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Course Outline

* Switch types

* Vacuum/gas Switches
e Spark Gaps
e Thyratrons
* |gnitrons/ Others
 Solid State Switches
* Diodes
Thyristors

Bi-polar Junction Transistors
Metal-Oxide Semiconductor Field Effect Transistors
Insulated Gate Bi-polar Transistors

* Protection Devices
 Snubber Circuits
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ldeal Switch

\V/ = o0

| = o0

Closing/opening time* =0
L=C=R=0

Simple to control

No delay or jitter

Lasts forever

Never fails

*Avoid using in circuit simulations to reduce the chance of convergence problems.
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Types of Switches

* Electromechanical
* VVacuum

* Gas
e Spark gap
e Thyratron
* |gnitron
e Others, krytrons, BLTs (pseudo-spark gap), Crossatron
* Solid state
* Diodes
* Diode opening switch
* Thyrsitors
* Electrically triggered
* Optically triggered
e dV/dt triggered
* Transistors
e |GBT
« MOSFET
* Others, MCTs, SITs, avalanche devices
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Gas/Vacuum Switch Performance vs. Pressure

10* -
10°

AT™ T

102 .

10" .

107" -
1072
1073-
1074+

107%4
107C.

GAS PRESSURE (TORR)

10774

L PRESSURIZED
SPARK GAPS

— SUB ns FALL

-~ — KRYTRON -2 ns FALL

} THYRATRONS — 20 ns FALL

VACUUM

- } IGNITRONS 50- 100 ns
‘ GAPS

} LMPV — 500 ns FALL -

—100-500 ns FALL

10‘8-1

I8

DECREASING DELAY AND JITTER

LONGER RECOVERY TIME

1]

l } VACUUM _ o0 ea 1 he electrical breakdown of gases is dependent
X TUSBES .
on pressure as shown. Different types of gas

6
10° ¢ ——rr ——rr ——rr

107 E

VB [volts)
=)
T

10 1 PR S i | L 2 ;..“11 n PR S S R | 1 T PR
10 10 10
pd [Torr cm])

Paschen curve for various
gases

switches utilize this behavior to operate in
different regions of the Pashen curve.
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Vacuum Tube (Switch Tube)

* Triode, Tetrode, Pentode tubes _
Care and Feeding of Power

Grid Tubes

* Space-charge limited current flow
¢ Voyal?3

3/
E E 2
e Ip =K (Ecl + =<2 4 —b) for tetrode
Hs Hp
* |¢-Cathode current, K-Tube geom. constant, E :
control grid volts, E.,-screen grid volts, W, screen | EIMAC 4CXI000A

i TYPICAL
2
amp. factor, p,-Anode amp. Factor, E, anode vols | CCRARACTERISTICS.

CTERISTICS
* High power tubes have high dissipation

4 50 T SCREEN VOLTAGE — 325 VOLTS

PLATE CURRENT — AMPERES
= v o - = SCREEN CURRENT — AMPERES

\4\\\

Similar opening/closing characteristics
Maximum voltage ~0.15 MV

GRID VOLTAGE — VOLTS

Maximum current ~0.5 kA, more typically
<< 100 A

HV grid drive "°°

* Decreasing availability

1000 2000 3000

PLATE VOLTAGE — VOLTS
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Spark Gaps

Closing switch

Generally inexpensive - in simplest form: two electrodes with a gap
e Can operated from vacuum to high pressure (both sides of Paschen Curve)

Can use almost any gas or gas mixture as a dielectric. (air, dry nitrogen, SF,, CO,,
etc.) There are also liquid spark gaps (shock wave).

Wide operating range
« kVto MV
* Amps to MA

Time jitter ranges from ns for triggered gaps to 100’s of us (or longer) for self-
breaking overvoltage gaps
* Low jitter
* Trigger voltage ~ switch voltage
e High dV/dt trigger

Ia,‘s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
CLYE

Education in Beam Physics and Accelerator Technology




Spark Gaps (cont.)

e Repetition rates - usually single shot but low kHz possible for burst mode

* L,.~15nH/cm
* Rail-gap switch with multiple arc channels - lower inductance
 Lifetime limited

* Erosion of electrodes (tungsten, copper, stainless steel, steel, brass, molybdenum, special alloys)
* Debris across insulating surfaces

* Performance affected by temperature, pressure, electrode materials, surface condition of
electrode, condition of insulators, operating conditions, etc.

* Devices are commercially available
3]
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I”

“Commercial” Spark Gap

Note: EG&G >> Perkin Elmer >> ?7??

Triggered Spark Gap Ratings

O-A vr Typical Delay Time® Simultaneous Ratings | Simultancous Ratings Triggered spa rk Ga ps
Ceramic-Metal

PerkinE Imer Rangc, kV Mmn Trlg Recommended " when operated in mode A Crowbar Service, chch(nc S'yﬂch[n-g
Model Min/Max (kV Open | Trigger PerkinElmer (Nanoseconds) Typical Life: Typical Life: P
No. (1,10) SBY, kV Circunt Mode Transformer | At 70% SBY | At 40% SBY | 5000-20,000 Shots 1-5 Million Shots

@ | ® W (5) (&, 7) (11) (11) A e S

GP.89 21 b . f three electrodes in a hermetcaly

P.70
GP.30B
GP.22B 19 ) ) KA pech

GP-12B 74 ; ' ¢ jomit * Fast switching operation

Features

GP.14B ” 12 10m 1ambssst * High voltage holdoff
GP.41B ; ¥ A EeK currenis up t 0 |Ib T mA * Ceramic-metal construction

GP.32B : { \ A ; ) kKA a ] ¥ [ 15 As
by r * No warm up period
GP.15B | 2 £ £ ' '
nenie Al reduced * High current capability

GP.74B { i
GP.81B { i 1208 ' i
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Thyratron: Low-Pressure Gas Switch

* High voltage: kV to ~ 100kV (normally ~ 30-40kV per t
internal gap) e

RHS

* Maximum peak current 20-40 kA
* Closing switch ONLY, forward drop ~100 V

e Gas filled: 0.1-5.0 torr hydrogen or deuterium and hot
cathode

* Operate on the low pressure side of Paschen minimum

VOLTAGE

* High repetition rate: limited by recovery time after
conduction of 30-100us

* Low jitter (<1ns) with appropriate trigger For fast switching and low jitter,
o o o thyratrons need to operate near
* Limited di/dt (emission limitations of hot cathode) this pressure.
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Thyratrons (cont.)

Turn-on time (anode voltage fall time)
* 20 ns typical
* <5 ns for special tubes

Lifetime usually limited by cathode depletion (1-2 years of continuously on
operation) or loss of ability to control gas pressure (causes misfires, reduction of
standoff voltage capability)

Limited pulse duration

Low average current rating

Significant voltage reversal (>4 kV) during recovery can damage tube
* “Hollow Anode” tubes are designed to deal with voltage reversal.

Require tuning of the gas reservoir power supply to keep jitter low
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Thyratrons

* Envelope: glass or ceramic (high » ? Anode
power tubes) |
* Anode materials: molybdenum, Glass or
Ceramic
copper : Control ——— / Envelope
& ;ty » Grid

e Grid materials: copper, molybdenum

Filaments

 Cathode material: BaO, SrO, CaO

[ i Cathod
coating on tungsten or barium athode

aluminate impregnated tungsten >
» Reservoir (maintains gas pressure ’E’M‘
over life of tube) is a hydride material S
such as titanium, tantalum, etc. o
_ L
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Thyratron Operation

* Three phases of thyratron operation
* Triggering & commutation (closure)
e Steady-state conduction
* Recovery (opening)

* Positive polarity pulse applied to grid

* Cathode electrons flowing to grid ionize gas
in K-grid gap

1. Tnigger pulse appled
1o control gnd
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Thyratron Operation

* Grid voltage goes from negative to positive
initialing triggering

* Plasma fills K-grid gap, grid-cathode
breakdown

* Plasma electrons flow through grid and are
accelerated to anode

* Electrons flowing to anode ionize gas in A-
grid gap
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Thyratron Operation (cont.)

