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ANALOG Ahead of What’s Possible

GLOBAL POWER DESIGN 
SEMINAR TOUR

Alex Snijder | Field Application Engineer
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 8:30 - 9H Registration and welcome coffee 

 9H-9H50: SMPS tips and tricks ADI
 9:55-10:45: Filtering considerations for DC/DC converters WE
 10:45-11:10: Break – Networking

 11:10-12:00: Art of Loop Compensation WE

 12:00-13:00: Lunch

 13:00-13:50: LTspice examples ADI
 13:55-14:45: Smart selection of inductors and capacitors WE
 14:45-15:10: Break - Networking

 15:10-16:00: PCB board layout optimization ADI

Global agenda

JULY 4, 2025
TECHNICAL ACADEMY 

SMPS TOPOLOGIES TIPS AND TRICKS

JULY 4, 2025
TECHNICAL ACADEMY 
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 SMPS tips and tricks

SMPS tips and tricks

GLOBAL POWER DESIGN SEMINAR TOUR

JULY 4, 2025
TECHNICAL ACADEMY 
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GLOBAL POWER DESIGN SEMINAR TOUR

 MOSFETs selection

 Gate current consumption
Depending, U (Vgate), Input gate capacitance and frequency of switching 

𝐼𝑐ഥ =
ଵ

்
⋅ ∫ 𝐼𝑐

௧


=

ଵ

்
⋅ ∫ 𝐼𝑐 =

ଵ

்
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⋅ 𝐼𝑐 ⋅ 𝒕𝒓

and

𝐼𝑐 = 𝐶 ⋅
∆

∆௧
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Finaly cancel time : 𝐼𝑐ഥ =
ଵ

்
⋅ 𝐶 ⋅



𝒕𝒓
⋅ 𝒕𝒓 = 𝑈 ⋅ 𝐶 ⋅
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்
= 𝑄 ⋅ 𝑓

𝑰𝒄ഥ = 𝑼 ⋅ 𝑪 ⋅ 𝒇 = 𝑸𝒈 ⋅ 𝒇

SMPS tips and tricks
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GLOBAL POWER DESIGN SEMINAR TOUR

 Driver limits
 Power limits
• We know how much current is necessary to power the MOSFET gate:

𝑰𝒄ഥ = 𝑼 ⋅ 𝑪 ⋅ 𝒇 = 𝑸𝒈 ⋅ 𝒇

• A special care must be observed about power limits of the driver for MOSFET 
driving, here an example with an internal LDO; specially at “high” voltages.

• Internal quiescent current 𝐼 is in general quite small regarding gate driving needs.

𝑷𝒅𝒊𝒔𝒔 = 𝑽𝒊𝒏 − 𝑽𝑳𝑫𝑶 ∗ (𝑰𝑪 + 𝑰𝒒)

• Depending overall thermal resistance of the IC mounted on PCB, too much 
dissipation could lead to thermal runaway or self-protection.

SMPS tips and tricks 𝐶

VIn

𝐼+

-

V
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T

𝐼

JULY 4, 2025
TECHNICAL ACADEMY 
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GLOBAL POWER DESIGN SEMINAR TOUR

 MOSFETs selection

 Gate drive capabilities
• Based on some datasheet info :

𝐼መ = 𝐶 ⋅
∆𝑈

∆𝑡
= Cୟ୲ୣ ⋅

𝑉௧

𝑡
= 3,3nF ⋅

7,5

20𝑛𝑠
≈ 1,2𝐴

Cୟ୲ୣ = C୧ୱୱ in datasheets

Despite of lack of information maximum drive strength could be retrieved.
Source : LT3758-3758A

SMPS tips and tricks 𝐶
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JULY 4, 2025
TECHNICAL ACADEMY 
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GLOBAL POWER DESIGN SEMINAR TOUR

 MOSFETs losses
 Conduction losses, when closed
 Switching losses, during transitions
 Leak losses, when open

Consider driver rise and fall timings  𝑡’ and 𝑡’ insignificant vs MOSFET
Consider MOSFET delays 𝑡𝑑 and 𝑡𝑑 as null
Consider 𝐼௦ ≈ 𝐼 ̅for realistic current ripple

 Pେ୭୬ୢ = Rds୭୬ ⋅ I୰୫ୱ
ଶ Rds୭୬=MOSFET closed resistance

 Pୱ୵ ≈
⋅୍̅⋅୲౨

ଶ⋅
+

⋅୍̅⋅୲

ଶ⋅
U=voltage accros MOSFET

 P୪ୣୟ୩ = U ⋅ I୪ୣୟ୩ I୪ୣୟ୩=leakage current

𝑷𝑻𝒐𝒕 = 𝑼 ⋅ 𝑰𝒍𝒆𝒂𝒌 +  𝑹𝑫𝑺𝑶𝑵 ⋅ 𝑰𝑹𝑴𝑺
𝟐 +

𝑼 ⋅ 𝑰ത

𝟐 ⋅ 𝑻
⋅ (𝒕𝒓 + 𝒕𝒇)

SMPS tips and tricks 𝐶
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GLOBAL POWER DESIGN SEMINAR TOUR

 What is the best MOSFET ?!
 Sometimes parameters could confuse designer and make mistakes happen
Most common: speak about 𝑹𝑫𝑺𝑶𝑵 all other parameters already selected
 What is the best choice for best performances in a converter ?

SMPS tips and tricks

JULY 4, 2025
TECHNICAL ACADEMY 

UnitValueParameter
V60Vds
mΩ6,6RDSon
A64Id
nC19Qoss
nC17Qg
ns3tr
ns3tf

UnitValueParameter
V60Vds
mΩ2,8RDSon
A132Id
nC43Qoss
nC37Qg
ns38tr
ns8tf

BSC066N06NS BSC028N06NS

9

10



7/4/2025

6

11

GLOBAL POWER DESIGN SEMINAR TOUR

Example converter with :
24𝑉 ;  5V୭୳୲; fୱ୵ = 250kHz ;  Iout = 5A

𝑃்௧ = 24𝑉 ⋅ 100µ𝐴 + 6,6𝑚Ω ⋅ 25 +
19 ⋅ 5 ⋅ 250𝑘𝐻𝑧

2
⋅ 3𝑛𝑠 + 3𝑛𝑠

𝑃்௧ = 2,4𝑚𝑊 + 𝟏𝟔𝟓𝒎𝑾 + 𝟕𝟏𝒎𝑾 = 238𝑚𝑊

𝑃்௧ = 24𝑉 ⋅ 100µ𝐴 + 2,8𝑚Ω ⋅ 25 +
19 ⋅ 5 ⋅ 250𝑘𝐻𝑧

2
⋅ 38𝑛𝑠 + 8𝑛𝑠

𝑃்௧ = 2,4𝑚𝑊 + 𝟕𝟎𝒎𝑾 + 𝟓𝟒𝟔𝒎𝑾 = 618𝑚𝑊

SMPS tips and tricks

JULY 4, 2025
TECHNICAL ACADEMY 

BSC066N06NS BSC028N06NS
𝑷𝑻𝒐𝒕 = 𝑼 ⋅ 𝑰𝑫𝑺𝑺 +  𝑹𝑫𝑺𝑶𝑵 ⋅ 𝑰𝑹𝑴𝑺

𝟐 +
𝑼 ⋅ 𝑰ത ⋅ 𝒇𝑺𝑾

𝟐
⋅ 𝒕𝒓 + 𝒕𝒇

Despite of more than half 𝑅𝐷𝑆ைே, dynamic behavior is near catastrophic and no so huge frequency
The best choice is not the one who seems to be

x2,6 more losses !

2,3𝑥 less 𝑅𝐷𝑆ைே

FILTERING CONSIDERATIONS FOR 
DC/DC CONVERTERS

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 How to meet EMC standards requirements?

Why do we need a filter ?

JULY 4, 2025
TECHNICAL ACADEMY 
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 SMPS filtering
 Common mode 
 Differential mode

 Input filtering
 Output filtering

Filtering considerations

GLOBAL POWER DESIGN SEMINAR TOUR

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 Differential mode

 Source from current loop ௗ
ௗ௧⁄

 Coupling by inductive way
 More related to main switch frequency and 

harmonics

 Filtered by LC filter

𝑓 =
1

(2 ⋅ π ⋅ 𝐿 ⋅ 𝐶) 

 Common mode

 Source from voltage ௗ௩
ௗ௧⁄

 Coupling via capacitive way
 More related to switching noises and ringing 

 Filtered by Common Mode Choke filter and Y-Caps 

𝑓 =
1

(2 ⋅ π ⋅ 𝐿ெ ⋅ 2 ⋅ 𝐶௬) 

EMI noises sources and types : Two different coupling schemes exists

JULY 4, 2025
TECHNICAL ACADEMY 

DC

DC
𝑉_𝑠𝑢𝑝𝑝𝑙𝑦

Differential Mode

𝑉_𝑠𝑢𝑝𝑝𝑙𝑦
DC

DC

Common Mode

𝐿

𝐶
𝐶௬

𝐶௬

𝐿ெ

𝑓𝑜 ≤ 0.1 ⋅ 𝑓௦௪

𝑓𝑜 ≤ 0.1 ⋅ 𝑓௦௪

16

WHERE THE NOISE COME FROM

High 𝑑𝑖/𝑑𝑡 cause differential mode currents by magnetic loops
High 𝑑𝑣/𝑑𝑡 common mode currents through parasitic capacitances

Buck topology

JULY 4, 2025
TECHNICAL ACADEMY 

Load𝐶ூே

𝐼ூே

Radiated Emission

Conducted Emission

𝑉ூே

𝐶ை்

𝐿

+
- 𝑉ை்

𝐷

Source

Conducted Emission

Conducted Emission

Radiated Emission

Conducted Emission

15
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WHERE THE NOISE COME FROM

High dV/dt common mode currents through parasitic capacitances
(electric dipole and monopole antennas)

Flyback : High dV/dt Nodes

JULY 4, 2025
TECHNICAL ACADEMY 

LISN

Source 50Ω

50Ω

Load

18

WHERE THE NOISE COME FROM

Inductive coupling caused by high di/dt differential mode currents
(magnetic loop antennas)

Flyback : High di/dt Loops

JULY 4, 2025
TECHNICAL ACADEMY 

LISN

Source 50Ω

50Ω

Load

17
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM 
Use traditional calculations 

?

block

bypassbypass

JULY 4, 2025
TECHNICAL ACADEMY 

20

GLOBAL FILTERING

 Quick design : differential mode filtering

 A rule of thumb is to set first -40dB attenuation noises, to set filter frequency ଵ

ଵ
of switching frequency.

