d. 1.400/ht. 0.550

1 [
Froquescy-Kiloker iz Froguency-Kilcherte

T I e
147 p 1 1730
5 I 1 206 1

Typecal Mohpermalloy § vs. freguency ouves at indicated inductance and dsiributed capadiande,

== ARNOLD

MAGHETIC TECHNOLDGIES

P90 2006
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The Metglas Powerlite C-core is the transformer core.

Met

POWERLITE®

High Frequency Distributed Gap
Inductor Cores

www. metglas.com

Typical DC Hysteresis Loop
Metglas® Alloy 26055A1

POWERLITE® C-Cores are manufactured

OC BH Loop of AMCC 16B Core

an

with iron based Metglas® armorphous Alloy
2605SAl. Their unigue combination of low

5 /,f——'——

loss and high saturation flux density provide

for size reduction and improvements in

B kG

energy efficiency making them an ideal
solution for automotive inductor applications

Benefits

Manufactured in a variety of ultra-efficient core
configurations, POWERLITE C-Cores provide

significant cost, design and performance benefits

over ordinary Si-Fe, ferrite and MPP cores such as:

+ High Saturation Flux Density (1.56 T)

» Low Profile - enables weight and volume reductions of up to 50%
+ Low Temperature Rise - enabling smaller compact designs
* Low Loss - resulting from micro-thin Metglas ribbon (25 pm)

Physical Properties METGLAS Alloy 2605541

Magnetic Properties METGLAS Powerlite Cores

Ribbon Thickness (pm) 25 Saturation Flux Density (Tesla) 1.56
Density (g/cm3) 7.18 Permeability (depending on gap size) VARIABLE
Thermal Expansion (ppm/°C) 7.6 Saturation Magnetostriction (ppm) 27
Crystallization Temperature (°C) 505 Electrical Resistivity (p 2 cm) 137
Curie Temperature (°C) 392
Continuous Service Temperature (°C) 150
Tensile Strength (MN/m2) 1k-1.7k
Elastic Modulus (GN/m2) 100-110
Vicker's Hardness (50g load) 860

e-mail: meiglas@metglas.com 1-800-581-7654 Copyright o2004-2005, Metglas, Inc. All Rights Ressrved
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M t POWERLITE®
e High Frequency Distributed Gap

Inductor Cores

www.metglas.com

Core Loss vs. Flux Density* @ 25°C

1000 I
100 ki
=1 POWERLITE
E00
S0 kHz
| POWERLITE |
200
100
__I A K I_
=0 PFOWERLITE
—, — 10 kHz
(&)
e ook |
‘g-—- z0 —_—
w
W 10 — (37
O -1 FOWWERLITE |:
|
E 5.0
D 4
O ALl
2.0 - -
1.0
0.5
|
e Peare(Wikg) = 6.5 fikHz)5! BiT)! ™
1 Wikg = 7.18 mW/Cm?
1 B B Y
oo LR LR T LS | o2 wE 4.0

Flux Density (T)

* These cunves were determined from ac data; use 1/2 the actual .B to determine core loss for unidirectional applications,

e-mall: meiglas@metglas com 1-800-581-7654 Copyright 62004-2005, Metglas, Inc. All Rights Reserved
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M t POWERLITE®
e High Frequency Distributed Gap

Inductor Cores

www.metglas.com

Saturation Induction vs. Temperature

— W
S :
2 3
£ 15 e 15 =
S ---h'"-ﬁ..._ %..
x c
——
= — — A
= - >
2 =
® 10 10 '-lé
=3
® =
o 0y
=
@
]
5 5
20 100 200 300 400
Temperature ("C )
Permeability vs. Temperature
5
4
3
% 2
& :} ~
= /f
Q4 /
Z 2
5 3
o 4
E 5 =
@ -5 e
a i~
=2 8 -
-G
-0 | |
-60 -40 -20 0 20 40 B0 80 100 120 140
Temperature (°C )
e-mail: medglas@meatglas com 1-800-581-7654 Copyright ©2004-2005, Metglas, Inc. All Rights Reserved
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M t POWERLITE®
e High Fregquency I}istributed Gap