* Dense plasma forms between grid and
anode, creating a low resistance

electrical connection
Propaqating

* Grid is pulsed to anodic potential Plasma Fro

* Trigger circuit must be protected from
transient

* Plasma front propagates into grid-
cathode gap

3. Electrons from gnd-cathode
reqion create a dense plasma
in the gnd-anode reqion. The
plasma front propagates to
ward the cathode via break
down of gas
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Thyratron Operation (cont.)

* Plasma connects to cathode, completing
switch closure

Begin steady-state conduction

* Once source energy is dissipated,
e Current stops flowing through switch
* Plasma cools
* lons/electrons recombine (~¥ms)
e Switch is no longer conductive

Recovery complete

4. Closure
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Thyratron Grid Drive & Support Electronics

* 1-2 kV positive grid voltage to trigger. by peon e, THYRATRON
. . {T " }— CONTROL
 Negative bias required to prevent self %Hg ﬂ4_7zfﬂ'm" erib
triggering and improve recovery. .

470 Q

* Some tube use a second grid to pre-ionize
the plasma to increase di/dt and reduce 1004F 3014
jitter. T

e Cathode heater supply ~¥6.3 'V, 20-30 A. Vac

* Reservoir power supply, use DC to reduce
jitter ¥5.5V, 5-8 A.

* Allow ~ 15 minutes for tube to warm up
before applying anode voltage.

I i {___}+—¢t-100vV

THYRATRON
| ' ' - CATHODE

*5]
Typical grid drive circuit.

Is"‘s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Commercial Thyratron Examp

es

Type

Peak
Anode
Yoltage

epy (kV)

Average
Anode
Current
b (Adc)

Plate
Dissip>
tion
Factor
Pb

x 109y

Reser-
voir
Heater
VIA

Peak
Forward
Grid
Yoltage
gy
(Mn)

Impe-

dence

of Grid
Circuits
g (Max

EIA Type & Comments

Notes

Seated
Height x
Tube Width
{inches)

HY.2 8 100 1 y 27 6335 Noke 1 175 12 JAN 7821 1 235x1
MY.& 16 150 . 65 & 6. 8.3725 150 15 JAN 7782 2x14
HY & 1€ 35 5 65 & 6.7 8.37 1% 1€ JAN 76654 24x14
HY.&1 1€ 35( s 65 5 6385 Noke 1 1% 15 1 6x14
HY- X o 5 s 8 T 6375 6.34 200 s JAN 7820 dx2
HY 11 18 160 1.5 8 . 6375 6.34 200 S 22x225
HY 1A 18 5 5 5 T 8.311 Noke 1 178 5 JANEB13 1 Sx2
Y1102 18 100( S 16 6375 638 y. 5 y 2% 2
HY 192 32 100( 22 &5 6.3125 8.25.5 150 25 3 375x3.25
HY. 2 32 150( 22 &75 6.318 8.355 450 4 4 4 x2€
HY-J24 32 150( 1 25 4 6318 8.38 450 4 bio 10MA 2 <Tusec K xB
1802 25 500 2.2 &5 ¢ 6.3125 8.355 500 4 JAN 7322 4 4x328
HY. 3002 25 500 2.2 &5 5 63125 8.355 50 4 4x328
HY.- 3003 5 S00 2.2 75 < 63125 8.355 50 4 4 x325
HY. 3004 25 500 2.2 &5 6.3125 8.35.5 50 4 475x3.25
HY. 3005 5 500 2.2 &5 P 6.312 8.35.5 50 4 3 475x3.25
HY. X125 28 500 2.2 475 5 6.317 8.355 50 25 425x .28
HY J189 2 500 22 &75 < 6.312 8.355 50 25 15x3
HY.5 4( 500 8 125 R 6.35 45 13 1 8514 Sxd5
HY.53 4 500 4 o 04 6.33 45 13 1 3 5§x45
LS 31018 % 500 2 45 < 6318 8.38 50 25 6 §25x 13
LS4101 4( 12000 3 55 6.V8 8.38 50 25 3 E 8x15
LS411 4 1200( 3 55 T 6.328 8.38 50 25 56 B25x 3¢
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Thyratrons - Definition of Terms

TERMS USED TO CHARACTERIZE INDIVIDUAL PULSES
maximum positive anode voitage, with respect to the cathode.
maximum negative anode voltage, with respect to the cathode.
maxamum instantaneous positive anode current.
maximum instantaneous negative anode current.
current pulse full-wadth at half-maximum.
average number of pulses/second.
time for the forward current to rise from 10% to 90% of its peak value.
time for the forward anode voltage to collapse from 90% to 10% of its maximum value.
time interval between triggering and commutation (commutation is defined below). The precise
reference points for this interval vary with the application.
gradual decrease in anode delay time that occurs as the thyratron warms up.

pulse-to-pulse variation in anode delay time.
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Thyratrons - Definition of Terms

TIME AVERAGED QUANTITIES
forward current averaged over one second.
root-mean-square current averaged over one second.

numerical factor proportional to the power dissipated at the anode, averaged over one

second. Pb = epy x ib x prr.
STRUCTURAL PARTS OF THE THYRATRON

grid placed between the control grid and cathode in some thyratrons. A small DC current (or a larger pulsed
current) applied between Auxiliary Grid and cathode can be used to control the anode delay time. (Anode delay time is
defined above). Thyratrons with auxiliary girds are called Tetrode Thyratrons.
maintains the gas pressure in the tube at a level which depends on the reservoir heater voltage.

GENERAL TERMINOLOGY
applied voltage at which a thyratron will break down spontaneously, without
being triggered.
transition from trigger breakdown to full closure of the thyratron.
time which must elapse after decay of the circuit current before anode voltage can be reapplied to the
thyratron without causing self-breakdown. The maximum possible pulse repetition rate is the inverse of the recovery time.

negative DC voltage which may be applied to the control grid to speed up recovery.
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Thyratron Tradeoffs

10k

—
* Thyratrons offer high voltage blocking at "
reasonably high peak currents and rate of ]
rise of the current, as well as low jitter % =
and reasonable pulse repetition rates. £ g
& E
* They suffer from limitations in the total : =
Coulombs transferred per shot, arcing if 1% ‘%‘9
the peak power is exceeded, need for 7 =
frequent tuning for low jitter operation, s 2%
depletion of the hydrogen reservoir and = 3
the probability of random voltage -
breakdown.
* Not good for long pulse widths or large 0o 4 1 | ; : :
Coulomb transfers. o e -

Ro~! (ohm-cm?)-!
.3 |

l L]
10 50 100 150
PULSE WIDTH (usec)
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lgnitrons

Mercury filled switch

. Anode
* Low pressure device: ~0.001 Torr @ 702 F Anode material - molybdenum or @
. . graphite
* High voltage, high current (kA to 100’s kA) Grids - graphite
. . . . . Igniter - boron carbide
* Very simple device with many operational issues
* Mounting (must be mounted vertically) ' — Ignitor
H
* Vibration Pool
* Anode needs to be heated to keep mercury Cathode
evaporated off
* Ringing discharge affects lifetime ANODE

- = o mca— GRADIENT GRID
....... e CONTROL GRID

* Operating voltage affected by tube pressure and T AL

electrode condition [ | IGNITOR
P,

* Has rep-rate limits and requires temperature control

e Current affected by plasma instabilities
CATHODE

e Jitter and turn-on delays issues
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Other Gas Switches

* Plasma Opening Switch

* Initially, a high density plasma forms a low-conductivity channel (switch closed)
Plasma conductivity is rapidly decreased, ~10 to 100 ns, opening the switch
Opening mechanisms

* Plasma erosion switch: plasma source is turned off, conductive particles are swept out by
applied fields (plasma erodes), switch opens

* Applied fields inhibit the flow of conductive particles (electrons) across switch

Used primarily in effects simulators
Voltage: >MV, Current: >SMA

e Krytron — Triggered, low pressure arc discharge device
* Crossatron — Low pressure, glow discharge switch capable of interrupting currents

* Back Light Thyratron (Psuedo-Spark Gap) — Cold cathode, glow discharge switch

Ia"l's U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Solid-state Devices - General Observations

* Low jitter (ns)
e Switching speed varies from very fast (ns) to slow (100’s ps)

* Limited in peak power capability. High voltage requires series stacks and high
peak current requires parallel arrays.