SMPS filtering : differential mode

+
-
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Source

𝐿௧

𝐶

Input Output 𝐿௧

𝐶௧ 𝐶௧
𝐶௨௧

Lfilter=
1

2 ȉ π ȉ
 fsw
10

2
· Cfilter

JULY 4, 2025
TECHNICAL ACADEMY 
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CE DIFFERENTIAL MODE INPUT FILTER DESIGN

OSCILLATION AT CONVERTER INPUT

 Adding an input EMI filter to converter input can cause oscillation at converter input

 Problem could arise : the converter no longer meets response specification and may even become unstable!!! 

Why????

JULY 4, 2025
TECHNICAL ACADEMY 

22

CE DIFFERENTIAL MODE INPUT FILTER DESIGN

INPUT IMPEDANCE OF CONVERTER (AN EXPLANATION)

 Input and output power of converter is near the same (efficiency drop)

 Under stable conditions output power is constant

 If the input voltage falls, the input current increases

 Voltage-current line has a negative slope

IIn ↑ RIn < 0VIn ↓

NEGATIVE DC INPUT RESISTANCE

JULY 4, 2025
TECHNICAL ACADEMY 

PIn ~ Pout

VIn * IIn = VOut * IOut

∆V/∆I < 0

DC

DC

RL
UOutUIn

IoutI In

21
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R𝐷𝑎𝑚𝑝 = 0.1

R𝐷𝑎𝑚𝑝 = 0.5, 1, 2

Effect of negative resistance with a 2nd order filter

INSTABILITY
CE DIFFERENTIAL MODE INPUT FILTER DESIGN

JULY 4, 2025
TECHNICAL ACADEMY 
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FILTERING DRAWBACK SOLUTION

 Filter fitting
 Caution must be observed with filtering, when inserting magnetics in power lines
 Dampening is necessary to calm down any resonance effect

• A dampening factor ζ of 0.707 is sufficient

 A rule of thumb is to set few ohms max to 𝑅_𝑑𝑎𝑚𝑝

 Cdamp value near to Cinput to avoid high ‘𝑛’ value
 ‘𝑛’ should be 4 or 6

• Possible with different capacitor technologies

SMPS filtering

+
-

DC

DC

Source 𝐶௧ 𝐶௨௧

𝐿௧

𝐶ௗ

𝑅ௗ

n=
Cdamp

Cfilter
                        ζ = 

n+1

n
 ∙ 

Lfilter

2 ȉ Rdamp ∙ Lfilter ∙ Cinput

JULY 4, 2025
TECHNICAL ACADEMY 
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Keeping the same values of undamped filter, we can add an Rd and a Cd as follows:

CALCULATING INPUT FILTER COMPONENTS VALUES 

1) Calculate damping capacitor

2) Calculate damping Resistor 𝑅ௗ =
𝐿𝑓

𝐶𝑓

(𝑛 + 1)

2𝑛

2𝑛ଶ(4 + 𝑛)

(2 + 𝑛)(4 + 3𝑛)

 𝐶ௗ = n ȉ 𝐶𝑓         𝑤𝑖𝑡ℎ 𝑛 = 4 𝑜𝑟 6

JULY 4, 2025
TECHNICAL ACADEMY 
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tran 0 5m 0 1µ
 Time domain:

GLOBAL FILTERING

.ac dec 100 100 1Meg
 Frequency domain :

SMPS filtering : differential mode

JULY 4, 2025
TECHNICAL ACADEMY 

100Hz 1KHz 10KHz 100KHz 1MHz
-72dB

-63dB

-54dB

-45dB

-36dB

-27dB

-18dB

-9dB

0dB

9dB

18dB

-180°

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

20°V(in1) V(out2) V(out1)

0.0ms 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ms
-16V

-12V

-8V

-4V

0V

4V

8V

12V

16V

20V

24V V(in1) V(out1) V(out2)

47µ
AC 1

V1

L1

47µ
C1

in1 out1

ζ =1

V2

L2

47µ
C2

47µ

R1
1

C3

47µ

in2 out2

P
U

L
S

E
(0

 1
2

 0
 1

0
0

n
 1

0
0

n
2

m
 5

m
)

AC 1

ζ ≪ 1

25
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CE DIFFERENTIAL MODE FILTER DESIGN – BUCK EXAMPLE

Synchronous Buck Converter Specification 
Vin = 10V
Vo = 5V
Iout = 5A (FL)
Iout = 50mA (LL)
Fs = 700kHz

LC input filter

Where is the Damping?

RDamp = ESR of Electrolytic

JULY 4, 2025
TECHNICAL ACADEMY 
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CE DIFFERENTIAL MODE FILTER DESIGN – BUCK EXAMPLE

JULY 4, 2025
TECHNICAL ACADEMY 
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM 

https://redexpert.we-online.com/we-redexpert/en/#/emifd-embedded

Use REDEXPERT Tool: SMART way

JULY 4, 2025
TECHNICAL ACADEMY 

30

 LtSpice and REDEXPERT comparison: same results!

GLOBAL FILTERING
SMPS filtering : differential mode

JULY 4, 2025
TECHNICAL ACADEMY 

100Hz 1KHz 10KHz 100KHz 1MHz
-96dB

-88dB

-80dB

-72dB

-64dB

-56dB

-48dB

-40dB

-32dB

-24dB

-16dB

-8dB

0dB

8dB

-140°

-130°

-120°

-110°

-100°

-90°

-80°

-70°

-60°

-50°

-40°

-30°

-20°

-10°V(out1)

AC 1
Rser=10

V1

870025574002_47uF

C4
3015_74438335470_47u

L3in1 out1

.ac dec 100 100 1Meg

29
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM 
Use REDEXPERT Tool: SMART way  EMI Filter Designer

JULY 4, 2025
TECHNICAL ACADEMY 
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FILTER TOPOLOGIES FOR IMPEDANCE SYSTEM 
REDEXPERT EMI Filter Designer

JULY 4, 2025
TECHNICAL ACADEMY 
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GLOBAL FILTERING

 Quick design : common mode filtering
 To reach around 30dB~40dB attenuation : 
 Corner frequency of LC filter  <  5~10 time less than converter working frequency. 

SMPS filtering : common mode

+
-

DC

DC

LoadSource

𝐶ூே

Input Output

𝐶ை்

Lfilter=
1

2 ȉ π ȉ
 fsw

5~10

2
· Cfilter

𝐿௧

𝐿௧

𝐶௧

𝐶௧

𝐿௧

𝐿௧

𝐶௧

𝐶௧

JULY 4, 2025
TECHNICAL ACADEMY 
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tran 0 5m 0 1µ
 Time domain:

GLOBAL FILTERING

.ac dec 100 100 1Meg
 Frequency domain :

SMPS filtering : common mode

JULY 4, 2025
TECHNICAL ACADEMY 

C1

47µ

1

2

4

3

L3

M_744823305_5m

V1

AC 1

C4

1n

C5

1n

in1 out1

in
0

out1L

C2

47µ

R1
2

C3

47µ

1

2

4

3

L4

M_744823305_5m

C6

1n

C7

1n

V2

AC 1

in2 out2

in
0

out2L

100Hz 1KHz 10KHz 100KHz 1MHz
-80dB

-70dB

-60dB

-50dB

-40dB

-30dB

-20dB

-10dB

0dB

10dB

-180°

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

20°
V(out1) V(out2)

0.0ms 0.5ms 1.0ms 1.5ms 2.0ms 2.5ms 3.0ms 3.5ms 4.0ms 4.5ms 5.0ms
-12V

-9V

-6V

-3V

0V

3V

6V

9V

12V

15V

18V

21V

24V V(out1,out1L) V(out2,out2L) V(in1,inL)

ζ =1

P
U

L
S

E
(0

 1
2

 0
 1

0
0

n
 1

0
0

n
2

m
 5

m
)
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ANP015

DCDC & ACDC Filter Calculation / LT Spice Simulation / Measurement / Layout

APPNOTE ANP015

JULY 4, 2025
TECHNICAL ACADEMY 

REAL SHOWCASE

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 Board  Schematic

Real board from a customer support : First release(s) 

JULY 4, 2025
TECHNICAL ACADEMY 

38

SMPS FILTERING

 No filter : no chance to pass EMC

EMC conducted emissions

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 Real case : application CM + 2* DM (input / output)

 CM : WE-UCF

 DM : 2* WE-LHMI

 Modifications on the first release

Why do we need a filter ?

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 Board  Schematic

Last release

JULY 4, 2025
TECHNICAL ACADEMY 
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SMPS FILTERING

 Final version !

 But what should be improved?

Final results with a filter!

JULY 4, 2025
TECHNICAL ACADEMY 

Near 40dB gain from no filters to filters 

EMC SIMULATION

 The most portable Lab

JULY 4, 2025
TECHNICAL ACADEMY 

41
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LTSPICE SIMULATION

 Schematic 
 Typical schematic for a LISN, very common

 Common mode / differential mode
 CM and DM are made from noise nodes Lrf and Nrf

with a sum or difference

LISN

JULY 4, 2025
TECHNICAL ACADEMY 

V1

12.2

L4

50µH

C5

250nF

R7
50

L3

1µ

L5

50µH

C7

250nF

R8
50

L6

1µ

C8

8µF

C9

8µF

R9
5R

R10
5R

B1

V=(V(Lrf)-V(Nrf))/2*1Meg

B2

V=(V(Lrf)+V(Nrf))/2*1Meg

Rs

1m

V
p

o
w

er

Lrf

Nrf

D
M

C
M

g
n

d
_p

o
w

er

LISN

2*Wires : ?1m

44

LTSPICE SIMULATION

 Schematic
 𝑉ெ µ𝑉 =

𝑽𝑳𝑹𝑭ି𝑽𝑵𝑹𝑭

𝟐
 ∗ 1 000 000 𝑉ெ µ𝑉 =

𝑽𝑳𝑹𝑭ା𝑽𝑵𝑹𝑭

𝟐
 ∗ 1 000 000

𝑑𝐵µ𝑉 = 20 ⋅ log (
()

ଵµ
)  1µ𝑉 = 0𝑑𝐵µ𝑉 1𝑉 = 1 000 000µ𝑉 = 20 ⋅ log 10 = 120𝑑𝐵µ𝑉

Fsw=500kHz, Buck LT8612 12-5V 1A

JULY 4, 2025
TECHNICAL ACADEMY 
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Fsw=500kHz, Buck LT8612 12-5V 1A

LTSPICE SIMULATION

10KHz 100KHz 1MHz 10MHz 100MHz
-80dB

-60dB

-40dB

-20dB

0dB

20dB

40dB

60dB

80dB

100dB
V(dm) V(cm)

CISPR32

 Time and frequency link
 Perturbation frequency

644.8µs 645.0µs 645.2µs 645.4µs 645.6µs 645.8µs 646.0µs 646.2µs 646.4µs 646.6µs-1.5V
-1.2V
-0.9V
-0.6V
-0.3V
0.0V
0.3V
0.6V
0.9V
1.2V
1.5V
-2V

0V

2V

4V

6V

8V

10V

12V

14V

16V

V(dm)/1Meg V(cm)/1Meg

V(Sw,gnd_out)

JULY 4, 2025
TECHNICAL ACADEMY 
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LTSPICE SIMULATION

 No filter :extra wideband noises, Fsw main disturbance

Fsw=500kHz, Buck LT8612 12-5V 1A

JULY 4, 2025
TECHNICAL ACADEMY 

Short Circuit

40 dB
25 dB

45
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LTSPICE SIMULATION

 Quick calculation example

Iterative calculation could be used to reach a common 
value, frequency does not need to be ultra precise.

