HIGH INPUT VOLTAGE DESIGNS

By Cody Clarksean

PPPPPP WURTH ELEKTRONIK MORE THAN YOU EXPECT



AGENDA

= What is a High voltage input for Switch Mode Power Supplies
= High Voltage Challenges

= Magnetics

= Bulk Capacitors

= Transistors

= Helpful tools

= Conclusion
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WHAT IS A HIGH INPUT
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WHAT IS A HIGH INPUT
Defining

= Single Phase AC inputs can vary based on the design requirements
= North American (108-132 VAC)
= European (207-253 VAC)
= Universal (85-265 VAC)

= High input can occur with variable systems
= 480 VAC - Line to Line connection from 3 phase
= 600 VAC - Line to Line connection from 3 phase

Power Isolated lsolated
AC DC AC DC
Factor converter converter
Input . Output Input Output
Correction (LLC) (Flyback)
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WHAT IS A HIGH INPUT
Front end of AC/DC Flyback Circuit
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WHAT IS A HIGH INPUT
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HIGH VOLTAGE IN
MAGNETICS




HIGH VOLTAGE IN MAGNETICS

Dielectric Breakdown Failures

= Dielectric breakdown can occur from a few different ways
= Through the air
= Qver the surface of a material
= Through a material

= How do magnetics protect against these Dielectric failures?
= (learance
= (Creepage
= Solid insulation, thin sheet insulation, wire insulation

= What tests are done to prove this?
= Dielectric test
= Surge test
= Partial Discharge test
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HIGH VOLTAGE IN MAGNETICS
\/oltage Breakdown through Air

Is the dielectric breakdown through air always the same?

Temperature, humidity, elevation, and more affect the value to
breakdown through air
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HIGH VOLTAGE IN MAGNETICS
\/oltage Breakdown through Air — Shape of Conductor

= The shape of conductors also plays a factor

= Curved surfaces
= Distribute the charge more evenly
= This requires them to have a large voltage to have
breakdown occur

= Sharp points
= The charge build up in the tips
= Due to charge build up, the voltage can create a
breakdown at a much lower value
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HIGH VOLTAGE IN MAGNETICS

\/oltage Breakdown through Air — Shape of conductors

14 |

60664-1 IEC:2007 has a great graph that shows
the breakdown over different E-Fields and
distance

Case B is for a homogeneous field, which would
be a curved surface in this case

Whereas Case A is for an inhomogeneous field,
which sharp points would be an example of this
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HIGH VOLTAGE IN MAGNETICS

\Voltage Breakdown through Air - Places to watch in parts

= Real world examples we need to watch
= Solder spikes
= (ore edges
= Wire wraps
= Pintips

-_—
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HIGH VOLTAGE IN MAGNETICS

\Voltage Breakdown over material - Comparative Tracking Index (CTI)

= Breakdown can also occur across the surface of materials
= High voltage will start to create an arc that carbonizes the path until a short is created and breakdown occurs
= Comparative tracking index (CTI) is a method for knowing if an insulating material is more susceptible to tracking
= Material group 1 (>600V) is highest rating, thus a higher voltage is needed for tracking
= Material group 3b (<175V) is the lowest

Bdr9678, CC BY-SA 4.0, via Wikimedia Commons

1 6 | HIGH INPUT VOLTAGE DESIGNS

PUBLIC | CCLARKSEAN | REV 1.0



HIGH VOLTAGE IN MAGNETICS

\/oltage Breakdown beginning - Corona discharge

Corona discharge occurs when high voltage starts to
ionize the air, which can emit light

= The air has had dielectric breakdown occur and the air is
now conductive

MrJanCroatian, CC BY-SA 4.0 <https://creativecommons.org/licenses/by-sa/4.0>, via Wikimedia Commons