» Usually high average current capability (compared with thyratrons)
* Both closing devices and opening devices available

* Most can operate at high repetition rate

* Low cost in terms of average power rating

* Long lifetime if operated within peak ratings, but usually catastrophic failure
when voltage ratings exceeded

Iau'l.s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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p-n junction Diodes

Anode Cathode
* |deal diodes switch from perfectly
conducting to perfectly blocking as
the voltage across the device ol 60 i
reverses. - il
* Many types of diodes including, //l
junction diodes, Schottky diodes, O 7 e /]
PIN diodes, Zener diodes, TVS Shockley or ideal diode law % o :]2828\17‘}/
diodes and step recovery diodes valid for small signals at [A] 7//
which you may encounter in pulsed SteadyState 20 7
power electronics. 1210[ nkT/q _1] i /1]
Y/
| rd
lo - diode leakage current, 0 ; 1 . 3 ”
k — Boltzmann constant.
Ve [V]

"“‘3 U S. Particle Accelerator SChOOI Pulsed Power Engineering Winter 2025
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Non-ldeal Si Diodes, Turn On/Off Transients

VDIODE(tl
e At turn ON or forward recovery, a large N

forward voltage develops due to low _ 2 : ’ d
initial conductivity. . / ; \
e At turn OFF or reverse recovery, charge | i i

accumulates in the junction causing a
reverse current to flow. Current

continues to flow until carriers have Iorooe(t) | | |
recombined. A large negative voltage / . 3 )ﬁ t —

can develop until the slope of di/dt i i © i "t
reverses. '

 Both conditions could result in
overvoltage of the diode or other _ v ;
devices in the circuit. 1 2 (3) - (4) 5) (6

I!’“‘s }JSP gcggg!gﬁfcelerator School Pulsed Power Engineering Winter 2025
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Diode Opening Switch

» Solid state equivalent to Plasma Opening Switch Lo1%

B plasma distribution | | ®

* Forward bias junction, switch closed

* Reverse bias switch, carriers swept from
junction, when carriers are depleted, switch is
open

\J

* Any diode will work, but ideally junction carrier
density remains constant until all remaining 0 =150 nm W0am . [20um
carriers are swept out of gap

* Dependent on doping profile across junction

n

I

DSRD: (a) design and “plasma”

"91’}\ l
: N . : o distribution, ~dc bias, pulse 10
Carrier crossing time (500 V, Si junction): ~0.5 ns bias, (b) “plasma” distribution at | ‘ o
* Electrons ~3X faster than holes start of reverse bias 1015 |
 Drift Step Recovery Diode/Device (DSRD), Grekhov, et.al., 2004 PMC e O
approximates ideal 1014 | X
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Thyristors (SCR)

e Closing switch
* Solid state analogy to thyratron

* Maximum voltage:
e Silicon: ~6.5 kV, limited by defects
 Silicon carbide: ~20 kV, not commercially available

* Maximum current
e RMS: ~5 kA
* Pulsed: 10 to 100X (or more) greater (pulse length dependent, 1°*t)

("}
xO——slo|s|lo———0 »

Anode

* Low forward drop, <3 V (typical), low loss
* Simple to trigger
 All types of thyristors can be triggered by applying high dV/dt

* Generally, slow switch for pulsed power applications TR ]
* Do not exceed di/dt rating.

* Used widely in AC circuits such as phase-controlled power supplies ‘ ‘
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Thyristors (cont.)

e Silicon Controlled Rectifier (SCR) GTO 9 Po(
* Simple, powerful, relatively inexpensive structure : l . !
« Switching speed - [\ nt )
* Phase Control: intended for 50/60 Hz operation n-
* Inverter grade: ~10 ps (typical) =
* Triggering
e Low energy trigger switches device, will remain l 6]
on as long as l¢ongucted™lthreshold Anode A
e Electrical i
e ~3V
* <mA small devices, <A largest devices
* Optical lt
 MOS gate (MCT) and gate turn-off versions H
available (GTO, IGCT) Gateo_{ 0
|
(@]

*[7]
Cathode

I!’“‘s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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Fast (Pulse) Thyristors

* Higher energy trigger - faster carrier
injection and faster turn on

- . W
A TTTTTTLETTATAST
e ad
AP ARLLARAANAL ey

 Reverse blocking diode thyristor (RBDT) oyE o
(Break over diode, BOD) -

* Triggered by high dV/dt ~ 102 V/s
* Turnontime<us

* Photon initiated (optical) thyristor

* Triggered by intense optical pulse that
liberates carriers throughout junction

* Turn on time << us

Fig. 2. End view drawings of optical thyristor

McDonald, IPMC2006 Fig. 3. Photograph of PIMM optical thyristor Fig. 4. Photograph of Two-Switch Electrode assembly.
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Bulk Semiconductor Switches

e Bulk semiconductor materials; Si, GaAs, diamond-like carbon, can be used as a
switch

* Carriers can be produced through the bulk of the material by depositing energy;
photons (laser) or electron beam, to trigger the switch

* |f trigger induces carrier avalanching, then can only operate as a closing switch, if
not avalanching, then removal of trigger source will cause switch to open

* Not commercially available at present, but subject to ongoing investigation and
development

* Potential for very high-power solid-state switch
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Power Transistors

Collector

* Hard switch: closes and opens Collector
* Bi-polar devices Cate |
* Minority carrier devices °—| Gate |<|_—3L
e Conduction characterized by V£ < 3 V (typical) *l
* NPN/PNP power transistors generally replaced by Emitter l iier

Insulated Gate Bipolar Transistors (IGBT)

* Lower drive power
* Available at higher voltage, current and power

IGBT Symbol & Equivalent circuit

* Field effect transistors Prat g
* Majority carrier devices |
* Metal Oxide Semiconductor Field Effect Transistor Gate \ < %
(MOSFET) |
* Conduction characterized by Rps oy ~ Q Sourced

MOSFET Symbol (N-type)
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Bipolar Junction Transistor BJTs

Base-Emitter junction Base-Collector junction

E n

* PNP or NPN type devices

 Largely eclipsed by MOSFETs and
IGBTs

* Described by

15 - saturation region
aVBE / I;=0.4mA
10 - [— I;=03mA
QE\ active region
~ I,=02mA
Ic = Blp = ’
, " " 51 -
Where 3 is the transistor gain. — I=0.1mA
cutoff‘region
I;=0mA
A 1 | v 1 ’
5 10 15 20
Vee (V) {npn}
Vee (V) {pnp}
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Insulted Gate Bipolar Transistor IGBTs

* Wide-spread use in power
electronics - availability of high
power modules

* Voltages: 600V, 1.2 kV, 1.7 kV, 3.3

kV, 4.5 kV, 6.5 kV A 1200 V, 80 A
 Currents: to ~kA average i device
* Pulsed current, ~us pulse Emitter Gate
duration, to ~10X greater with

care

* Configurations: single die, single

6500 V, 750 A
switch-parallel die, chopper, bridge

device

©
e‘
@T@
© o

pt+ |

n- drift region

Collector
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|GBT Structures

* There are three main types of structures
used by manufacturers of IGBTs
e Punch Through (PT)
* Non Punch Through (NPT)
* Field Stop