REDEXPERT Selection of the differential Mode Inductor

JULY 4, 2025
TECHNICAL ACADEMY 

Lfilter=
1

2 ȉ π ȉ
 fsw
10

2
· Cfilter

=
1

2 ȉ π ȉ
500𝑘

10

2
· 10µ𝐹

Lfilter=
1

2 ȉ π ȉ50𝑘 2· 10µ𝐹

Lfilter=1µ𝐻

48

LTSPICE SIMULATION

 With DM only : DM filtering action !

LtSpice simulation

JULY 4, 2025
TECHNICAL ACADEMY 

Short Circuit

Lfilter=1µ𝐻

47
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LTSPICE SIMULATION

 Need 40 dB for 
500kHz and try to 
find wide BW : 
100kHz to 10MHz

Use REDEXPERT

WE-CMB – XS 
comparison

10mH 744821110
seems to be well 
centered and enough 
attenuation

Selection of the Common Mode chokes      (Fsw=500kHz, Buck LT8612 12-5V 1A (𝐼_𝑖𝑛 >  400𝑚𝐴)

JULY 4, 2025
TECHNICAL ACADEMY 

50

 With DM+CM : Noise killer… Ready to go to EMC Lab!

LtSpice simulation

JULY 4, 2025
TECHNICAL ACADEMY 

LCMC=10𝑚𝐻
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BREAK

Networking : Take a rest !

JULY 4, 2025
TECHNICAL ACADEMY 

CLOSE THE LOOP!

JULY 4, 2025
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ART OF LOOP 
COMPENSATION

Control theory and loop

JULY 4, 2025
TECHNICAL ACADEMY 
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POSSIBLE SETUP
Bode plot of the control loop (plant + compensator)

JULY 4, 2025
TECHNICAL ACADEMY 

53

54



7/4/2025

28

55

LOOP COMPENSATION
DIY Injection transformer

JULY 4, 2025
TECHNICAL ACADEMY 

 Use a wideband common mode choke as small signal transformer
 BOM:
 Choke: 35mH WE-CMBNC #7448040435
 Box: Z116PH/RD by Kradex
 Bananas: bil-20-sw & bil-20-rt HIRSCHMANN T&M
 Coax: 4067878 Amphenol RF

56

LOOP COMPENSATION
DIY Injection transformer : flat response from 10Hz to 1 MHz! 

JULY 4, 2025
TECHNICAL ACADEMY 
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BASICS OF CONTROL THEORY

Closed Loop / Block-diagram

Open / Close loop transfer function

JULY 4, 2025
TECHNICAL ACADEMY 

UOut(s)
Output 
voltage

GP(s)
(Plant)

GC(s)
(Compensator)

URef(s)
Reference 
voltage

+

-

Error amplifier

UErr(s)
Error 
voltage

Power stage

 transfer function s =
୳୲୮୳୲ (ୱ)

୍୬୮୳୲ (ୱ)

UComp(s)
Control 
voltage

 URef(s): Reference voltage = setpoint
 UErr(s): Error voltage = Error
 UComp(s): Control voltage = system input

 UOut(s): Output voltage = system output

 GC(s): Transfer function of the 
compensator

 GP(s): Transfer function of the plant

 target/actual comparison + 
compensator =  Error amplifier

𝑮𝐂𝐋(𝒔) =
𝑼𝐎𝐮𝐭(𝒔)

𝑼𝐑𝐞𝐟(𝒔)
=

𝑮𝐎𝐋(𝒔)

𝟏ା𝑮𝐎𝐋(𝒔)
 Closed loop transfer function

𝑮𝐎𝐋 𝒔 =
𝑼𝐎𝐮𝐭 𝒔

𝑼𝑬𝒓𝒓 𝒔
= 𝑮𝐂 𝒔 ȉ 𝑮𝐏 (𝐬)

 Open loop transfer function

58

LOOP COMPENSATION

 Cross over frequency (bandwidth) - fBW
 Frequency at which the gain crosses 0dB („1“)

 Phase margin - 𝑷𝐌

 Phase left to -180° when the gain reaches 0dB
 Important note:
 If the open loop transfer function is measured in a 

closed loop configuration (by Frequency Response 
Analysis) -180° corresponds to 0°

 Reason is the inverting behavior of the error 
amplifier which is automatically considered

 The phase margin can be read directly from 0° (this 
is the case in all following slides )

 Gain margin - 𝑮𝐌

 Gain below 0dB when the phase reaches -180° („-”) Typical bode plot – Open loop

Theory refresh

JULY 4, 2025
TECHNICAL ACADEMY 

solid = gain (dB)
phase (°)

0 db

-180

f
BW

PM

Phase

Gain

Freq.

Freq.

GM

Bode Plots|𝑻 𝒋𝝎 |

𝐏𝐡𝐚𝐬𝐞 = 𝐀𝐫𝐠|𝑻 𝒋𝝎 |
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BASICS OF CONTROL THEORY

 Cross over frequency (bandwidth) - fx
 Frequency at which the gain crosses 0dB („1“)
 Usually a maximum of 1/10th of the switching 

frequency is desired
 Higher cross over frequency  Faster transient 

response 

 Phase margin - 𝝋𝐌

 Phase left to -180° when the gain reaches 0dB
 Should be ≥ 45°(60° preferred)
 Lower phase margin more oscillating in transient 

response (load step)

 Gain margin - 𝑮𝐌

 Gain below 0dB when the phase reaches -180° („-”)
 10-15dB is considered good
 Gain margin too low  low variation robustness 

oscillations could be the result

Typical bode plot – Open loop 

Identify stability on an open loop bode plot

JULY 4, 2025
TECHNICAL ACADEMY 

100Hz 1kHz 10kHz 100kHz
-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-220°

-200°

-180°
(0°)

-160°

-140°

-120°

-100°

-80°

fx≈ 𝟏𝟎𝒌𝑯𝒛

𝝋𝐌 ≈ 𝟖𝟓°

𝑮𝐌 ≈ 𝟖𝒅𝑩

solid = gain (dB)
dotted = phase (°)

GOL (s)

If the open loop transfer function is measured in a closed loop 

configuration (by Frequency Response Analysis) -180° corresponds to 

0°. Reason is the inverting behavior of the error amplifier which is 

automatically considered. The phase margin can be read directly from 

0° (this is the case in all following slides )

60

IMPACT OF PHASE MARGIN

Load step response: IOut 1A  2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Simulation – Buck Demo Board with various compensators

JULY 4, 2025TECHNICAL ACADEMY 

𝝋𝐌=15°
𝝋𝐌=30°
𝝋𝐌=45°

𝝋𝐌=60°
𝝋𝐌=75°
𝝋𝐌=90°

𝝋𝐌=15°
𝝋𝐌=30°
𝝋𝐌=45°

𝝋𝐌=60°
𝝋𝐌=75°
𝝋𝐌=90°

solid = gain (dB)
dotted = phase (°)

GOL (s)
100Hz 1kHz 10kHz 100kHz

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

70dB

-45°

-30°

-15°

15°

30°

45°

60°

75°

90°

105°
V(out)/V(inj)

fx= 𝟐𝟎𝒌𝑯𝒛

𝝋𝐌

rising phase margin

0°
(-180°) 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V

5.03V
V(out)

∆T fx ≈
𝟏

∆𝑻
= 𝟐𝟎𝒌𝑯𝒛

rising phase margin
= less ringing

Maximum 
voltage drop
depends
slightly on 
𝝋𝐌
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IMPACT OF CROSSOVER FREQUENCY

Load step response: IOut 1A  2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Simulation – Buck Demo Board with various compensators

JULY 4, 2025TECHNICAL ACADEMY 

solid = gain (dB)
dotted = phase (°)

𝒇𝒙=10kHz
𝒇𝒙=20kHz
𝒇𝒙=30kHz

𝒇𝒙=10kHz
𝒇𝒙=20kHz
𝒇𝒙=30kHz

GOL (s)
0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs

4.93V

4.94V

4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V
V(out)

rising crossover frequency

100Hz 1kHz 10kHz 100kHz
-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

70dB

-45°

-30°

-15°

15°

30°

45°

60°

75°

90°

105°V(out)/V(inj)

𝝋𝐌 = 𝟔𝟎°

rising crossover frequency

0°
(-180°) 

63mV - Can we estimate the voltage drop?

62

PLANT TRANSFER 
FUNCTION

JULY 4, 2025
TECHNICAL ACADEMY 
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 The plant transfer function depends on:
 Control technique (e.g. voltage- / current-mode control)
 Topology of the converter (e.g. buck, boost)
 Conduction mode (DCM – discontinuous conduction mode, CCM – continuous conduction mode)
 Controller IC (internal gains, compensation ramp)
 Components used (capacitors, inductors, power semiconductors )
 Input- and output-voltage
 Load

What does it depend on?