= The distance can grow with the air moving

= (Can occur in magnetic designs when windings with a
large voltage difference are placed close to each other
= Will start to cause insulation damage until a large

failure occurs

Outcaster, CC BY-SA 3.0 <https://creativecommons.org/licenses/by-sa/3.0>, via Wikimedia Commons
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HIGH VOLTAGE IN MAGNETICS

Magnetics - Safety Distances

= (learance: Shortest distance thru air between X and Y.
= Larger distances are needed at higher elevations

K= m———m—mmm e e mmmmm————— Y

Waurth Elektronik
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HIGH VOLTAGE IN MAGNETICS

Magnetics - Safety Distances

= (reepage: Follows the material path between X and Y.
= Minimum gaps are needed by safety standards typically.
= Group 3 materials will need a larger distance due to CTI.
= (Cannot be smaller than the clearance value

X = == === F=—=—==Y
l
!
L - —

W{rth Elektronik
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HIGH VOLTAGE IN MAGNETICS

Magnetics - Safety Distances - Examples

Isolated Transformer Common Mode Choke
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HIGH VOLTAGE IN MAGNETICS
Magnetics - Safety Distance

= Distance through insulation
= Conductors can be closer together if an insulative material is used

= Solid Insulation
= Material that has no voids
= Commonly plastics or potting materials

» Thin sheet insulation
» Tape can be used to create a thinner insulation
= Based on the thickness, overlap, and dielectric rating
= Common to use 2-3 layers for this
= Electrical Insulation system and higher voltage may require more layers

=  Wire Insulation
= Magnetwire — Is considered bare wire by safety standards
= Fully Insulated Wire (FIW) — Similar to magnetwire, but guarantees no defects, may be used for safety
= Triple Insulated Wire (TIW) — Extruded coating over wire commonly used to meet safety
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HIGH VOLTAGE IN MAGNETICS

Magnetics - Safety Distance

= Bobbin — used to form coil and prevent shorts
to core

= Margin tape — used to add creepage and
clearance
Al

= Wrapper tape — protect winding to winding

= (Crossover tape —prevents two wires crossing
(insulation cut through)

Woirth Elektronik
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HIGH VOLTAGE IN MAGNETICS
Magnetics - Testing

= Dielectric testing

= |s applying voltage across the insulation barrier of
the part.

= Typically is a 60 second test on samples and 1-5
second test in production

= (Canbean AC(50/60Hz) or DC voltage that is applied
» The leakage current is then set to 500 pA limit

= Surge testing

= Fastrise in voltage that is meant to act like an
indirect lighting strike, fault, or quick load change

= 1.2 /50 pseconds waveform is a very typical one for
industrial

= 1.2 pseconds rise from 10% voltage to 90%
voltage

= At 50 pseconds still at least 50% voltage
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HIGH VOLTAGE IN MAGNETICS
Magnetics - Testing

Partial Discharge Test

= Partial Discharge testing 2000
= Test looks for small discharges in voids, cracks, 1600
or damage to the insulation 1600 Inception Voltage
1400 Upto5
= Part fails if 10pC is exceeded during extinction % s seconds
voltage g
‘@ 1000 Extinction Voltage
[s14]
]
= (Okay to exceed during inception voltage § o Up to 15 seconds
a00
= (Charge = Current x Time 400
200
= 1pC=1pAx 1pSecond .
o 5 10 15 20 25 30 35

Time in Seconds
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HIGH VOLTAGE IN CAPACITORS

Aluminum Electrolytic Capacitor Challenges

As rated voltage in an electrolytic capacitor
increases, so does the height

If rated voltage is exceeded, capacitors top will
pop at the relief vent lines

Is there a way to get higher rated voltage
without the extra height?