* They have evolved first from PT

technology generally towards faster
switching and lower loss.

e All three are still available

Nl'.s U.S. Particle Accelerator School
Q’ Education in Beam Physics and Accelerator Technology

Punch Through I

Non Punch Through I

Trench + Field-Stop I

Gate

n- basis (epi)

Collector

Emitter Gate
-E
<
n-basis (substrate)
A
Collector ‘
* Implanted back-emitter

Advantage
better adjustable

Performance
» Lower switching losses
» Higher switching robustness

“8]

Emitter Gate
-E
< .

n- basis (substrate)

Collector

Advantage

* Implanted backs-emitter

» Implanted fieldstop
enables thinner base region

Performance

* Lower VCEsat

« Lower switching losses

» Robustness like NPT

Pulsed Power Engineering Winter 2025



IGBT Switching Characteristics

* Turn on
» Ultra-fast (single die): as fast as ~50 ns
* Power modules: ~0.5 ps (with sophisticated triggering)

e Turn off
 |nitial turn off is fast, ~turn on time

 Tail: following initial turn off, a low current tail (~ A to 10’s of A) due to carrier recombination
may persist for ps to 10’s of ps, full voltage across device = high dissipation

* Switching losses typically dominate device dissipation, small devices may operate
to “MHz, power modules typically operate at 10 to 50 kHz or less

Is"'-s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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IGBT Switching

* Insulated gate structure, capacitive load to trigger circuit

e Threshold (to turn on) ~5V

 Maximum gate voltage ~30 V (higher voltage may punch through oxide)
* Typically bias gate from 10-15V

 Saturation current (Ve increases dramatically for | > lc7) a Ve UTPUT CHARACTERISTICS

* Low I, limits fault current, protects device/system — | e
* V. only weakly dependent on Vg Tj=25'C it 18V
@ 1600 18\/// 14V —
e Optimum (fastest, lowest loss) triggering ] VsEneoy /am
* 2-stage gate drive: 1200 f——
 HV (50 to >100 V): initiates current flow to gate (parasitic L) § ol 1
» 2" ary drive holds gate at 10— 15V 5 10V
 Bi-polar, fast turn off requires inverse pulse % Hd =
* Does not significantly reduce tail

0
* Turn off slowly from fault condition, may loose control if L dl/dt is too high T N S T .

COLLECTOR-EMITTER VOLTAGE, Vggieay, (VOLTS)

Is"'-s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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|IGBT Turn On

* A positive gate voltage charges the gate ;

. . AP AR A I Bkl PP _,I\,"_ :
capacitance to a threshold voltage Vry, at which L ‘ i VeE
time the IGBT begins to conduct current. ’

R : ]
y \ | -1
M : . I‘I \ J ""
* Higher drive voltage and lower gate resistance : ‘:b D
. . R R e B e W o 117 o T 1 T
lead to lower turn on delay and switching losses, _J 1A AN

however can lead to oscillations at turn off. 7o fE\

* Different values of gate resistance can be used 0N, Ve |
for turn on and turn off to reduce switching e ERE
losses and avoid turn off oscillations. e

\

. .
. .,l’
,“.'v,<.—"f.,‘<

/"
. _/ .

Vee, Vce and ¢ during IGBT turn

on
“[8]

Ia".s U.S. Particle Accelerator School
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IGBT Turn Off

* The gate of an IGBT needs to be driven and
held at a negative voltage to prevent the
device from turning back on.

15 =weww 1200

10 + —+ 1000

* The gate voltage initially falls to a region
known as the Miller Plateau where the reverse 5
transfer capacitor C,.¢ discharges.

-+ 800

—+ 600

Vee [V]

Vee [V]

* Lowering the gate resistance will shorten the
duration of the Miller Plateau, but has
diminishing returns for turn off time and will
lead to loss of control over the turn off process
and cause oscillations.

1 400

-10 4 -+ 200

* High di/dt during turn off can lead to 15 4 pumcsamirndr! | | 0
overvoltage due to parasitic inductances. 0.7 o T8 tius] 225 278 325

Ve and Ve during IGBT turn off
with different gate resistors.
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|GBT Capacitance

* |GBTs (and MOSFETs) can have large gate capacitance

Cee as well as capacitance between the collector and
gate C.; known as Miller Capacitance.

* Both are non-linear with voltage.

* Both have consequences during switching.

Ig«".s U.S. Particle Accelerator School
CLYH
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|IGBT Gate Drives

* Drivers should drive the gate from <-10V to +15
V or more and be capable of driving the gate
capacitance.

* Using a lower value of gate resistance for turn
on and turn off should be considered for fastest
switching.

* |GBT losses are very high when not in saturation
which can occur during fault conditions.
Desaturation detection by the driver is critical to
prevent device destruction.

* Drivers should be designed carefully (include de-
saturation detection for low impedance loads),
commercial drivers are available.

Is"l's U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
CLYE

Education in Beam Physics and Accelerator Technology



|IGBT (cont.)

* Easily damaged by reverse voltage (>100 V)
* Include anti-parallel diode in circuit
* Integrated into modules

* “Traction motor” modules
* “Single wide”: 12 chips: 8 IGBT/4 diode
* Internal interconnections may promote oscillations between chips under fault conditions

* Exercise caution when connecting in parallel
* Often have negative coefficient of V. with temperature

e Device carrying excess current than neighbors will get hotter, forward voltage will drop, and it
will carry even more current

Is"'-s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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IGBT Reliability Considerations

* Collector-Emitter voltage, V¢
* Exceeding, even momentarily, will damage/destroy device
* Usually limit nominal off-state voltage to 67% of V¢

e Cosmic ray withstand voltage

 Statistical probability dies will be struck by cosmic ray, if V > withstand voltage, die will fail.
Limits “normal” voltage across device.

* Not always on data sheet, ask manufacturer, typically ~60% of V¢

l!,""-s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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IGBT Reliability Considerations (cont.)

 Partial discharge rating/insulation capability

* International standard sets minimum voltage cycle that results in 10 pC internal discharge for
package rating (e.g. 3.3 kV device). Exceeding voltage will shorten device life.

* Thermal
* Exceeding maximum die temperature will result in rapid failure of device

* Thermal cycling
* Die temperature variations (as device cycles on/off) fatigue bond wires
* Manufacturer can provide data to determine impact on life for a calculated cycle

Is"'-s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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|IGBT Data Sheet
7AOWEREX CM200HG-130H

L 6 . 5 kV' 2 OO A IG BT mo d u Ie Powerex, Inc., 200 E. Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925:7272  Gingle IGBTMOD™

designed for traction 20 Ampvon/6bg ol

applications.

A
‘ D
le—C——= DETAIL “A"|
T A - o N 5
(= |
_-_-_-_—]: = 1T i
F T Y, !
I = |
| N | . E B
]_ v te |0 i
HHHH =] * = @ |
Iplgig il T JI[LS |
i = i1 | i W K
K (4 PLACES) Jl L (2 PLACES)
DETAIL “B”
ol Description:
ks\_" T : Powerex IGBTMOD™ Modules
’ | | are designed for use in switching
T _k i i |—|—| applications. Each module consists
e ; l —= | T of one IGBT Transistor in a
Q == ] ==, N reverse-connected super-fast
N T — ﬂ recovery free-wheel diode.
1 ] I All components and interconnects
* w are isolated from the heat sinking
H baseplate, offering simplified
Vi S, TR ] Z | system assembly and thermal
Py BB | | management.
f B 1T Features:
= oo—11 [J Low Drive P
* w Drive Power

DETAIL “A” DETAIL “B” [ Low VCE(sat)
[ Qunar-Faat Racnvary
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IGBT Data Sheet (cont.)