TRANSFER FUNCTION OF THE PLANT

JULY 4, 2025
TECHNICAL ACADEMY 

64

General Specification

JULY 4, 2025
TECHNICAL ACADEMY 

J3
Soft Start

Rotary Switch

Inductor

Output Capacitors: 
J14, J15, J18, J16, J17

Input Capacitors: 
J4, J5, J6

Loop compensation:
J10, J11, J12

Vout

Compensation pin
Switching 

signal

FB

Vout

Injection signal

Vin

 DC/DC Buck Converter 
 Voltage Mode control
 CCM
 Vin = 9-26V
 Vout = 5V
 Iout,max = 2A 
 Pout,max = 10W
 fsw = 285kHz – 1.52MHz

 Inductor: 10µH/3A WE-LHMI 
74437346100

Buck Demo Board

TRANSFER FUNCTION OF THE PLANT
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TRANSFER FUNCTION OF THE PLANT
Schematic and setup - Buck Demo Board

JULY 4, 2025
TECHNICAL ACADEMY 

𝑈୍୬ = 19𝑉

𝑅୭ୟୢ = 2,5Ω
𝐼୳୲ = 2𝐴
𝑈୳୲ = 5𝑉

𝑓ୗ୵ = 510𝑘𝐻𝑧

L: 10µH/3A LHMI - 74437346100

switch position 2

885012207103
WCAP-CSGP 

X7R 0805
1µF 50V

885012108021
WCAP-CSGP 

X5R 1206
10µF 25V

875015119006
WCAP-PHGP 

H-Chip Polymer
220µF 6.3V

45mΩ 22mΩ 5mΩ

C18 C19 C22

𝐶୳୲_ୣ୯ = 𝐶18 + 𝐶19 + 𝐶22 = 227.5µF
considering DC Bias effect

RESR_eq ≈ 20mΩ at 20kHz & 
considering jumper resistance, etc.

𝐸𝑆𝑅 @ 20𝑘𝐻𝑧 

REDEXPERT

66

 How?
 IC datasheet
 Mathematical modeling (MATLAB, Mathcad, etc.)
 Simulation (average model of the plant)
 Measurements

Evaluate the transfer function

TRANSFER FUNCTION OF THE PLANT

JULY 4, 2025
TECHNICAL ACADEMY 

Measure

Evaluate

Tune

Compare

Open

LOOP
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TRANSFER FUNCTION OF THE PLANT

 simplified transfer function
 Plant (in CCM) is basically a second-order response (like a LC-filter)

 LC double pole (complex conjugate pole) 

 𝜔 =
ଵ

ȉେో౫౪
→ 𝑓 =

ଵ

ଶగ ȉେో౫౪
→ 𝑓 =

ଵ

ଶగȉ ଵµுȉଶଶ ,ହµி
≈ 𝟑, 𝟑𝟑𝟖𝒌𝑯𝒛

 Quality of the LC double pole:

 𝑄 =
ோైౚ

ಽ

ో౫౪

=
ଶ,ହΩ

భబµಹ

మమళ.ఱµಷ

≈ 𝟏𝟏. 𝟗𝟐

𝐺 𝑠 = 𝐴 ȉ

1 +
𝑠

𝜔,ୗୖ

1 +
𝑠

𝑄 ȉ 𝜔
+

𝑠ଶ

𝜔
ଶ

 more detailed transfer function
 LC double pole (complex conjugate pole) 
 𝜔 =

ଵ

ȉେో౫౪ȉ ଵା
ೃు

ೃైౚ

=
ଵ

ଵµுȉଶଶ,ହµிȉ ଵା
మబΩ

మ,ఱΩ

≈ 20,882 ȉ 10ଷ ௗ

௦

→ 𝑓 ≈ 𝟑, 𝟑𝟐𝟓𝐤𝐇𝐳

 ESR-zero:
 𝜔,ୗୖ =

ଵ

ோుȉో౫౪
→ 𝑓,ୗୖ =

ଵ

ଶగȉோుȉో౫౪

 𝑓,ୗୖ =
ଵ

ଶగȉଶΩȉଶଶ,ହµி
≈ 𝟑𝟒, 𝟗𝟗𝟕𝒌𝑯𝒛 

 𝑂𝑅 𝑓,ୗୖ =
ଵ

ଶగȉଵΩȉଶଷଵµி
≈ 𝟔𝟖, 𝟗𝒌𝑯𝒛 ??

 Quality of the LC double pole:

 𝑄 =
ଵ

ఠబȉ
ಽ

ೃైౚ
 ା େో౫౪ȉ ோుା ଵା

ೃు
 ೃైౚ

ȉோైౚౙ

=

ଵ

ଶ,଼଼ȉଵయೝೌ

ೞ
 ȉ

భబµಹ

మ,ఱΩ
 ାଶଶ,ହµிȉ ଶΩା ଵା

మబΩ

మ,ఱΩ
ȉହΩ

≈ 𝟏, 𝟖𝟔

Plant transfer function - model accuracy

JULY 4, 2025
TECHNICAL ACADEMY 

As in real life, quality makes the difference!

68

TRANSFER FUNCTION OF THE PLANT

 The model accuracy depends heavily on 
the parasitics included

 Red: Simplified transfer function 
(Laplace transform) from the slide 
before 

 Yellow: Transfer function (Laplace 
transform) including the damping 
effect and the natural frequency shift 
of the double pole due the ESR and 
DCR (inductor) 

 Grey: Measurement of the plant 
transfer function using RTA4000 
Oscilloscope. 

 The quality is strongly influenced by 
the parasitic resistances simulated

 If you start from the simplification, you 
get an overcompensated control loop 

 The ESL has an effect at higher 
frequencies

Bode plot – calculation and measurement (model accuracy)

JULY 4, 2025
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100Hz 1kHz 10kHz 100kHz
-40dB

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

60dB

-180°

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

20°V(out)/V(comp)

𝒇𝐙,𝑬𝑺𝑹

gray = measured
coloured = Calculated

solid = gain (dB)
dotted = phase (°)

grey = Measured

Desired
fx=20kHz

Gf,x≈-4dB

GP (s)

𝝋𝐟,𝐱 ?

𝒇𝒐
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TRANSFER FUNCTION OF THE PLANT

 A small injection resistor is inserted 
into the feedback voltage divider
 The injection resistance is small 

compared to the series resistance 
of R1 (4,32kΩ) and R2 (825Ω)

 The test signal (sinusoidal 
frequency sweep) is fed in via the 
injection resistor with an injection 
transformer

 The oscilloscope plots the gain and 
the phase by measuring the signal 
input/output ratio at each test 
frequency 
 Depending on which input/output 

ratio is evaluated, the plant, 
compensator or open loop 
transfer function can be 
determined

Frequency response measurement - Bode plot

JULY 4, 2025
TECHNICAL ACADEMY 

+
- +

- R     Q 
S      

OSC

EA

UComp PWM
comparator

Clock

URef

UOut
feedback

UIn UOut

R2

R1

sawtooth

RInj=10Ω

1:1 Injection
transformer

UInj

Gen CH1 CH2

Output -
CH2

Input -
CH1

Transfer function

UOutUCompGP (s)Plant

UCompUInjGC (s)Compensator

UOutUInjGOL (s)Open loop

COut

Oscilloscope

70

TRANSFER FUNCTION OF THE PLANT

Test setup Measurement

Frequency response measurement – Bode plot with RTA4004-K36 (Rohde&Schwarz)

JULY 4, 2025
TECHNICAL ACADEMY 

2,5Ω resistive
Load*Injection

transformer

Low impedance
power source
(10mF/25V
- capacitor)

*An resistive load is mandatory for frequency 
response analysis because a controlled electronic 

load affects the measurement

Injection level

Gain (dB) Phase (°)

*The injection level must be 
chosen carefully:

Too big: wrong result 
(not the small signal behaviour)

Too small: bad SNR (noisy)

Buck Demo Board
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COMPENSATOR 
DESIGN

JULY 4, 2025
TECHNICAL ACADEMY 

72

COMPENSATOR DESIGN

 1 pole of origin (integrator)
 High gain at low frequencies
 Small static error

 2 poles & 2 zeros

 Gain and phase at crossover 
frequency can be affected

 Phase boost up to 180°
 Due 2 zeros
 Suitable for voltage mode

 Commonly used for voltage mode

 𝐺େ = (−)
ఠౌబ

௦
ȉ

ଵା
ೞ

ഘౖభ
 ȉ ଵା

ೞ

ഘౖమ

ଵା
ೞ

ഘౌభ
 ȉ ଵା

ೞ

ഘౌమ

 Type III:

 𝜔ଵ =
ଵ

ோଶ ȉ ଵ

 𝜔ଶ =
ଵ

ଶ ȉ(ோଵା ோଷ)

 𝜔 =
ଵ

ோଵ ȉ (ଵାଷ)

 𝜔ଵ =
(ଵାଷ)

ோଶ ȉ ଵ ȉ ଷ

 𝜔ଶ =
ଵ

ோଷ ȉ ଶ

Type III - Compensator

JULY 4, 2025
TECHNICAL ACADEMY 

Type IIIUOut

+

-

URef

UComp

C2

R1

R4

R3

C1R2

C3

𝜔𝜔

𝐺େ

𝜔௭ଵ

𝜔ଵ

𝜑

𝜔

-90°

𝜔௭ଶ

𝜔ଶ

+90°

0°
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STABILITY INTERACTIONS OF DC/DC-CONVERTERS

 Type I compensation is stable but with small bandwidth (slow time response) due to falling gain profile.

 Type II compensation extend bandwidth (keep gain) with a little phase margin add-on.

 Type III compensation extend bandwidth with high gain (better time response)  also with a high phase margin (good 
stability)

JULY 4, 2025
TECHNICAL ACADEMY 
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COMPENSATOR DESIGN
Type III - Compensator - Design example*

JULY 4, 2025
TECHNICAL ACADEMY 

Type IIIUOut

+
-

URef

UComp

C2

R1

R4

R3

C1R2

C3

*Based on the plant transfer function 
of the Buck Demo Board 

 Compensator A (R1=4,33kΩ; R2=10kΩ; R3=82Ω; C1=4,7nF; C2=4,7nF; C3=3.3nF)

 Compensator B (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=4,7nF; C3=1.5nF)*

 Compensator B + C (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=9,4nF; C3=1.5nF)

 Different locations for poles and zeros result in different open loop characteristics.
 Optimized performance going from compensator A -> B -> B+C.