nductor Cores

www.metglas.com

AMCC1000 ’7
| |

Amorphous Metal F c
ClConre J
Part Desigriation
[mry a I:—_AI
Core Dimensions Performance Parameters

e = ) e R ) I ) O Bl P P
AMCC 4 9.00 050 10.50 (32,75 | 1525 0.25 28,50 0.50 | 51.00 1.00 12,70 1.1l 344  3.B2 102
AMCC 6.3 0.0 050 11.00 33.0 2000 0.50 31.00 1.00 53.00 2.00 13.10 1.60 360 5.B0 150
AMCC 10 11,0 0.80 13.00  40.0 20.00 050 3500 1,00 6200 200 | 1540 | 1,80 | 520 |9.40 200
AMCC B 11,0 080 13.00  30.0 20,00 0.50 3500 1.00 52,00 2.00 13.20 1.80 390 7.00 170
AMCC 168 110|080 1300 50.0 2500 050 3500 100 7200 2.00 169 230 | 650 150 280
AMCC 16A 11.0 0.80 13.00 40.0 2500 050 35.00 1.00 6200 2.00 15.10 2.30 520 120 2580
AMCC 20 11.0 | 0.80 |13.00 50.0  30.00 0.50 35.00| 1.00 | 72.00 | 2.00 17.50 2.70 650 | 17.6 340
AMCC 40 13.0 0B0 15.00 560 3500 050 41.00 100 8200 @ 2.00 19.90 3.70 840 31.1 530
AMCC 25 13.0 | 0.80 |15.00 56.0  25.00 050 | 41.00 L.00 | B2.00  2.00 19.60 2.70 8B40 227 38O
AMCC 32 13,0 0.80 15.00 560 30,00 050 @ 4100 1.00 B2.00 2.00 20.00 3.20 840 269 460
AMCC 50 16,0 | 1.00 20.00 | 70.0  25.00 0.50 52.00 1.00 | 102.0 @ 3.00 24.90 3.30 140 462 540
AMCC 63 160 1.00 20.00 70.0 30,00 0.50 52.00 1.00 1020 3.00 25.30 3.90 14.0 B54.6 710
AMCC BO 16.0  1.00 20,00 | 70.0 40,00 1.00 52.00| 1.00 | 1020 | 3.00 25.40 5.20 4.0 | 728 as0

AMCC100 150 1.00 2000 70.0 4500 100 5200 1.00 1020 3.00 2500 G590 140 826 1,060
AMCC160 190 1.00 2500 83.0 4000 LO0D 63.00 1,00 1210 3.00 2850 650 20.8 1352 1,330
AMCC125 190 1,00 2500 83.0 3500 100 63.00 1.00 1210 3.00 3020 540 208 1121 1,170
AMCC250 100 1.00 25.00 900 6000 L00 6300 100 1280 300 3L40 930 225 2093 2,100
AMCC 200 190 1.00 2500 83.0 5000 100 63.00 1.00 1210 3.00 20.80 780 208 1622 1,670
AMCC 1688 204 050 30.20 1552 2000 0.50 7L00 0.75 1960 2,00 4540 335 457 1530 1,000
AMCC320 220 1.00 3500 850 5000 100 79.00 1,00 1200 400 3250 000 298 267.8 2,170
AMCC 400 | 220 1.00 35.00 | 850  65.00 100 | 79.00 1.00 | 1290 | 4.00 | 33.60 | 11,7 | 298 3481 | 2,820
AMCCS00 250 1.00 40.00 850 5500 100 90.00 1,00 1350 400 3560 11,3 340 3842 2900
AMCCB30 250 1,00 40.00 850 7000 100  90.00 1.00 1350 400 3560 143 3.0 4852 3,670
AMCCBOOA 250 1.00 40.00 850 8500 150 90.00 1.00 1350 400 3560 174 340 5916 4450
AMCC 367§ 258 1.00 6600 97.8 2500 0.70 1176 1,50 1404 150 43.78 520 63.68  338.0 1,662
AMCCBOOB 0.0 1,00 40.00 950 8500 150 1000 1.00 1550 4.00 3930 210 38.0 798.0 5930
AMCC1000 330 1.00 40.00 1050 B500 150 1060 1.00 17L0 500 4270 23.0 420 9660 7,060