* 6500 V rating should be derated
for DC voltages to approximately
60% due to cosmic radiation
damage and transients.

e Pulse current rating at 400 A,
dependent on pulse width and

SW

itching frequency to keep the

junction temperature below 125

C.

* See Transient Thermal
Impedance Characteristics
below.

T
I

U.S. Particle Accelerator School

Education in Beam Physics and Accelerator Technology

7OWEREX

Powerex, Inc., 200 E. Hillis Street, Youngwood, Pennsylvania 15697-1800 (724) 925-7272

CM200HG-130H
Single IGBTMOD™ HVIGBT Module
200 Amperes/6500 Volts

Absolute Maximum Ratings, Ti =25 °C unless otherwise specified

Ratings Symbol CM200HG-130H Units
Junction Temperature T; -40 to 150 °C
Storage Temperature Tstg -40 to 125 G
Operating Temperature Topr -40 to 125 °C
Collector-Emitter Voltage (Vg = OV, Tj = -40°C) VCES 5800 Volts
Collector-Emitter Voltage (Vg = 0V, Tj = +25°C) VCES 6300 Volts
Collector-Emitter Voltage (Vg = 0V, Tj = +125°C) VCES 6500 Volts
Gate-Emitter Voltage (Vg = 0V) Vaes +20 Volts
Collector Current (DC, T = 80°C) I 200 Amperes
Peak Collector Current (Pulse) lcm 400" Amperes
Emitter Current** (T, = 25°C) 13 200 Amperes
Emitter Surge Current™ (Pulse) lEM 400" Amperes
Maximum Collector Dissipation (T¢ = 25°C, IGBT Part, Tjimax) = 125°C) Pc 2900 Watts
Partial Discharge (V4 = 6900 Vymg, Vo = 5100 Vipg, 60 Hz (Acc. to IEC 1287)) Qpd 10 pC
Max. Mounting Torque M8 Main Terminal Screws - 133 in-Ib
Max. Mounting Torque M6 Mounting Screws - 53 in-Ib
Module Weight (Typical) = 0.52 kg
Isolation Voltage (Charged Part to Baseplate, AC 60Hz 1 min.) Viso 10200 Volts
Maximum Turn-Off Switching Current - 400 Amperes
(Voo = 4500V, Ve = £15Y, R = 72Q, Tj = 125°C)

Short Circuit Capability, Maximum Pulse Width - 10 us
(Voe = 4500V, Ve = £15V, Rg(off) 2 729, Tj = 125°C)

Maximum Reverse Recovery Instantaneous Power - 1200 kW

(Vo = 4500V, dig/dt < 1000A/us, Tj = 125°C)

Pulsed Power Engineering Winter 2025



IGBT Data Sheet (cont.

UTPUT CHARACTERISTI FREE-WHEEL DIODE FORWARD FREE-WHEEL DIODE REVERSE RECOVERY
O Cl C STICS
(TYPICAL) CHARACTERISTICS (TYPICAL) ENERGY CHARACTERISTICS (TYPICAL)
2000 T s 5 8 T T - T
Tj=25C 15V 5 Vge=0V @ Ve = 3600V
. . @ 18V} g 7F ==—Tj=257C 2 10| Vee==15v
£ 1600 14v— % T = 125° g 1 e
* Avoid normal switch § o mmoTimEE 1 & |
= i g= n
S 13V Y T 125°C
. . . . £ 1200 | g 5 ] i L~
12V 3 &
operation in Active Region D 2 oo /1
= & x /
3 800 | 4 E 5 i
where conduction losses are : — w4
13 < 2 - [
S 400 2 u /
Q 2 c 02 -
L) o = i - E
high L : b
* 0 4 8 12 16 20 0 100 200 300 400 500 0 100 200 300 400 500
COLLECTOR-EMITTER VOLTAGE, V:E,sau, (VOLTS) EMITTER CURRENT, I, {AMPERES) EMITTER CURRENT, I, (AMPERES)
L]
Y FREE-WHEEL DIODE REVERSE RECOVERY FREE-WHEEL DIODE REVERSE RECOVERY FREE-WHEEL DIODE REVERSE RECOVERY
e Cove ry O e a n I p a ra e CHARGE CHARACTERISTICS (TYPICAL) ENERGY CHARACTERISTICS (TYPICAL) CHARGE CHARACTERISTICS (TYPICAL)
1.2 T 12 T T 1.2 T T
. . Vi = 3600V @ Voo = 3600V Vo = 3600V
diode can cause transients Z mp ety E, A B il Vee= =1t
s Raion) = 302 5 Ic = 200A £ I = 200A
g Lg = 200nH o, Lg = 200nH ) Lg =200nH
. H g 08 1-125°C % 08[ 7=12sc 4 08 1- 125
wnli NSi r : : <
B o ~N S
S & 06 ™. S 086
S o6 g ~ S o
T %= \ i
. . w [ ]
> u \ >
1 snu er aesign g o4 — § o4 g o
° 2 - & B g 0
4 / « o
& > u 7]
£ 02— g 02 g 02
z b @
-3 = ©
0 0 0
0 100 200 300 400 500 0 20 40 60 80 100 120 0 20 40 60 80 100 120
EMITTER CURRENT, g, {AMPERES) GATE RESISTANCE, Rg. (2} GATE RESISTANCE, Rg, ()
TURN-OFF DELAY TIME VS. TURN-ON DELAY TIME VS.
TRANSFER CHARACTERISTICS COLLECTOR CURRENT COLLECTOR CURRENT
(TYPICAL) (TYPICAL) (TYPICAL)
4000 r 101 : 101 :
VeE = 20V
7 3500 [ e Tj= 25°C
i ———T =125°C
= 3000 |- J / >
2 S
5 2500 o 3 E;
3 #i4 g u
E 2000 7 = 100 £ 100
5 ¢ g Ve = 3600V H g Ve = 3600V 1
¢ 1500 & z Vopmulty 1 H Veemuity 1
z A 5 GE 5 GE
5 1000 s Raioff) = 72 T| S Raoff = 720 T
4 /’ @ Rgon) =30 || @ Rg(on) = 302 T
3 s00 Lg=200nH Lg=200nH T
T)=125°C Tj=125°C
0 101 TN T O B TSI 101 1 (T S W S O I
0 5 10 15 20 101 102 102 101 102 108
GATE-EMITTER VOLTAGE, Vg, {VOLTS) COLLECTOR CURRENT, I (AMPERES) COLLECTOR CURRENT, I, {AMPERES}
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IGBT Data Sheet (cont.)