Comp B+CComp BComp A

4.33E+034.33E+034.33E+03R1

2.55E+032.55E+031.00E+04R2

8.20E+018.20E+018.20E+01R3

1.00E-081.00E-084.70E-09C1

9.40E-094.70E-094.70E-09C2

1.50E-091.50E-093.30E-09C3
Comp B+CComp BComp A

6244.546244.543387.99fz1

3839.527679.047679.04fz2

3197.823197.824596.87fp0

47874.7847874.788213.32fp1

206584.94413169.87413169.87fp2
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Bode plot – Compensator X Bode plot – Plant: IOut=2A /UIn=19V

Compensator and plant

JULY 4, 2025TECHNICAL ACADEMY 

V(comp)/V(inj) V(comp)/V(inj) V(comp)/V(inj)
Compensator A Compensator B Compensator B + C

100Hz 1kHz 10kHz 100kHz
-5dB

0dB

5dB

10dB

15dB

20dB

25dB

30dB

(-90°)
90°

110°

130°

150°

170°

190°

210°

230° V(out)/V(comp)

100Hz 1kHz 10kHz 100kHz
-50dB

-40dB

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

black = Measured

solid = gain (dB)
dotted = phase (°)

coloured = Measured

solid = gain (dB)
dotted = phase (°)

GP (s)GC (s) Desired Crossover

Phase 
Boost

76

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Test setup Measurement

Load step response - Test setup

JULY 4, 2025TECHNICAL ACADEMY 

Low impedance
power source
(10mF/25V
- capacitor)

Electronic 
Load

Output voltage – AC coupling
 load step response

Output current
 load step from 1A to 2A in 10µsBuck Demo Board
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Bode plot – Compensator X Bode plot – Plant: IOut=2A /UIn=19V

Compensator and plant

JULY 4, 2025TECHNICAL ACADEMY 

V(comp)/V(inj) V(comp)/V(inj) V(comp)/V(inj)
Compensator A Compensator B Compensator B + C

100Hz 1kHz 10kHz 100kHz
-5dB

0dB

5dB

10dB

15dB

20dB

25dB

30dB

(-90°)
90°

110°

130°

150°

170°

190°

210°

230°
𝝋𝐁𝐨𝐨𝐬𝐭,𝐦𝐚𝐱 ≈ 𝟏𝟐𝟒°

𝝋𝐁𝐨𝐨𝐬𝐭,𝐦𝐚𝐱 ≈ 𝟏𝟏𝟗°

𝝋𝐁𝐨𝐨𝐬𝐭,𝐦𝐚𝐱 ≈ 𝟖𝟐°

V(out)/V(comp)

100Hz 1kHz 10kHz 100kHz
-50dB

-40dB

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

-160°

-140°

-120°

-100°

-80°

-60°

-40°

-20°

0°

gray = measured
black = simulated

solid = gain (dB)
dotted = phase (°)

gray = measured
coloured = simulated

solid = gain (dB)
dotted = phase (°)

GP (s)GC (s)
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Load step response: IOut 1A  2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Compensator A (R1=4,33kΩ; R2=10kΩ; R3=82Ω; C1=4,7nF; C2=4,7nF; C3=3.3nF)

JULY 4, 2025TECHNICAL ACADEMY 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V V(out)

100Hz 1kHz 10kHz 100kHz
-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-60°

-40°

-20°

0°
(-180°) 

20°

40°

60°

80°

100°V(out)/V(inj)

𝝋𝐌 ≈ 𝟐𝟎°

fx≈ 𝟐𝟎𝒌𝑯𝒛∆T

fx ≈
𝟏

∆𝑻
≈ 𝟐𝟎𝒌𝑯𝒛

𝑮𝐌 −  𝐞𝐧𝐨𝐮𝐠𝐡

gray = measured
red = simulated

gray = measured
red = simulated

solid = gain (dB)
dotted = phase (°)

GOL (s)
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Load step response: IOut 1A  2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Compensator B (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=4,7nF; C3=1.5nF)*

JULY 4, 2025TECHNICAL ACADEMY 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V V(out)

100Hz 1kHz 10kHz 100kHz
-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-60°

-40°

-20°

20°

40°

60°

80°

100°V(out)/V(inj)

𝝋𝐌 ≈ 𝟓𝟒°

𝑮𝐌 − 𝐞𝐧𝐨𝐮𝐠𝐡

fx≈ 𝟏𝟖𝒌𝑯𝒛

gray = measured
green = simulated

gray = measured
green = simulated

solid = gain (dB)
dotted = phase (°)

GOL (s)

0°
(-180°) 

*Design analyzed before
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

Load step response: IOut 1A  2A /UIn=19V Bode plot - Open loop:  IOut=2A /UIn=19V

Compensator B + C (R1=4,33kΩ; R2=2.55kΩ; R3=82Ω; C1=10nF; C2=9,4nF; C3=1.5nF)

JULY 4, 2025TECHNICAL ACADEMY 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V V(out)

100Hz 1kHz 10kHz 100kHz

(V(out)/V(inj))

-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-60°

-40°

-20°

20°

40°

60°

80°

100°

𝝋𝐌 ≈ 𝟔𝟐°

fx≈ 𝟐𝟗𝒌𝑯𝒛

𝑮𝐌 − 𝐞𝐧𝐨𝐮𝐠𝐡

gray = measured
blue = simulated

gray = measured
blue = simulated

solid = gain (dB)
dotted = phase (°)

GOL (s)

0°
(-180°) 

∆𝑈୳୲ ≈
1𝐴

2𝜋 ȉ 29𝑘𝐻𝑧 ȉ 231µ𝐹
ȉ

1

2 − 2 cos 62°

≈ 23𝑚𝑉

∆UOut
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STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD
Demo: Load step response

JULY 4, 2025
TECHNICAL ACADEMY 

 1 to 2Amps step
 Comp Type3 (Jump A)

CH2 : 𝑉௨௧ 𝐴𝐶

CH3 : 𝐼 𝐴𝑐 through transformer
CH4 : 𝐼௨௧𝐷𝐶

MATH : 𝐼 𝑇𝑜𝑡𝑎𝑙 (𝐴𝐶 + 𝐷𝐶)

82

STABILITY THROUGH THE COMPENSATOR - BUCK DEMO BOARD

 1 to 2Amps step
 Comp Type3 (Jump B+C)

CH2 : 𝑉௨௧ 𝐴𝐶

CH3 : 𝐼 𝐴𝑐 through transformer
CH4 : 𝐼௨௧𝐷𝐶

MATH : 𝐼 𝑇𝑜𝑡𝑎𝑙 (𝐴𝐶 + 𝐷𝐶)

Demo: Load step response

JULY 4, 2025
TECHNICAL ACADEMY 
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BASICS OF CONTROL THEORY

 𝑼𝐎𝐮𝐭 𝒔 = 𝑼𝐑𝐞𝐟(𝒔) ȉ
𝑮𝐎𝐋(𝒔)

𝟏ା𝑮𝐎𝐋(𝒔)
𝑼𝐎𝐮𝐭 ≈  𝑼𝐑𝐞𝐟  No static error

 𝑼𝐎𝐮𝐭 𝒔 = 𝑼𝐑𝐞𝐟(𝒔) ȉ
𝑮𝐎𝐋(𝒔)

𝟏ା𝑮𝐎𝐋(𝒔)
 𝑼𝐎𝐮𝐭 ≠ 𝑼𝐑𝐞𝐟  Instability  Nyquist stability criterion!

 Task of the Error amplifier: 

 high amplification for small frequencies (we need an integrator in the loop = pole at origin)

 keep the open loop transfer function away from -1 !

Closed loop transfer function - conclusions

JULY 4, 2025
TECHNICAL ACADEMY 

𝑮𝐎𝐋(𝟎) → ∞

𝑮𝐎𝐋 𝒔 → −𝟏

84

LOOP COMPENSATION

 Buck board
 Use of all caps but Polymer 

(better sine response)

 Measure FRA  : „Open Loop 
behavior“ 𝐺ைGenerator

 𝑮𝐎𝐋 𝒔 =
𝑽_𝒐𝒖𝒕

𝑽𝒊𝒏𝒋

 𝑈ூ = 250𝑚𝑉𝑝𝑝

 𝑈௨௧ 𝐴𝐶

Control Loop on real world

JULY 4, 2025
TECHNICAL ACADEMY 

+
- +

- R     Q 
S      

OSC

EA

UComp PWM
comparator

Clock

URef

UOut
feedback

UIn UOut

R20

R19

sawtooth

RInj=10Ω

1:1 Injection
transformer

UInj

Gen CH1 CH2

Output -
CH2

Input -
CH1

Transfer function

UOutUCompGP (s)Plant

UCompUInjGC (s)Compensator

UOutUInjGOL (s)Open loop

COut

Oscilloscope

MaT/eiSos

R18
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1Hz 10Hz 100Hz 1KHz 10KHz 100KHz 1MHz
-6dB

-3dB

0dB

3dB

6dB

9dB

12dB

15dB

18dB

21dB

24dB

27dB

20°

40°

60°

80°

100°

120°

140°

160°

180°

200°

220°

240°V(out)/V(in)

LOOP COMPENSATION

 𝐺 =
𝑹𝟐

ோଵ⋰⋰𝑹𝟑
= 100 ≈ +40𝑑𝐵

 𝑓ଵ =
ଵ

ଶగ (ோଶ ȉ ଵ)
=

ଵ

ଶగȉଵ⋅ଵହ
= 100𝐻𝑧

 𝑓ଶ =
ଵ

ଶగȉଶ ோଵ  ோଷ
=

ଵ

ଶగ⋅ଶ⋅(ସାଵ )
= 2𝑘𝐻𝑧

 𝑓ଵ =
ଵାଷ

ଶగȉோଶ ȉ ଵ⋅ଷ
=

ଵହାଵହ

ଶగȉଵ⋅ଵହ⋅ଵହ
=

ଵହଵ,ହషవ

ଵସ,ଵଷషభమ = 10,7𝑘𝐻𝑧

 𝑓ଶ =
ଵ

ଶగȉோ  ȉଶ
=

ଵ

ଶగȉଵ ∗ଶ
=

ଵ

ଵଶ,ହషల ≈ 80𝑘𝐻𝑧

POWER : Compensation Type 3, simulation results 

JULY 4, 2025
TECHNICAL ACADEMY 

𝑓𝑓

𝐺େ

𝑓௭ଵ

𝑓ଵ

𝜑

𝑓

-90°

𝑓௭ଶ

𝑓ଶ

+90°

0°

Type IIIUOut

+

-

URef

UComp

C2

R1

R4

R3

C1R2

C3

𝑓௭ଵ 𝑓௭ଶ

𝑓ଵ

𝑓ଶ
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STABILITY THROUGH THE OUTPUT CAPACITOR

DC Simulation(Transient Time Domain) AC Simulation(Frequency Domain)

Compensator A  and output capacitor A + B + C : simulations and comparisons; 𝑈𝐼𝑛 = 19𝑉

JULY 4, 2025
TECHNICAL ACADEMY 

Injection noise over 𝑉ை்
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STABILITY THROUGH THE OUTPUT CAPACITOR

Load step response: 𝐼𝑂𝑢𝑡 1𝐴 →  2𝐴; 𝑈𝐼𝑛 = 19𝑉 Bode plot - Open loop:  𝐼𝑂𝑢𝑡 = 2𝐴 ; 𝑈𝐼𝑛 = 19𝑉

Compensator A  and output capacitor A + B + C : simulations and comparisons

JULY 4, 2025TECHNICAL ACADEMY 

0µs 50µs 100µs 150µs 200µs 250µs 300µs 350µs 400µs 450µs 500µs
4.95V

4.96V

4.97V

4.98V

4.99V

5.00V

5.01V

5.02V V(out)

100Hz 1kHz 10kHz 100kHz
-30dB

-20dB

-10dB

0dB

10dB

20dB

30dB

40dB

50dB

-90°

-60°

-30°

30°

60°

90°

120°

150°
V(out)/V(inj)

fx≈ 𝟐𝟎𝒌𝑯𝒛∆T

fx ≈
𝟏

∆𝑻
≈ 𝟐𝟎𝒌𝑯𝒛

Simulated solid = gain (dB)
dotted = phase (°)

GOL (s)

0°
(-180°) 

𝝋𝐌 ≈ 𝟓𝟎°
𝝋𝐌 ≈ 𝟐𝟎°

fx ≈
𝟏

∆𝑻
≈ 𝟗𝟓𝒌𝑯𝒛

865080257014
WCAP-ASLI 
Aluminium

1000µF 10V

875075561008
WCAP-PSLC 

Polymer
220µF 25V

88

STABILITY THROUGH THE OUTPUT CAPACITOR
RedExpert comparison

JULY 4, 2025
TECHNICAL ACADEMY 

 1000µF Aluminum Vs 220µF Polymer
 5x Less value but… : 10x better in ESR !