HIGH INPUT VOLTAGE DESIGNS

100pF Capacitors

250V

50V
10V 25V '

450V
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HIGH VOLTAGE IN CAPACITORS

Aluminum Electrolytic Capacitor Stacking

= One option is to stack in series the Electrolytic Capacitors =
» The rated voltage will add together Vlﬂp“t
= Qverall capacitance will be halved (if same value) since

INn series C1

= |s this always a safe option to do?
= |f overall voltage rating of Caps is far away from system
voltage
= (apacitors in series are okay C2
= |f overall voltage rating of Caps is close to system
voltage —
= Additional balancing is needed, which can be done
with resistors v
= Differences in leakage current from part to part or
drift over time can cause failures
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HIGH VOLTAGE IN CAPACITORS

Capacitor Balancing LTspice

= Equivalent circuit of a Capacitor has Resr
= (apacitance

= Equivalent Series Resistance (ESR)
= Used for losses
= How quickly it charge/discharge

Lesl

NN

A /\

= Equivalent Series Inductance (ESL)
= Due to the leads and connections to PCB

'\

Rleak

= Parallel Resistance
= Added to model to take into consideration leakage
current

=
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HIGH VOLTAGE IN CAPACITORS

Capacitor Balancing LTspice

= Simulation shows an unbalanced system and two different balanced system when 800VDC is applied
= Uses equivalent circuit model of 860241480001 (100pF 450V Capacitor) on bottom and higher leakage version on top

I L »
| R9
| 0.374
I L5
I R13 R1B 13.71inH
I < 2Meg < 50pk>p49 C5
1 vi 750k |100pF
/N I
N | Bal2Meg® Bal500k*
<= 800 R7
~0.374 <o 374 o 374
dran0101m i ' i
: ~R14
/L2 ~IL4 =lL6
= ~2Meg ~R16 =
13.71nH “)13.71nH sdok ~13.71nH
R4 £C2 Srs 14 SR zﬁ c6
T 1Meg |100pF < Meg TiﬂﬂpF
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HIGH VOLTAGE IN CAPACITORS

Capacitor Balancing LTspice

_ Voltage between Capacitors Power loss from Resistors

Unbalanced Capacitors 457V NA
2MOhm Balanced Capacitors L4LOV 162mW
500kOhm Balanced Capacitors 421\ 642mW

= |nitial DC voltage was at 800V
= Unbalanced capacitors could fail in time due to exceeded voltage
= Lower resistance balances better, but at a cost
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HIGH VOLTAGE IN TRANSISTORS

Transistor breakdown voltage

= Breakdown can occur when Drain to Source Voltage rating is exceeded. T1
= Two voltages to watch out for
; 7491181012
= Reflected voltage from Transformer
= Ringing voltage on the Drain of Transistor 3 °
Pri Sec
[

M1
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HIGH VOLTAGE IN TRANSISTORS

Reflected Voltage from Transformer 11
7491181012
= Flyback Transformers are a coupled inductor 3
= Energy is built up in Magnetic Field (gap of core) + ®+
= Then released on the secondary side Pri Sec
[
= When Secondary takes energy + +
= Reflected voltage add based on turns ratio
¢ VYmax
= |nitial selection use transistor with 2x \V/ds breakdown of input voltage —
= Tighter selection can be made, but close attention to turns ratio needed . M1
\7.
. : Np N
Vmax = Vin + (Vout + Vdiode) * Ns
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HIGH VOLTAGE IN TRANSISTORS
Ringing VVoltage on Drain Node

= Ringing will also occur on the drain of transistor
= (aused by leakage inductance of transformer and drain to source capacitance of transistor
= \/oltage can easily swing to high due to resonance

= Snubbers can be used to clamp or minimize these spikes T1 T2
= RC Snubber across transistor 749118105 c3 c4 R2 749118105
= (alculated based on frequency of oscillations tnput—"1cy 3 ? G 4 Input DI IR
= Needs to be adjusted once circuit is built g Pri j E Sec é é
= RCD Snubber across primary of transformer i "6 f
= Diode helps to clamp voltage to a set point |2

M1 (C , M2
=1 =1

IC — R1 IC —
g N

RC Snubber RCD Snubber

HIGH INPUT VOLTAGE DESIGNS
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HIGH VOLTAGE IN TRANSISTORS

Calculations and Considerations for RCD Snubber

= (apacitor is used to absorb energy from Leakage Inductance
= Diode placed so snubber only works in off time

= First, we estimate the snubber voltage
» Kisjustaconstantof 1.5t0 2.5

= Vsnub =k x (Vout + Vdiode) * %

= Next, we calculate Capacitor needed based on the energy

- %* (Lleak) = (Ipeak)? = % * Csnub * (Vsnub)?