FALL TIME VS. RISE TIME VS. SWITCHING LOSS (OFF) VS.
COLLECTOR CURRENT COLLECTOR CURRENT COLLECTOR CURRENT
. (TYPICAL) (TYPICAL) (TYPICAL)
* Conduction losses can be calculated b = T T ]
n I n n E Ve = 3600V Vg = 3600V
[ Vae = £15V 3.5 [Fyge =15V
i i e " Raiofry = 72Q l TT fmy 3.0 L Petom =720
-V Ccnaracteristics. 3 R 2 SOT Agn =300
+ ] = Lg = 200nH 3 55| Ls=200nH
4 H Tj=125°C 3 Tj=125C
g o100 g 100 g 2.0
H H z Vg = 3600V 11 = ] P
* Switc osses are calculate the g Sarev 1 g
WiI IN r B Var-atov | B g 15 -
3 Raot = 724 ] @ el § 10 Pl
. Raon) = 302 L= 5 /
I'a s at right koAt < i ® 05
. T,=125C 1 7
10-1 T 101 0 | Il
10 10? 102 101 10° 108 0 100 200 300 400 500
° COLLECTOR CURRENT, I, {AMPERES} COLLECTOR CURRENT, I;, {AMPERES) COLLECTOR CURRENT. I¢.. {(AMPERES)
I Ota I I OSS e S a re t h e S u I I I Of t h e tWO N SWITCHING LOSS (ON) VS. SWITCHING LOSS (OFF) VS. SWITCHING LOSS (ON) VS.
COLLECTOR CURRENT GATE RESISTANCE GATE RESISTANCE
(TYPICAL) (TYPICAL) (TYPICAL)
4.0 T 4.0 T T T 4.0 T
M M Vee = 3600V Vee = 3600V
* Use transient thermal impedance and | e
% 30| Pt =722 @ 3.0 | lc=200A 4 30 A
g 3. a 3 2 3
h . . I I 2 Raon) = 3002 . 2 Lg = 200nH z
g Ls = 200nH 5 & g
3 25} Ls=200 2 25} T=125°C 2 25
characteristics to calculate Lo v + < e
g 20 % g 20 4 20 -
. . 3 / S 8 /
telllperature at t EJunctlonS e 1 B sf - 1 £V f apsasan
. z £ z Vg = £15V
g 10 /, £ 10 2 10 loo200h
= H 3 Lg = 200nH
05i[52 0I5 0.5 T=125°C |
0 0 1 1 0 1 1 1
0 100 200 300 400 500 0 20 40 60 80 100 120 0 20 40 60 80 100 120
COLLECTOR CURRENT, I, {AMPERES} GATE RESISTANCE, Rg, () GATE RESISTANCE, Rg, (€2}
CAPACITANCE VS. COLLECTOR-EMITTER SATURATION TRANSIENT THERMAL
THERMAL CHARACTERISTICS COLLECTOR-EMITTER VOLTAGE VOLTAGE CHARACTERISTICS IMPEDANCE CHARACTERISTICS
T (TYPICAL) (TYPICAL) (IGBT & FWDI)
imits
Symbol Item Conditions Unit 102 T == g B | 12 e
Min Typ Max SO e i1 2 Vg = 15V SINGLE PULSE
3 L . s
R0 Thermal resistance Junction to Case, IGBT part — — 420 K/kW - g T ==Tj=25C J = 1.0 —]TGCBTFZSHC 5
5 ® ——T = 105" g = ApiaQ=
RinjcR Thermal resistance Junction to Case, FWDi part — — 66.0 | KkW ) N £ et Tjs128% § £ gorrikay Tl
B 4+
Rinic) Contact thermal resistance | Case to Fin, Agrease = TW/m-K, D(c-f) = 100 um — 18.0 — K/kwW 5 107 N g 5 Rt 4 0.8 FFWDI=RyyjD =
B N z et Z 66°K/kW
g b o 4 ad 5] 0.6
& > g
0 N\ NC = ’ o E
8 E  3|.¢ z
é 100 \er \f‘ z e g 04
§ = Cr, eaa g 2 - Fd
g [ Vge=15V ~ P E
- = 100kHz g 0.2 o
I Tj=25°C 3 LT
101 Lo 2 1 1 1 0
101 100 107 10? o} 100 200 300 400 500 103 102 107 100 107

COLLECTOR-EMITTER VOLTAGE, Vg, (VOLTS} COLLECTOR CURRENT., I, (AMPERES) TIME, {s}
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IGBT I-V Characteristics

120 —
. i i 0| 100 L7V —
Three regions of operations for J o tve
IGBTs E Saturation / 15V
e Cut-Off, device is off g 80 / ‘
* Active, linear operation with high <|I |
losses since both V., and |, are large. o ©° / 3V
* Saturation Z
w0 L/
* |GBTs used as switches should I/ 1V
always be operating in saturation to 20
avoid high losses ) 9y oot
0

0 c 4 6 8 10 12 14 16 18 20
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Metal Oxide Semiconductor Field Effect Transistor MOSFET

e Fastest commercial solid state switch available

* Intrinsic turn on/off time ~ns set by Rps onCoutput
time constant (carrier junction crossing time much
faster)

 Effective switching time limited by input capacitance,
stray packaging inductance, and dls/dt to 210 ns
e Maximum voltage: 1200 V

* Avalanche rated, limited excursion to V > Vpss will not o
damage device | p

* Can operate at near Vpss <
 Maximum current: ~0.1 kA (higher for modules and
lower voltage FETs)

* Pulsed current limited to ~4X average rating due to
increase in Rpg_on

* “Intrinsic” reverse body diode, acts as anti-parallel S ! \Q\

diode
* FREDFET: improved reverse body diode, soft recovery

* Well suited for parallel operation, positive
coefficient of V5 with temperature

I!’“‘s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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MOSFETs

* p-n juctions from gate to source and from gate to
drain are blocking at V=0

* Applying a gate voltage above a threshold V; causes
an inversion layer or channel to form between drain
and source, allowing conduction.

* Transconductance or g, relates output voltage
voltage and current

_ 2lpss " ~ Ves
Vol "

9m

Where V, is the voltage at which the channel no longer

extends to the drain.

*[10] 0
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MOSFET Data Sheet

1200V, 13 A device. Note the

1.4 Q) on state resistance, Rpg.

SiC and GaN devices are now

available which offer
advantages over silicon.

Read specifications carefully

when selecting which is right
for your application.

Available in N and P channel

devices.

U.S. Particle Accelerator School

Power

APT13F120B
APT13F120S

w1200V, 13A, 1.402 Max, trr, <250ns

N-Channel FREDFET

Power MOS 8 is a high speed, high voltage N-channel switch-mode power MOSFET.
This 'FREDFET" version has a drain-source (body) diode that has been optimized for
high reliability in ZVS phase shifted bridge and other circuits through reduced t,,, soft
recovery, and high recovery dv/dt capability. Low gate charge, high gain, and a greatly
reduced ratio of C;gg/Cisg result in excellent noise immunity and low switching loss. The
intrinsic gate resistance and capacitance of the poly-silicon gate structure help control
di/dt during switching, resulting in low EMI and reliable paralleling, even when switching
at very high frequency.

4

APT13F120B APT13F120S

D
Single die FREDFET G
S

FEATURES TYPICAL APPLICATIONS
* Fast switching with low EMI * ZVS phase shifted and other full bridge
* Low t. for high reliability « Half bridge
* Ultra low C,gg for improved noise immunity * PFC and other boost converter
* Low gate charge * Buck converter
* Avalanche energy rated * Single and two switch forward
* RoHS compliant * Flyback

Pulsed Power Engineering Winter 2025
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MOSFET Data Sheet (cont.)

Absolute Maximum Ratings
Symbol | Parameter Ratings Unit

Continuous Drain Current @ T(‘ =25°C

* MOSFETS genera”y have Iower o Continuous Drain Current @ T, = 100°C 183 A
voltage and current rating and

Pulsed Drain Current® 50

|
DM
high conduction losses than Yas | Gate-Source Voltage £30 v
Exs | Single Pulse Avalanche Energy@ 1070 mJ
I G BTS ‘ lam Avalanche Current, Repetitive or Non-Repetitive 7 A

Thermal and Mechanical Characteristics

* Peak currents are limited by the

Symbol | Characteristic Min Typ Max Unit
on-state (saturation) voltage Po | Total Power Disspation @ T =25°C 25 | w
d . I d I Rouc Junction to Case Thermal Resistance 0.20 -
ro p In 10W Uty Cyc S Rycs | Case to Sink Thermal Resistance, Flat, Greased Surface 0.11 '
a p p I i Cati O n S . T, Tsre | Operating and Storage Junction Temperature Range -55 150 c
T, Soldering Temperature for 10 Seconds (1.6mm from case) 300
° i 0.22 oz 5
For long pulse widths, W, | Package Weight =
L] L] . g i
Maximum peak current is 0 Lot |
. . . Torque | Mounting Torque ( TO-247 Package), 6-32 or M3 screw @
determined by junction R I
te m p e ra t U re . (Microsemi Website - http://www.microsemi.com) g

I&""s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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MOSFET Data Sheet (cont.)