865080257014
WCAP-ASLI 
Aluminium

1000µF 10V

875075561008
WCAP-PSLC 

Polymer
220µF 25V
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DEMO

JULY 4, 2025
TECHNICAL ACADEMY 

90

LUNCH

Bon appétit !

JULY 4, 2025
TECHNICAL ACADEMY 
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LTSPICE EXAMPLES

JULY 4, 2025
TECHNICAL ACADEMY 

92 JULY 4, 2025
TECHNICAL ACADEMY 
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SMART SELECTION OF INDUCTORS 
AND CAPACITORS 

JULY 4, 2025
TECHNICAL ACADEMY 

94

INDUCTOR THEORY

JULY 4, 2025
TECHNICAL ACADEMY 
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POWER INDUCTORS

 Maths behind physics
 Inductor current I make some excitation H
 Physical construction make flux induction B

 Physical limits
 Inductor magnetic field B is limited by core material properties
 Math translation is less and less µr form the material

Only physical change related into the equation!

Into saturation region current increase lead to less and less magnetic field

Energy storage start to be inefficient

Inductors : theory of operation

JULY 4, 2025
TECHNICAL ACADEMY 

𝐿 =
𝜇 ȉ 𝜇⋅ 𝑁ଶ ⋅ 𝐼 

𝑙

𝑁𝑜𝑡𝑒 ∶
𝐵

𝐻
= µ

𝐻 =
𝑁 ⋅ 𝐼

𝑙

𝐵 = 𝜇 ȉ 𝜇⋅ 𝐻

𝑙
𝐴

𝑁

Saturation 
region

96

INDUCTORS

 DC Losses:
 copper losses with average DC current through the component
o estimation of DC loss is straight forward: 𝑃ௗ = 𝑅ௗ ȉ 𝐼ோெௌ

ଶ

 AC Losses:
 winding losses due to skin effect, proximity effect, etc.
 core losses : eddy current & hysteresis loss in the core due to magnetization
 Related to ( f, B, H )

 EMI losses from leakages and parasitic couplings

 Total Losses:
 𝑃௧௧ = 𝑃ௗ + 𝑃

Theory : Inductor and parasitic

JULY 4, 2025
TECHNICAL ACADEMY 

C

LRDC

R
LEAK
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INDUCTOR : IMPEDANCE Z

 𝑍 = 𝑅𝐷𝐶ଶ +
ಽ

ଵି
ಽ


ଶ

 𝑍 = 𝑅𝐷𝐶ଶ +
⋅ఠ

ଵି⋅⋅ఠ²

ଶ
𝜔 = 2 ⋅ 𝜋 ⋅ 𝑓

 𝑓 =
ଵ

ଶ∗గ∗ ∗

Note: 𝑅 is resistance for 𝑓 = 0𝐻𝑧

 Component itself act as a filter

Well known behavior ?!

Z

𝑅𝐷𝐶

f

Im
p

ed
an

ce

Inductive 
part

Capacitive
part

f0- resonance frequency

𝑋 𝑋

𝑓
frequency

C

LRDC

R
LEAK
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REAL CAPACITOR AND INDUCTOR BEHAVIOR

𝑍 = 𝑅𝐷𝐶ଶ + 𝑳 ⋅ 𝝎 ⋅
𝟏

ଵି⋅⋅ఠ²

ଶ
 𝑍 = 𝐸𝑆𝑅ଶ + 𝐸𝑆𝐿 ⋅ 𝜔 −

𝟏

𝑪⋅𝝎

ଶ

𝒁𝑳 ≈ 𝑳 ⋅ 𝝎 , R=0, C=0 𝒁𝑪 ≈
𝟏

𝑪⋅𝝎
, 𝑬𝑺𝑹 = 𝟎, 𝑬𝑺𝑳 = 𝟎

TECHNICAL ACADEMY 

V1

AC 1

R1

0.1

L1

1µ

C1

10p

C2

100p

R2

0.1

L2

10n
V2

AC 1
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AC 1
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0.1

L3

1m

C3

10p

C4

100n

R4

0.1

L4

10n
V4

AC 1

in

in2

in3

in4

.ac dec 100 100 1000Meg

Capacitor

Inductor
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1
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0.1

1

10

100

1000

10000

100000

1e+06

1e+07

1e+08

-280°

-260°

-240°

-220°

-200°
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V(in)/I(V1)

V(in2)/I(V2) V(in4)/I(V4)

Inductor region

!Capacitor!

Capacitor region !Inductor!

V(in3)/I(V3)
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POWER INDUCTOR
SELECTION

JULY 4, 2025
TECHNICAL ACADEMY 

100

Key parameters

HOW TO CHOOSE A POWER INDUCTOR 

JULY 4, 2025
TECHNICAL ACADEMY 
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SMART SELECTION OF INDUCTORS

 Requirements for customer
 Value
 Behavior & tolerances

 Currents
 DC resistance (DC losses)
 AC losses ??
 REDEXPERT !

 System voltage
 Temperature limits and behavior
 REDEXPERT ! 

 Mechanical aspects
 Qualifications and standards

 Product parameters: datasheet

Key parameters and use

JULY 4, 2025
TECHNICAL ACADEMY 

102

INDUCTOR SELECTION

 Inductance is measured with LCR meter
 With a specific set up

 Samples can be ordered with the nearest standard 
values

Inductance value production and quality measurement

JULY 4, 2025
TECHNICAL ACADEMY 
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Inductance value : the buck converter example

INDUCTOR SELECTION

𝐿 =
𝑉𝑖𝑛 − 𝑉𝑜𝑢𝑡 ⋅ 𝐷

𝑓𝑠𝑤𝑖𝑡𝑐ℎ ⋅ 𝑟 ⋅ 𝐼௨௧

• 𝑉 = 24𝑉

• 𝑉௨௧ = 5𝑉

• 𝐼௨௧ = 2𝐴

• 𝐹௦௪ = 535 𝑘𝐻𝑧

• 𝑉௦௪ = 0,3𝑉

• 𝑉 = 0,3𝑉

𝐷 =
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛
𝐷 =

𝑉𝑜𝑢𝑡 + 𝑉𝑑

𝑉𝑖𝑛 − 𝑉𝑠𝑤 + 𝑉𝑑

𝐷 = 0,208 𝐷 = 0,22

𝑟 = 40%

𝐿 = 9,3µ𝐻  − 9,7µ𝐻

𝑟 = 20%

𝐿 = 18,5µ𝐻  − 19,4µ𝐻

𝐼𝑛𝑜𝑚 = 𝐼𝑜𝑢𝑡

𝐼𝑝𝑒𝑎𝑘 =2,2A 

𝐼𝑝𝑒𝑎𝑘 = 𝐼𝑜𝑢𝑡 +  
∆ூ

ଶ

𝐼𝑝𝑒𝑎𝑘 =2,4A 

Standard value :  8,2µH; 10µH, 12µH, 15µH, 18µH, 22µH 

Cin
Cout

D

L

SwitchVIn
VOut

VD
Rload

IIn
+

-

IoutIL

VL
VT

JULY 4, 2025
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Ripple VS Inductance value : 

INDUCTOR SELECTION

Cin
Cout

D

L

SwitchVIn
VOut

VD
Rload

IIn
+

-

IoutIL

VL
VT

0,00%

10,00%

20,00%

30,00%

40,00%

50,00%

60,00%

70,00%

0 5 10 15 20 25 30

• 𝑉 = 24𝑉

• 𝑉௨௧ = 5𝑉

• 𝐼௨௧ = 2𝐴

• 𝐹௦௪ = 535 𝑘𝐻𝑧

• 𝑉௦௪ = 0,3𝑉

• 𝑉 = 0,3𝑉

𝑟
(𝐵𝑢𝑐𝑘) =

𝑉𝑖𝑛 − 𝑉௨௧ ⋅ 𝑉௨௧

𝑓𝑠𝑤𝑖𝑡𝑐ℎ ⋅ 𝐿 ⋅ 𝐼𝑜𝑢𝑡 ⋅ 𝑉𝑖𝑛

37%

46,2%

30,8%

L(µH)

+/-20%

r (16%)
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RATED CURRENT

JULY 4, 2025
TECHNICAL ACADEMY 
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RATED CURRENT

 Datasheet sample  Rated current mention in the datasheet

Heating shown in the Datasheet

JULY 4, 2025
TECHNICAL ACADEMY 
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RATED CURRENT

 This value describes the direct current at which the 
component self heating increases (∆T)

 The method Würth Elektronik uses to measure the 
rated current is based upon section 6 of the IEC 
62024-2:2020 standard to provide transparent and 
comparable Ir values. A test PCB with a Power Inductor 
is contained within a box of roughly 20 cm on each side 
and does not contact directly with the surrounding box. 
Only natural heat exchange occurs, with no forced heat 
transfer applied to the test PCB. 

 Overall setup

Explained setup

JULY 4, 2025
TECHNICAL ACADEMY 

Personal 

computer

Power supply

Test bench

Infrared 

camera

IEC Iclass PCB 

with Power 

Inductor
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RATED CURRRENT

 Temperature rise vs Current  Losses vs current
 DC current injection is more convenient and very 

accurate to define losses and temperature rise 
accordingly

Definition with temperature rise

JULY 4, 2025
TECHNICAL ACADEMY 

𝑰𝑹 =  𝟕, 𝟑 𝑨 | test condition ∆T = 40K

𝑃𝑙𝑜𝑠𝑠 =   𝑅 ⋅ 𝐼 
ଶ
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RATED CURRENT
How 𝐼 is defined ?
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Irated 1,36 A

Irated 1,466 A

Irated 1,601 A

Irated 1,468 A

Irated 1,65 A

Irated 1,9 A

Same size, 
Same electrical parameter (L, RDC)

Why different rated currents ?