Tha marufacturar ansurss thakt the outer dimensions and wsight of each individual cors
conforms B0 Spacificaticohs. HOWSVGr, COCG Profila and iomar window dimensions are Shown
for rafarence aod only minimum dimensicns are ensurad.

e-mail: metglaafmetglas com 1-800-581-7654 Copyright & 2004-2005, Meiglaz, Inc. All Rights Reasrved
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These ASC capacitors are used in the high voltage rectifier doubler.

METALLIZED POLYESTER
WLAPACITORS TAPE WRAP AND EPOXY FILL CASE xs75
FAGE 2 OF 4
]
e
| 1625" MIN | L MAx | 1525° MIN | D MAX
| | | | |
6000vVDC 8000vDC
CAP D L |LEAD] lew CAP 5] L |LEAD| bew
W | Max MAX | AWG | (A) Wh | Max MAX | AWG| (&)
00010 | g imm) | @zsmm| 2 | 2| 2997 g3t | Simm| 2 | 02
00022| girt) |ezammy| 2 | 04| |0002| §TO0 | iTmm| 2 | 05
0.0033 |'1%"_12[:$.rln) |'412'%Er§:n} e —— <1::'_453n|?:.-'| cEi'_G?Snﬁ.-'u 0|07
00047 | 10y Sy | 4z 3mm | 20 | ©8 | | 09947 | 155y | (S renmy | 20 | 11
ocee S, [ J50 o [ 2] foomm] 25, [ 2550 [ o [ 12
L |'1D4'.E::'8n2;n) |'412'.E35n::n} 0T o.0ie f1%%6|101;1] f521'2'3n£:;1] e
— |'1D?'%Erﬁrln) |'412'%Enjlrln} ol 0015 | (16 amem) | 31.7emmy | 20 | 34
L |'2%%Dn2;ﬂ) |'412'.E35n::n} il e 0022 fz%%?n;u f521'g'3|:;1] = 2
0033 | 15 Sy | 67 7y | 2 | 24| | 2% | o6 o | Simmy | 2 | 7S
Ll |1%Ta4n2;n) |j52'a".€:'ﬁnilllrln} i o.047 fzgﬁinn;n] fﬂi%‘il'i;ﬂ] ol
ooee | 958 | 2560 1o [ 5a]| [ooms | 105 | 35 | [0
010 | or G | o7 gmmy | 2 [ 192 | 210 | ) | giomm | 2 | 132
L .;Jn%?ﬁén) [B%E‘?::m s

301 WEST O STREET = OGALLALA, MNE 69153
Phone: (308) 284-3811 e-mailk sales@ascapacitor.com

Fax: (308) 284-8324 web: www_ascapacitor.com
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METALLIZED POLYESTER

QLAPALITORS TAPE WRAP AND EPOXY FILL CASE
PAGE 4 OF 4

GENERAL SPECIFICATIONS

PHYSICAL CHARACTERISTICS
CONSTRUCTION: NOM-INDUCTIVE WOLUND METALLIZED POLYESTER.
CASE: FLAME RETARDAMNT TAPE WRAP CASE AND EROXY FILL.
LEAD MATERIAL: AXIAL SOLDER COATED OR TINNED SOLID WIRE, AWG AS SPECIFIED IM TABLES.

DIMENSIONS: AS SPECIFIED IN TABLES.

ELECTRICAL CHARACTERISTICS

CAPACITANCE: AS SPECIFIED IN TABLES £ REQUESTED TOLERANCE WHEM MEASURED AT OR
REFERRED TC 1000 + 20 Hz AND 25 5 *C.