Static Characteristics Ty = 25°C unless otherwise specified APT13F120B_S
* Due to Gate capacitance C; and e T T Y —
Miller capacitance C,,, MOSFETs [P e s Smen i i
. . . . Nz &
require similar gate drive D T T s e T Goio Vas=Vog lp=mA [ ——

1 Vpg = 1200V [ T, =25°C 250
req u | re I I | e ntS a S I G BTS lhss Zero Gate Voltage Drain Current ; — A
. Vgs = OV T =125°C 1000
lass Gate-Source Leakage Current Vg = =30V +100 nA
e Switching speeds of MOSFETs
Dynamic Characteristics Ty = 25°C unless otherwise specified
can be much h |gh er than that of Symbol | Parameter Test Conditions Min | Typ | Max | Unit
G5 Forward Transconductance Vpg =50V, 15 =7A 15 S
I G BTS Cee Input Capacitance 4765
. Voo =0V, Vo =25V
Cr Reverse Transfer Capacitance Al m‘i; 55
Cos Output Capacitance 350
nF
G @ Effective Output Capacitance, Charge Related 135 f
Vg = 0V, Vg = OV to 80OV
C, cor © Effective Output Capacitance, Energy Related 70
O_l Total Gate Charge 145
V.. =0to 10V, | = 7A,
Ql,.. Gate-Source Charge o 5 24 nC
V.. = 600V
Q ] Gate-Drain Charge 70
taion) Turn-On Delay Time Resistive Switching 26
t Current Rise Time Vpp = 800V, Iy = 7A 15
ns
tyom Turn-Off Delay Time Rg =47a®, v =15V 85
t, Current Fall Time 24

IS" R} Us. Particle Accelerator School Pulsed Power Engineering Winter 2025
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MOSFET Data Sheet (cont.)

* MOSFETs have a parasitic
body diode from the drain
to the source which is
inherent to the device.

" ] U.S. Particle Accelerator School

Education in Beam Physics and Accelerator Te

3-2007

Rev A

050-8131

Source-Drain Diode Characteristics

Symbol Parameter Test Conditions Min Typ Max Unit
" Continuous Source Current MOSFET symbol D 13
d (Body Diode) showing the
integral reverse p-n A
: Pulsed Source Current ,unc]on diode 8 50
SM (Body Dlode)® (body diode) S
Vg Diode Forward Voltage lgy = 7A, T, = 25°C, Vyq = OV 1.0 \"
T, =25C 250
t, Reverse Recovery Time - ns
T,=125°C 520
lep, = 7AQ T, =25°C 1.12
Q, R he = 2 :
Reverse Recovery Charge i/t = 100As T 3.03 uC
V..= 100V T, =25°C 10
l o0 J
perst Reverse Recovery Current T o125C 135 A
ap = 7A, di/dt =1000A/ps, Vo= 800V,
dv/dt Peak Recovery dv/dt s S 2 25 V/ns
| 4= o

(1) Repetitive Rating: Pulse width and case temperature limited by maximum junction temperature.
@ Starting at T, =25°C, L =43.59mH, R, =4.7Q, |, = 7A.
@ Pulse test: Pulse Width < 380ps, duty cycle < 2%.

@ C,.., is defined as a fixed capacitance with the same stored charge as C . with V= 67% of V .
® C_,‘,e_‘_ is defined as a fixed capacitance with the same stored energy as C ., with V. =67% of V,
use this equation: C__ =-217E-7NV N2 + 2.63E-8/V ¢ + 3.74E-11.

empss: 10 calculate C__ for any value of

V[.L. less than V BRIDSS
3R)DSS

® R, is external gate resistance, not including internal gate resistance or gate driver impedance. (MIC4452)

Microsemi reserves the right to change, without notice, the specifications and information contained herein.
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|5, DRAIN CURRENT (A)

MOSFET Data Sheet (cont.)

* Note much higher saturation voltage than for IGBTs, and linear relationship between I

and V¢ for MOSFETSs.
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MOSFET Data Sheet (cont.)

e Safe operating area dependent
on junction temperature,
pulsed current and pulse width.

* Determine junction
temperature using the device
thermal impedance.

Iy, DRAIN CURRENT (A)
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MOSFET Model for Fast Switching

D
e Data sheet information
* Drain-source breakdown voltage: Vpgs % L
* Drain current P8
* Continuous: Iy _| H{.
e Pulsed: Ipy .
* Rpson @ Ip | & : L
* |Input capacitance: Ciss = Cgp + Cgs G N | N i
* Qutput capacitance: Cgss = Cps .
* Reverse transfer capacitance (Miller capacitance): Cges = —| %«
Cep Cos .
e Typical values for 1 kV TO-247/264 % )

* |p:<1nH

e L; & Ls: ¥6 nH

* Cis: ~fewnF

* Coss & Crss: ~“few 100 pF
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MOSFET Fast Switching

* Input capacitance and parasitic inductance form resonant circuit
* w < 10, therefore t, ~ few ns will excite the resonance
« Z~ few ohm, therefore, need significant gate resistance to damp

* Inductive voltage due to rising source current: L.dls/dt
* 50Ain 10 ns would induce ~30 V across source inductance
* Inductive voltage subtracts from applied gate voltage

» Effects are internal to package
* May not see true causes of slow MOSFET turn on
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MOSFET Fast Switching

 Remediations
e Use a bi-polar high voltage gate drive (limited by gate breakdown)
* Use high gate drive resistance (balance with drive current requirements)
* Use a larger number of smaller MOSFETSs in parallel

* Integrate driver into MOSFET package
e Commercial units show little gain
e Hybrid circuits can achieve ~1 ns risetime
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Hybrid MOSFET/Driver for Ultra-Fast Switching

|I|—'\M~m
=
8
TAT
Rload
MWV
10

Hybrid schematic: totem pole driver,
output MOSFET, and load
Tang & Burkhart, IPMC2008 L : :
ang & Burknart Hybrid circuit; dual drivers on each side of PCB,
MOSFET on bottom-side of PCB, load at bottom of photo
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Interpretation of Hybrid MOSFET Data During Nanosecond Switching

* No Switching until VGS al< Run: 5.00G5/s  Sample  Trig? | Veate, Vioad vs Qgate
eXCGEdS threShOId SAREE RRRRE RRRRE AR RAREF SRR RRRES RRREE DRARE RRARE [ 100V 200v 500V — 1000V — Vout @ 1000V
. - . - F: . I 3 rlr._,.\_ \I :: 1\ Il N _ L ) : 20.0 100
« Switching is effectively i \ 7 \ I | :
complete before Miller j I - | e \
capacitance is fully 5 | / \3{ Jf 1| -
charged (~20nC< Q<60 ; / v 1. I =
nC) :_'r'i'ri ii'r'“L\f:ii =ttt i'ri'r;?\'ijl'r L S e iiii; §° ;z \ z::
e Ultra-fast is unlike normal T SN NN AP 1| e \ 00
MOSFET SWitChing C T \ . 4.0 / \ -700
* Switching time depends f P\ 1 Nl
“uj: ” . r T 1I-k___,,_-"'Rr\__,m"" WPt WA 0.0 2900
O n I I n ea r be h aVI O r of _: _ 0.00E+00 2.00E-08 4.00E-08 6.00E-08 8.00E-08 1.00E-07 1.20E-07
device S T O T T T T T T Qeate(C)
Cl% To. 0 _h D0V MBDDRs Ched L =102V

* Sensitive to

* Transistor gain, g,
Gate and drain-source voltage as a

* Die temperature Gate and 10.6 Q load voltage and Vpgs =100 function of aate charae. for a ranae of
« Device-to-device V, note high Vggh) for very fast switching initial MOSIgET voltage, J
variations
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High Power Switching with Solid State Switches

* Peak switching power of commercial devices is limited
 Array, series/parallel, devices to increase power
e Use alternative topologies