110

RATED CURRENT
How 𝐼 is defined ?
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Irated 1,36 A
Irated 1,466 A

Irated 1,601 A

Irated 1,468 A

Irated 1,65 A

Irated 1,9 A

109

110



7/4/2025

56

111

RATED CURRENT
Impact of the PCB
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Less copper
Much copper
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IEC 62024-2:2020

 Class B: Product Series with standard requirement profile
 Class C: Product which are used in high packing density application
 Class D: Products with current capability higher then 30A

WE Definition and uses of Rated current

JULY 4, 2025
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PCB for Demo
PN 999 900 96
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IEC62024-2:2020 test fixture

POWER INDUCTORS

Ra
te

dC
ur

r1
 • 

W
E 

eiS
os

Current application areas

Solderable area

Non-solderable areas

FR4 areas

Ra
te

dC
ur

r4
 • 

W
E 

eiS
os

Ra
te

dC
ur

r5
 • 

W
E 

eiS
os

Trace thickness = 35 µm / FR4 thickness = 1.6mm

Trace thickness = 1 mm / FR4 thickness = 1mmTrace thickness = 105 µm
FR4 thickness = 1mm

Trace thickness = 35 µm
FR4 thickness = 1mm

Trace thickness = 35 µm
FR4 thickness = 1mm
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TECHNICAL ACADEMY 

114

IEC 62024-2:2020

 Class A: 1 to 22mm pattern width
 Class B: Product Series with standard 

requirement profile
 Class C: Product which are used in high packing 

density application
 Class D: Products with current capability higher 

then 30A

WE Definition and uses of Rated current
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Class DClass C

Class BClass A

Class A Class A
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POWER INDUCTORS

Redefining Rated Current Measurements for Power Inductors
 The rated current is related from temperature elevation
 40K is a “standard”  common value often the difference between 

component temperature and ambient temperature.
 40K is also the maximum temperature rise of the IEC62024-

2:2020 standard; practical to evaluate maximum performances.
§6.4.3 i) into standard page 15

 IEC62024 board method, as WE choose Class C

Wurth Elektronik current definition ; the truth about it 

JULY 4, 2025
TECHNICAL ACADEMY 
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EXAMPLE CLASS C

 WE-PD Performance variant

7447707033 [1280] size code

JULY 4, 2025
TECHNICAL ACADEMY 

12mm

8,
0m

m
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EXAMPLE CLASS C

 WE-XHMI

74439387033 [7070] size code 

JULY 4, 2025
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X2,4 less surface than 
PD [1280]

42% more current

7,9mm

7,
6m

m

7,
1m

m

12mm

SATURATION 
CURRENT
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INDUCTOR SELECTION : L VS CURRENT

safe operation area

total saturation area

critical operating area

JULY 4, 2025
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POWER INDUCTORS
Inductor value Vs current
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 Calculation with estimated reduction of L value (into saturation)

𝑳𝟎

REDEXPERT curve

-30%

-50%

safe operation area

total saturation area

critical operating area
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Saturation behavior

POWER INDUCTORS
REDEXPERT WE-TPC# 744043100 deviation explanation for 10µH 𝐼௦௧ = 1,0A
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Bmax

H

B

∆B

𝑁𝑜𝑡𝑒 ∶
𝐵

𝐻
= µ

𝑡𝑠

𝐼(௩)

𝐼(à

𝐼 ௫

iL(t)

∆𝐼 !

Switch ON Switch OFF

Current 
increase

Inductance 
decrease
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POWER INDUCTORS

 Saturation effect 𝐼௨௧ 𝐵𝑢𝑐𝑘 = 1,0𝐴  Saturation effect : real measurements

Without saturation

JULY 4, 2025
TECHNICAL ACADEMY 

10µH WE-TPC# 744043100 Isat=1,0A10µH WE-LHMI# 74437346100 original Isat=7,3A

𝐼𝐿
𝐼𝐿

121

122



7/4/2025

62

123

INDUCTOR SELECTION

 The current that causes an inductance drop compared 
to it initial inductance value. In most cases for our 
inductors a drop of 10% is specified. 

Saturation Current

JULY 4, 2025
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INDUCTOR SELECTION : SATURATION CURRENT
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𝐼௦௧ 𝑑𝑒𝑝𝑒𝑛𝑑𝑠 𝑜𝑛 𝑡ℎ𝑒 𝑑𝑒𝑓𝑖𝑛𝑖𝑡𝑖𝑜𝑛

Δ𝐿/𝐿 =10%

Δ𝐿/𝐿 = 20%

Δ𝐿/𝐿 = 30%

10,3𝐴 11,3𝐴 12,2𝐴 WE-PD definition

𝐼𝑠𝑎𝑡 @Δ𝐿/𝐿 = 10%
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GOOD TO KNOW
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INDUCTOR SELECTION : CURRENT

 Buck

𝐼 ≈ 𝐼௨௧

 Boost

𝐼 ≈
𝑉𝑜𝑢𝑡

𝑉𝑖𝑛

⋅ 𝐼௨௧

JULY 4, 2025
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IL

𝐼𝑅 > 𝐼

𝐼𝑠𝑎𝑡 > 𝐼
𝐼

𝐿𝑝𝑒𝑎𝑘

time

𝐼
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EMC : SHIELDING VS. UNSHIELDING

JULY 4, 2025
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shieldedunshielded

bigger 𝑙 smaller 𝑙

128

Start of winding : E shield !

JULY 4, 2025

LAYOUT RECOMMENDATION

TECHNICAL ACADEMY 

+

connection switch node
“EMI hot side”

End 
Winding

Start
Winding

ANP047
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All shielded : WE-SI fully symmetrical , WE-MAPI            WE-PD with start dot                          WE-HCF flat wire

DIFFERENT TECHNOLOGIES
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INDUCTOR SMART 
SELECTION
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 REDEXPERT

SMART SELECTION OF INDUCTORS

 Datasheet

Various tools same results, old  VS smart method

JULY 4, 2025
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0 A 2 A 4 A 6 A 8 A 10 A 12 A 14 A 16 A
Current

0 H

2 μH

4 μH

6 μH

8 μH

10 μH

12 μH

In
d

uc
ta

nc
e

Inductance / DC Current  (20.0ºC)

74477010

Frequency
10 kHz 100 kHz 1 MHz 10 MHz 100 MHz

Im
pe

da
nc

e

1 Ω

10 Ω

100 Ω

1 kΩ

10 kΩ

Impedance / Frequency

74477010

132

TEMPERATURE VS LOSSES

 Losses from energy transit  Temperature rise specification  
 The overall behavior is : 

 To be able to simplify measurement only DC is used:

 How estimate overall losses?
 Launch :

REDEXPERT

Why does the component heat up ?

JULY 4, 2025
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𝑷𝒊𝒏 𝑷𝒐𝒖𝒕

𝑷𝒍𝒐𝒔𝒔

𝑃𝑙𝑜𝑠𝑠 =  𝑃  +  𝑃

𝑃𝑙𝑜𝑠𝑠 =   𝑅 ⋅ 𝐼 
ଶ

131

132



7/4/2025

67

133

INDUCTOR : SATURATION AND PACKAGE
Losses with REDEXPERT Tool
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INDUCTOR : RATED CURRENT, TEMPERATURE RISE AND LAYOUT
Temperature rise : REDEXPERT Tool
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SMART SELECTION OF INDUCTORS

 LtSpice simulation  Impedance 𝑍 =


ூಽ

Various tools same results, just choose your preferred
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V1

AC 1

1280_74477010_10u

L1
in

.ac dec 100 10k 100Meg

10KHz 100KHz 1MHz 10MHz 100MHz
0.1

1

10

100

1000

10000

-100°

-60°

-20°

20°

60°

100°
V(in)/Ix(L1:1)

Frequency

10 kHz 100 kHz 1 MHz 10 MHz 100 MHz
Im

pe
da

n
ce

1 Ω

10 Ω

100 Ω

1 kΩ

10 kΩ

Impedance / Frequency

74477010

CAPACITOR
SELECTION
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CAPACITOR THEORY

JULY 4, 2025
TECHNICAL ACADEMY 

138

CAPACITORS

 The equivalent circuit for a capacitor is as follows:
 parasitic elements

 ESR - Equivalent series resistor

 Causes self-heating 𝑃 = 𝐸𝑆𝑅 ȉ 𝐼ோெௌ
ଶ

 Maximum value is typically specified at 120Hz and 20°C (typ.)

 Can be calculated as follows:

𝐸𝑆𝑅 =
௧ ఋ

ଶ⋅గ ⋅⋅
= 𝑡𝑎𝑛 𝛿 ⋅ 𝑋 𝑋 =

ଵ

⋅ఠ
=

ଵ

ଶ⋅గ⋅⋅

 ESL - Equivalent series inductor

𝑋 = 2 ⋅ 𝜋 ⋅ 𝑓 ⋅ 𝐸𝑆𝐿 

Theory : capacitor and parasitic

JULY 4, 2025
TECHNICAL ACADEMY 

CESR

R LEAK

ESL
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CAPACITOR : IMPEDANCE Z

 𝑍 = 𝐸𝑆𝑅ଶ + (𝑋−𝑋)ଶ

 𝑍 = 𝐸𝑆𝑅ଶ + 𝐸𝑆𝐿 ⋅ 𝜔 −
ଵ

⋅ఠ

ଶ
𝜔 = 2 ⋅ 𝜋 ⋅ 𝑓

 𝑓 =
ଵ

ଶ∗గ∗ ாௌ∗

Note: the ESR of any capacitor have a certain frequency 
dependance

Well known behavior ?!

f

Z

Im
p

ed
an

ce

ESR

XL XC

f0- resonance frequency

𝑓
frequency

Z

CESR

R LEAK

ESL
∞Z

ESR

f

Im
p

ed
an

ce

Capacitive 
part

Inductive 
part

f0- resonance frequency

𝑋 𝑋

𝑓
frequency
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CAPACITORS

 Different classes
 Class 1 : NP0, C0G
 Class 2 : X7R, X5R…

 Low ESR : few mΩ
 Ultra Low ESL : ≈x100 pH

 Soft termination versions (aid to prevent cracks)