= Rewriting this we get the equation below

(Lleak)*(Ipeak)?
(Vsnub)?

= (Csnub =

C3 C4 R2

T2

749118105

Input

[_
=
IC -

M2
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HIGH VOLTAGE IN TRANSISTORS

Calculations and Considerations for RCD Snubber

= Next to calculate the resistor T2
= Use 1/3 RC time constant to dissipate 95% of energy C3 c4 Rz 749118105
1 _ Input l —a4
. 7 b= $*(Tonmin) i - ©
snub = =——— g ri Sec
26
= (alculate Power for resistor D1
0.5+Csnubx*(Vsnub)? -

u =
P (Ton min) = M2
IC —

= These equations are used for a starting point and
adjustments during the prototyping stage are likely <
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HIGH VOLTAGE IN TRANSISTORS

RCD Snubber Selection Parameters

[
= Resistor @j
N

= Resistance value
= Power rating
= \/oltage rating

o

F 5
= (apacitor L-NJ

= (apacitance value

= Voltage rating

= Recommend Class 1 MLCC (NPO)
= No DC bias to capacitance

= Diode
= \oltage rating
= Fast reverse recovery
» Recommend Schottky or Ultra-Fast
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HELPFUL TOOLS
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REDEXPERT
Link to REDEXPERT

EckTRonK EXPERT

From Iab to dESk Navigate by order code

in seconds with

EXPERT

73 Design Tools B Product selection
®=9 G
EMI Filter Desig| EMCC i >
B—: ilter Designer e omponents Vi 3 T +_ Vo
3 \ p . am [ 4 . p > ]
Magl’C Power Module Designer LY Power Inductors and Magnetics ||
b
- ) - ;
BI_:: Resonance Tank Calculation for Wireless Power ‘z Magl’C Power Products _]
{ { 17 Filter Circuits > < Signal & Communications >
[ - Ly®
™ DC/DC Converter > fl" Capacitors & Resistars >

Find your suitable Flyback transformer

Flyback Transformer > o Optoelectronics >
) Determine the suitable transformer for your QR Flyback considering input and
- output parameters, switching frequency and if desired the IC controller.
AC/DC Converter > ""’ & Quartz Crystals & Oscillators >
= Wireless Cannectivity and Sensors > ‘/i EMC Shielding & Grounding >
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REDEXPERT
Link to REDEXPERT