TOLERAMCE: £5%, £10%, AMND £20% AVAILABLE. OTHER TOLERANCES AVAILABELE UPON REQUEST.

DISSIPATION FACTOR: SHALL MOT BE GREATER THAM 1.0% WHEN MEASURED AT OR REFERRED TO
1000 £ 20 HzAND 25+ 5 °C.

INSULATION RESISTANCE: SHALL BE GREATER THAM 25,000 M FOR CAPACITANCE VALUES 0.40 pF
AND LESS OR 10,000 M2 X pF FOR CAPACITANCE VALUES GREATER THAM 0.40 yF WHEN MEASURED
AFTER 2 MINUTES ELECTRIFICATION AT 500WDC AND 25 + 5 *C.

DIELECTRIC STRENGTH: 140% RATED WVOLTAGE FOR 10 SECONDS THROUGH A LIMITING
RESISTAMCE OF 100 OHMEMNOLT AT 2525 °C.

RATED VOLTAGE: 2000vDC, 4000VDC, 8000VDC, 2000vDC, 10000VDC, AND 18000VDC AVAILABLE.

TEMPERATURE: -55 °C TO +85 *C AT FULL RATED VOLTAGE OPERATIOMAL TEMPERATURE, TO +585 °C
WITH 25% VOLTAGE DERATING, +105 *C MAX STORAGE TEMPERATURE.

ADDITIONAL INFORMATION
ORDERING INFORMATION: ALL ASC CAFACITORS ARE ORDERED BY "FAMILY CAP-TOL-VOLT'
DESIGMATION. (ILE. TO ORDER AM X675 0.047pF. £5%, 10000vDC CAPACITOR, REQUEST PART
NUMBER "X&75 .047-5-10000")

SEE ALSO: "GEMERAL INFORMATIOMN - POLYESTER CAPACITORS" DOCUMENT FOR ADDITIOMAL
PHYSICAL, ELECTRICAL, AND PERFORMANCE CHARACTERISTICS NOT MENTIONED IN THIS FILE.

WARNING: INFORMATION ON THIS FILE I3 SUBJECT TO CHANGE WITHOUT NOTICE AT ASC'S
DISCRETION.

LAST MODIFIEED: 0&323%TH

301 WEST O STREET = OGALLALA NE 69153
Phone: (308)284-3611 e-mail: salesi@ascapacitor.com
Faoe: (308) 284-8324 web: www._ascapacitor.com
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These Vishay diodes are used on the high voltage doubler rectifier.

N A
VISHAY

RGP02-12E THRU RGP02-20E

,/f’/’//f
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Démensions i1 inches and (miitmeters)
* Slasspiasht encaoswation fschnigue i coered by

Patent Mo 3,006,802, snd hrazed-lead 35sembly by Patent Mo 3,030,300

Vishay Semiconductors
formerly General Semiconductor

Glass Passivated Junction
' case style cproe @St Switching Rectifier

Reverse Voltage 1200 to 2000V
Forward Current 0.54

Features

= Plastic package has Underwriters Laboratories
Flammability Classification 840

= High temperature metallurgically bonded construction

= Capable of meeting environmental standards of
MIL-5-125800

= For use in high frequency rectifier circuits

= Fast switching for high efficiency

= Cavity-free glass passivated junction

= 0.5 Ampere operation at TA=55°C with no thermal
runaway

= Typical |r less than 0.2p4

= High temperature soldering guarantesd:
3A50°CH10 seconds, 0.375" (8.5mm) lead length,
5 Ibs. (2_3kg) tension

Mechanical Data

Case: Molded plastic over glass body
Terminals: Plated axial leads, solderable per
MIL-STD-750, Method 2028

Polarity: Caolor band denotes cathode end
Mounting Position: Any

Weight: 00120z, 03 g

Maximum Ratings & Thermal Characteristics ramnge =25 ammiert tamperstire uniess oinense specrea.