Ceramic : Multi Layer Ceramic Capacitor

JULY 4, 2025
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CAPACITORS

 Electrolytic
 Wet electrolyte
 Higher voltage / values

• Voltage ≤ 450V
• Capacity up to 33000µF

 THT / SMT / Snap in mount

 Hybrid polymer
 Low ESR & Low leakage current
 High ripple current characteristics
 High stability over the temperature range
 High lifetime performance

 Polymer
 Solid electrolyte
 Lower ESR / ESL

• Voltage ≤100V
• Capacity up to 2000µF

 THT / SMT / H-Chip: Low profile & Low ESR versions
 Lifetime

Aluminum: Electrolytic / Polymer / Hybrid polymer

JULY 4, 2025
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CAPACITORS

 Physical construction

Aluminum: Electrolytic / Polymer / Hybrid polymer

JULY 4, 2025
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CAPACITORS

 Formula : 
 Aluminum electrolytic

 Aluminum Polymer

 Example: comparison of two 1000µF/35V 105°C
 ATG5 general purpose WCAP-ATG5# 860020578018
 AT1H long life WCAP-AT1H# 860240580011
 PTG5 Polymer WCAP-PTG5# 870025175010

Electrolytic : aging & lifetime with REDEXPERT

JULY 4, 2025
TECHNICAL ACADEMY 

20

𝑳𝑿 = 𝑳𝒏𝒐𝒎 ⋅ 𝟐
𝑻𝑴𝒂𝒙ି𝑻𝒂

𝟏𝟎

𝑳𝑿 = 𝑳𝒏𝒐𝒎 ⋅ 𝟏𝟎
𝑻𝑴𝒂𝒙ି𝑻𝒂

𝟐𝟎

CAPACITOR SMART 
SELECTION
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HOW DO YOU FIND THE BEST FITTING INPUT CAP FOR DCDC?
e.g. fsw: 500kHz / Vin: 12V      https://we-online.com/re/5syv8W1J
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146

OK, BUT WHY NOT A MLCC?
Do you know Bias effect ? Two values two with two packages comparision

JULY 4, 2025
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e.g. fsw: 500kHz / Vin: 12V    https://we-online.com/re/5syxRGEc
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CAPACITORS : BIAS AND PACKAGE
MLCC DC Bias behavior : Size impact onto technology
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0 V 10 V 20 V 30 V 40 V 50 V 60 V

DC-bias Voltage

-80.0 %

-70.0 %

-60.0 %

-50.0 %

-40.0 %

-30.0 %

-20.0 %

-10.0 %

0%

10 %

C
a

p
a

ci
ta

n
ce

 C
h

a
n

g
e

Capacitance change / DC-Bias Voltage

885012209041

885012208087

885012207098

885012206095

885012205086

885012210025

https://we-online.com/re/5t07mVB4
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CAPACITORS : ESR AND FREQUENCY
MLCC behavior : global impedance and ESR behavior
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CAPACITORS : ESR AND FREQUENCY
Aluminum caps behavior : global impedance and ESR behavior
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CAPACITORS : ESR AND FREQUENCY
Aluminum Polymer caps behavior : global impedance and ESR behavior
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MLCC (MULTILAYER CERAMIC CAPACITOR)

 Aging process due to changes in crystal structure
 Decreased permittivity cause capacitance loss
 Class 1 (NP0) no aging
 Class 2 has different aging
 Behavior depends on ceramic materials

Aging of MLCCs

JULY 4, 2025
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Check the 
Application Note 
SN011 for more 

information about 
MLCC Aging
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 Aluminum Polymer Capacitors
 Lower ESR and high frequency dedicated

 Aluminum Electrolytic Capacitors
 Recommended for mains rectification / filtering

• Low frequency

RIPPLE CURRENT
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Frequency
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz

0 x

0.5 x

1 x

1.5 x

2 x

2.5 x

M
ul

tip
lie

r F
ac

to
r 

fo
r 

R
ip

pl
e 

C
ur

re
nt

Multiplier Factor for Ripple Current / Frequency

870025574005

860020473008

Frequency
100 Hz 1 kHz 10 kHz 100 kHz 1 MHz 10 MHz 100 MHz

E
S

R

1 mΩ

10 mΩ

100 mΩ

1 Ω

10 Ω

100 Ω

1 kΩ

ESR / FrequencyLower derating Best
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CAPACITIVE POWER 
SUPPLY
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CAPACITOR

 Capacitive Power Supplies: with FTXH series
WCAP-FTXH_2

Cinput: fixed impedance act as current source
Rinput: inrush current limiter 𝑉

 = 325𝑉 and 𝑉𝑜𝑢𝑡 = 0𝑉

Rbleed: security discharge resistor

 LtSpice Schematic

Special use and simulation
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Cinput

Cout Load

Rbleed

Rinput

3014_158301227 n=6

890334025034CS_330nF
Cin_OLD

D5

LXHL-BW02 n=8 3014_158301227A

U1

.MODEL 3014_158301227  D (
+ IS=91.819E-12
+ N=4.0378
+ RS=11.199E-6
+ IKF=1.1025E-6
+ CJO=1.0000E-12
+ M=.3333
+ VJ=.75
+ BV=5
+ IBV=5.00E-6
+ TT=5.0000E-9)

No 'n' instances supported with LED in LIB (SUBKT) :
Extraction of .model from LIB WL-SWTP

Vin

Rin

30

ZenerDiode
BZX84C20VL

D3
RR1VWM6S

D1

D2D4

Rbleed
1Meg

R_LOAD

82

865080545012_100uF
Cout LED

890414026001CS_0.33uF
Cin

VOUT

L

N

cin_1 cin_2

V
_

le
d

.ic V(VOUT)=0

230Vrms,50Hz

Würth Elektronik eiSos GmbH & Co.KG
Capacitive Power Supply (Transformerless capacitive voltage dropper)

I_LED=20mA

0V

.meas PRload RMS V(VOUT,V_led)*I(R_LOAD)  from start to end

.meas PRbleed RMS V(cin_1,cin_2)*I(Rbleed)  from start to end

.meas Pzener RMS V(VOUT)*I(Zenerdiode)  from start to end

.meas PD1 RMS(V(cin_2,VOUT)*I(D1))   from start to end

.meas IRinrms RMS I(Rin)  from start to end

.meas ICinrms RMS Ix(Cin:1) from start to end

.meas IRblrms RMS I(Rbleed) from start to end

.meas VCin RMS V(cin_1,cin_2) from start to end

.meas VRin RMS V(cin_1,L) from start to end

.meas Vz RMS V(VOUT) from start to end

.meas Icout RMS Ix(Cout:1) from start to end

.meas Iout AVG I(d1)+I(D2) from start to end

.meas PCout AVG V(VOUT)*Ix(Cout:1)

.meas ILoad AVG I(R_LOAD)  from start to end

.meas PRin RMS V(cin_1,L)*I(Rin)  from start to end

.meas PD2 RMS(V(N,VOUT)*I(D2))   from start to end

.meas PD3 RMS(V(cin_2)*I(D3))   from start to end

.meas PD4 RMS( V(N)*I(D4))   from start to end
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CAPACITOR

 Log results (truncated)
“CTRL L” to display log file for 
measurements

Capacitive Power Supplies

JULY 4, 2025
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StopTOStartFROMValuesFormulaParam Name

0.3300msstart:

0.6600msend:

0.0515952pd1+pd2+pd3+pd4prectagain:

-0.148631(v(cin_1,cin_2)*ix(cin:1))pcin:

0.174153prectagain+pcout+pzener+prbleed+prinplosses:

0.6TO0.3FROM0.492995AVG(-i(vin)*v(l,n))pin_p:

0.6TO0.3FROM0.388436AVG(v(vout)*i(r_load))pout:

0.78791pout/pin_peffic:

0.6TO0.3FROM0.0233345RMS(i(vin))irms:

0.6TO0.3FROM229.81RMS(v(l,n))vrms:

5.36251vrms*irmspin_s:

0.0919336pin_p/pin_spf:

.meas Plosses param PRectAgain  + PCout + Pzener + PRbleed + PRin 

.meas PCin param (V(cin_1,cin_2)*Ix(Cin:1)) from start to end

.tran 600ms startup
; Power Efficiency Calculation

.meas start PARAM 300ms

.meas end param 600ms

.meas PRectAgain param PD1 + PD2 + PD3 + PD4

;.meas Pin_S RMS V(L,N) * RMS I(VIN) from start to end
;.meas Pin param Pout/(Pout+Plosses) from start to end
.meas Pin_P AVG (-I(Vin)*V(L,N))  from start to end
.meas Pout AVG V(VOUT)*I(R_LOAD)  from start to end
.meas Effic param Pout/Pin_P
;.meas Effic2 param Pout/Pin
; Power Factor Calculation

.meas Irms RMS I(VIN) from start to end

.meas Vrms RMS V(L,N) from start to end

.meas Pin_S param Vrms*Irms

.meas PF param Pin_P/Pin_S

Simulate: transient analysis
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CAPACITOR

 Scopes of main current and voltages :

Capacitive Power Supplies
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0ms 60ms 120ms 180ms 240ms 300ms 360ms 420ms 480ms 540ms 600ms
0mA
2mA
4mA
6mA

8mA
10mA
12mA
14mA
16mA
18mA
20mA
22mA

-450mW

-360mW

-270mW

-180mW

-90mW

0mW

90mW

180mW

270mW

360mW

450mW

540mW
12.6V
13.3V
14.0V
14.7V
15.4V
16.1V
16.8V
17.5V
18.2V
18.9V
19.6V
20.3V

I(R_load) V(VOUT)*Ix(Cout:1)

V(v_led) V(vout)
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GOOD TO KNOW
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CAPACITORS

 Snap-in and screw…
https://www.we-
online.com/en/components/products/pbs/capacitors/aluminium_electrolytic_capacitors/
aluminium_electolytic_snap-in_capacitors

https://www.we-
online.com/en/components/products/pbs/capacitors/aluminium_electrolytic_capacitors/
wcap_screw_capacitors

 Non polar
https://www.we-online.com/en/components/products/WCAP-ASNP

Some other technologies and structure
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CAPACITOR

 Capacitors with high base plates are available on request for Aluminum 
Electrolytic- and Aluminum Hybrid Polymer Capacitors, as project parts.

 What are the benefits? - The SMT capacitor is surrounded by a high base 
plate that also has larger soldering pads, due to that, the results in 
vibration tests improve and the parts can withstand up to 30G.

 Ask us for more information about the High Baseplate

Vibration-proof Aluminum Electrolytic- and Aluminum Hybrid Polymer Capacitors!
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