* Arrays
* Parallel
 MOSFETs well suited
* IGBTs may present challenges
* Series

* Prevent overvoltage of individual elements under ALL CONDITIONS
» Derate device operating: reduces effective device power
* Add protection (e.g. RC snubber): reduces switching speed
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Commercial Suppliers of Solid-State Switches & Drivers

* Power Semiconductors (MOSFETs, IGBTs, Thyristors)

* Microsemi: https://www.microchip.com/en-us/products/power-management (APT devices)

* Infineon: http://www.infineon.com/ (Eupec & International Rectifier devices)

* Powerex: http://www.pwrx.com/ (Powerex & Mitsubishi devices)

e DYNEX: http://www.dynexsemi.com/

* ST Microelectronics: https://www.st.com/content/st com/en/sitemap.html|

e Toshiba: https://toshiba.semicon-storage.com/us/semiconductor/product/power-semiconductors.html

* Hitachi: https://www.hitachienergy.com/us/en/products-and-solutions/semiconductors (ABB devices)

o Littlefuse: https://www.littelfuse.com/products/power-semiconductors.aspx (IXYS & Westcode devices, DEI N/A)

* Driver Circuits
e Littlefuse: https://www.littelfuse.com/products/power-semiconductors.aspx (IXYS, DEI N/A)

* Vishay: http://www.vishay.com/company/brands/siliconix/ (Siliconix devices)

* Renesas: https://www.renesas.com/en/products/power-management/fet-driversttdocuments (Elantec devices)

* Power Integrations https://www.power.com/products/gate-drivers
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Protection Devices and Circuits

* Protection devices are used to prevent destruction
of switches and other components

e Overcurrent can cause device destruction.
Overcurrent devices protect against short circuits
and fires

* Overvoltage devices to protect against device failure

* Snubbers are circuits designed to limit di/dt across
semiconductors and prevent overvoltage.

* Driver design, desaturation detection is highly
recommended to prevent IGBT destruction.

Exploded IGBT from overcurrent.
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Over Current Devices

The most common overcurrent devices are simply fuses and circuit breakers.

These devices often rely on a zero-voltage crossing to work which are suitable for
AC circuits, but don’t work well for DC.

* Semiconductor protection fuses are available which open quickly and protect
against shorts in DC systems.

* |IGBTs can be employed as overcurrent devices with the proper design of drivers
with desaturation detection.
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Over Voltage Devices.

* Older over voltage devices you may still encounter are neon bulbs and Zener
diodes which act as voltage limiting devices, and spark gaps.

* Transorbs or TVS diodes are avalanche devices which can switch from blocking to
conducting very quickly

* Metal Oxide Varistors or MOVs are bulk ZnO devices with grains that form p-n
junctions with a (nearly) fixed voltage drop at the boundaries between grains.

U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
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TVS Diodes

/
* Switch in ns time scales. e L
* Available up to about 600 V. ’
* Peak powers up to about 20 kW. ’ Bi-directional

Peak currents up to hundreds of amp.

Low average power devices which exhibit Bi-directional
hysteresis. A

Available in unipolar or bipolar devices.

- —_— —_— —_— —_— -

lop

I!’“‘s U.S. Particle Accelerator School Pulsed Power Engineering Winter 2025
CLYE

Education in Beam Physics and Accelerator Technology



Meal Oxide Varistor MOVs

MOVs are a type of voltage dependent
non-linear resistors.

Available into the kV range.

* Can conduct high currents > 10 kA

10000 MODELOSIZE = 1%MM
e Can absorb very large amounts of energy > e e
1 k. -
* Low average power. 2 Wi 50 L m”slﬂl
T Ty (AN e Vi Tz
* Exhibit a “soft knee” in IV curve. 1000 2
: ;;fﬂ' e T
Zaiil N " v7s
25225 130

PEAK CURRENT (A)
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Effects of Stray Inductance

* For the circuit shown, the storage capacitor
C.p, is initially charged to V, when the switch
closes the current rises to V_/R,.

 When the switch opens, the current drops
with the fall time of the switch, generating a /
voltage across the device since .

Vow = Vo + L 41/ 1.

* For pulse applications, this voltage can be Y
very large leading to excessive voltage
across the switch.

Y2
3
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Effects of Stray Capacitance, Charging Circuit

i Diode My
: . : 09900
After C, ,, 1s charged : E — : ¥(0)=0
Long VCLmd — 2V0 and V o Vo © c I G ; LCRN Nohp
Q0000 0 ' j :
. — @ ) ——2v, C, = Stray Capacitance to ground Charge Circuit
i toad C,>C,.,>C Peak inverse diode
voltage ~2V,
. | /4 | instead of V,
l(t) — — Sln(a)t) — -l S1n ot Effect of Stray Capacifance
Lchg Z ”
Ceq , —V(Cs
Ve =2V, =V, cos ot
/
CcC 1
where C, =——1% and @ =—— /
Cs + Load chhg(jeq
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Effect of Stray Capacitance

Charge Circuit

C. - stray capacitance to ground

Cq4 - stray capacitance across diode stack (includes
diode junction capacitance, capacitance between
mounting connections, etc.)

L.- total series inductance between diode and ground

Al

LChg ‘ Cd LS
g C
Cs = 2V, kﬂii 2V,

Equivalent Circuit where: C,>>C ,,4>>C,,Cq4

U.S. Particle Accelerator School
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After C,,.q is charged:

C, will ring with C, and can create large inverse voltage across the
diode stack C,,,q will oscillate with C4 and C,

Inductor Snubber and/or Diode Snubber may be required

Pulsed Power Engineering Winter 2025



Diode Snubber

Gs  Rpg (fDIs Rpg Gs Ry
— — "W H F—AA— — —
RPN Y "l IV O
L
S

H N .o N 20000
R, 1s used for DC grading of diodes to force voltage sharing between diodes. Want the current through R, to be lalr/ge compared to the
maximum leakage current (I,)through the diodes: '

~ Diode

“ 7101
Cps and Rpg form the fast snubber where Cpg is for voltage sharing and Rpg 1s for damping. Energy is stored in Cpg and dissipated in Rpg
. . Considerations for R  :
Considerations for Cg :
2 | L : .
Charge stored @ ~0.7 volts =10 diode junction charge Ry >— C—‘ where N is the number of series diodes
DS,
N
% >> the stray capacitance of the entire stack (N diodes) | 4V
Cps should be as small as possible for higher efficiency sCs is small compared to maximum applied ~-

Power Dissipation Rating > 2(PRF)C V> where V. is

the maximum inverse voltage on the diode
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Charge Inductor Snubber

IChg Diode
+
C
Vo ==— G = 2V toad}- 2Vo
CO -
I‘Chg
LChg
G . _000%0
- + - RLS
GG/ 2Vo AN
||
||
G

Equivalent circuit with
snubber across inductor
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’ L,C

chg s

Select C;s >C.

Considerations for Rys:

1 |L
1): R, <3 ?’1& (critically damped)

N

(2): Ensure power rating is adequate :
P>2(PRF)C,J;

(3): Adequate voltage rating (> V)

(4): Want R, ;C, ; >> charging period
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RC, RCD Snubbers

Switch

* R-C or R-C-D snubbers are used to -

» Reduce voltage/current spikes and limit di/dt or
dv/dt

* Reduce switching losses
* Reduce EMI

e Stray inductance of the circuit cause large
voltage spikes when the switch opens.

Switch

e Cs and Rs limit the rate of rise and peak
voltage across the switch. RCD Snubber
* The diode bypasses the resistor when switch i
opens further limiting dv/dt, while also still f‘—/\/\/—‘—{ 6‘*

limiting the peak current in the switch due to

the charge on Cs e -

Snubber design note.

—— e ————————— _———d
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https://www.infineon.com/dgdl/Infineon-Snubber_Considerations_for_IGBT_Applications-Article-v01_00-EN.pdf?fileId=5546d462533600a401535748b5103fe8
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