RGPOZ | RGPO2 | RGPD2Z | RGPD2 | RGPO2

Parameter Symbols| -12E -14E -16E -18E -20E Units
Maximum repetifive peak reverse valtage WRRM 1200 1400 1800 1200 2000 W
Maximum RMS voltage VRMS 240 @20 1120 1280 1400 W
Maximum DC Blocking voltage VDG 1200 1400 1800 1800 2000 W
Maximum average forward rectified curmrent I 05 A
0.375" {8.5mm) lead length at TA=55°C ! -
Peak forward surge current
2.3ms single half sine-wave superimposed IFsM 20 A
on rated load (JEDEC Methad)
Typical thermal resistancs Raus a5 o

Fax 20 '
Operating junction and siorage temperature range | Ty, TaTs -6 to +175 *C
Electrical Characteristics Ratings at 25"C amilent femperature uniess ctheniss speciied
Maximum instantaneous forward voltage at 0,14 VF 1.8 W
Maximum DC reverse current Ta=25°C IR 5.0
at rated OC blocking woltage Ta=125C 50 BA
Maximum reverss recovery fime at tr 300 ns
IF=0.84, Ir=1.04, In=0.28A
Typical junction capacitance at 4.0V, 1MHz c 50 pF

Mots:
{1) Thermal resistance tram junction fo ambikent and from junction to lead af 0375 (9.5mm) lead length, PC.E. mounted

Diocurnent Murmber 83609
18-Jan03
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RGP02-12E THRU RGP02-20E

Vishay Semiconductors
formerly General Semiconductor

Ratings and
Characteristic Curves ma - 2s'c uniess oeraise noted)
Fig. 1 — Forward Current Fig. 2 — Maximum Non-Repetitive
Derating Curve Peak Forward Surge Current
- i 1] = = = 5 — T —
= Resistiva or Inductive Load Ty= Ty max.
= =3 3.3ms Single Hal' Sine-Wave
E o4 I Sl (JEDEC Metnod)
' o ™
£ 03 I, 8 15 [
5 \ : N
(i o Ml
¥ oz b, E w0 M
X E ""‘-q..___.
I-I? E -""‘-...._-
% o1 ¥ 5 H
B a
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a . . . a
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Fig. 3 — Typical Instantaneous Fig. 4 — Typical Reverse
Forward Characteristics Characteristics
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Fig. 5 — Typical Junction
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This information is for the Ohmite resistors; the 10Q and the 100Q2 in the high

voltage doubler rectifier circuit.

Technical/Catalog Information AW101KE
Vendor |Ohmite
Category Resistors
Mounting Type ' Through Hole
Package Name Radial
Resistance | 100.00 Ohms [Typ]
Resistance Tolerance |+10%
Power 2.50 W [Max]
Working Voltage 1500.000 V [Max]
Diameter 13.0000 mm [Typ]
Length 20.000 mm [Typ]
Packaging Bulk
Energy 400.000 J [Max]
TO81 Catalog Page 1696 [Nom]
Height 22.000 mm [Typ]
D 13.000 mm [Typ]
H 22.000 mm [Typ]
L 20.000 mm [Typ]
S 17.500 mm [Typ]
Lead Free Status Lead Free
RoHS Status RoHS Compliant

AWI101KE
Other Names AWI01KE
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Technical/Catalog Information AW100KE
Vendor |Ohmite
Category Resistors
Mounting Type ' Through Hole
Package Name Radial
Resistance 10.00 Ohms [Typ]
Resistance Tolerance +10%
Power |2.50 W [Max]
Working Voltage 1500.000 V [Max]
Diameter | 13.0000 mm [Typ]
Length 20.000 mm [Typ]
Packaging Bulk
Energy 400.000 J [Max]
T081 Catalog Page 0 [Nom]
Height |22.000 mm [Typ]
D 13.000 mm [Typ]
H 22.000 mm [Typ]
L 20.000 mm [Typ]
S 17.500 mm [Typ]
Lead Free Status |Lead Free
RoHS Status RoHS Compliant

AWI100KE
Other Names AWI100KE
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