e EXPERT  Aluminum Elect m Palymer Capacitors

100 / 2011 items °

[c]
H4F "y Order Code Y Series " Spec Technology % Series Description e . Ve %W DF Y I@20°C @1 k.. Y Specified Max. Igipple W ohesk ¥ Tmin W Tmax O Lifetime %  Asse.. %Y Height Y Width “/ Length
Lifet
<+ 861140784012 WCAP-AI3H [0 Alum. Electrolytic Snap-in - Long Life +105°C 3.30mF +20% 63.0V <20% 548A 227 A@120Hz @105°C  1.37 mA 105°C 3000.0h Snap-in 35.0mm
. +861140786018 WCAP-AIZH e Alum. Electrolytic Snap-In - Long Life +105°C 4.70 mF 120% 63.0V <30% 6.83A 2.83A@120Hz @105°C  1.63mA -40°C 105°C 3000.0h Snap-In 30.0 mm
<+ 861140884001 WCAP-AIZH [ Alum_ Electrolytic Snap-in - Long Life +105°C 220 mF +20% 100V <20 % 640 A 265A @120 Hz @105°C  1.41mA -40°C 105°C 30000 h Snap-in 51.0 mm
<+861141084008 WCAP-AIZH e Alum. Electrolytic Snap-In - Long Life +105°C 470 pF 120% 200V <15% 4.16 A 1.50 A @120 Hz @105°C 920 pA -40°C 105°C 3000.0h Snap-In 30.0 mm
. <+861141085015 WCAP-AIZH [ Alum. Electrolytic Snap-In - Long Life +105°C 680 pF 120% 200V <15% 493 A 1.78 A@120 Hz @105°C  1.11mA -40°C 105°C 3000.0h Snap-In 30.0 mm
<+ 861141085021 WCAP-AI3H o] Alum. Electrolytic Snap-in - Long Life +105°C 1.00 mF +20% 200V <15% 638 A 230 A@120 Hz @105°C  1.34mA -40°C 105°C 3000.0 h Snap-In 35.0mm
v
<+ 861141386015 WCAP-AIZH o) Alum._ Electrolytic Snap-in - Long Life +105°C 220 pF +20% 400V <20% 300A 1.10 A @120 Hz @105°C 890 pA -25%C 105°C 3000.0 h Snap-In 25.0mm
<
861140786018 861141084008 861141085015
WCAP-AISH WCAP-AISH WCAP-AISH
A./0 mF - 63.0V A0 pF - 200V &80 pF - 200V

snowpanct.  [EXNE IESXNE PPN PO
ol Smmes -

1k 1k 25
100 0 1000
2x
T T
2 £ zsx
10a 0o a a
o @
5 —_—
3 2 E
2 = ®
= a a = =]
E 1 71 10 “ = = ”
s g
£ 5 [ T s
= © ®
[ Pl
5 o}
100 mD 100 mQ =
1x
0.5x
10 ma 10ma R
0.5x%
1mn 1m0 0x
100Hz  1kHz  10kHz 100kHz  TMHz  10MHz 100 MHz 10Hz  TkHz  10kHz  100kHz  1MHz  10MHz 100 MHz 100 Hz 1kHz 10 kz 100 kHz FC3EOC-15.0°C 5C  25°C  45°C  O5°C 125°C
Frequency Frequency Frequency Temperaiure
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WURTH IN LT SPICE

= Models found in the “Contrib” folder in LTspice.

= |atest updates automatically downloaded when LTspice is updated.

= Use equivalent circuits of real components.

= Do not use to simulate saturation! (Since models do not include accurate nonlinear

BH loop
L Line . . Load
3| 1 L2 4 Cy
Iln pR—
R1 % U3 ’ ‘MJJ " 885352213 015 Vi
a1 —
50 = 1 2 o ! 3 —N
% ~7 1Y
EI S 744822222 2.2m [ 885352 213 015 Rser=50
9 AC1
" »
N

.ac dec 100 10k 100MEG

HIGH INPUT VOLTAGE DESIGNS
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NEED DESIGN HELP?

= 7 different textbooks (magnetics,
Ltspice, etc.) Nearly 1000 pages of
practical information.

= Over 110 application notes

= Local assistance (email, phone,

video call, online chat, etc.) | HANDBOOK
. ] D .Keller SMPS tgpologi
= Design for Electromagnetic Do o eMC pont o=

Compatibility--In a Nutshell: Theory ompaiZi VS

Theory and Practice

and Practice | SpringerLink S
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https://link.springer.com/book/10.1007/978-3-031-14186-7

CONCLUSION
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CONCLUSION

= Special Considerations for 480-600VAC inputs
= Proper magnetics selection
= (Correct safety distances and requirements
= Balancing of bulk capacitors
= Selection criteria for transistors
= \Ways to protect transistors from oscillations
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