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Power suppliers:

- rectifiers,

- Power Factor

- voltage multipliers

Transformer parameters

Power (single phase up to 3kW)
Nominal voltage 230V +10% -10%
 Frequency 50Hz

Transformer parameters:

- Turn ratio (secondary voltage and current)
- Idle current

- Isolation breakdown voltage

- Dimensions, weight

- temperature

9| Types of transformers
-most popular

« Cores: El type (shell), wound core (strip
construction) , toroidal (wound ring-shape
core, strip construction)

» Core Materials
- Silicon steel,

- permalloy
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Transformers

® | transformersr
- [voltage / turn]

g = \/Eﬂ’-meaxS
zZ

Transformers - power vs.

S[cm?]@P[W] core Brmax[T]
Hot rolled steel sheet 1T
S~1,25-./P, ’
\/T El core
S=1,1- /Pl Cold rolled steel sheet 11T
El core
~ | Cold rolled steel sheet 1.5T
S~ Pl wound core

Cold rolled steel sheet 1.6T
§=08-R Toroid




70| pg UoutDCAV/ URMS nominal

PN Poutoc/ Ptrafo.nominal
B Ligel/ i ;
N idel” 'primary-nominal

Nominal power of transformer
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Loss vs. power of a transformer
experimental data”””

999

1.2 }\ * M core

Toroidal core
>
*
11 *
» * .
power of a
; transformer [W]
1 10 100 1000
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Transformer electronic model

Resistivity of prima
wi,{ding ¥ Perfect

transformer

Real

Leak:
transformer e

inductance of p.w.

\

Leakage inductance
of s.w.

j il E:
Capacitance of
primary winding

Capacitance of
secondary
f Resistivity of winding

secondary winding
B Main inductance
Hysteresis

(- Coupling capacitance




|"' |
E Simplified model

Perfect
transformer Leakage inductance Resistivity of primary
of p.w +s.w. & secondary winding
. =YY Y —oa—1—0
n:]|

\o
AW

Main inductance
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More simplified model
series \Lumdury

¥=5

v, —23OV 10% U= Yss \/_ 2 sin(wt)

-10%

n:l
‘ half-wave
Lo | o bridge

Lli3

center-tap
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Rectifier - resistive load

::}Hé:::j [ DC current is present!!!

Current and voltage |
- Y V2 _Eugs
across resistive load Upis =

Voltage and current for half-wave

rectifier
Rg R,

UDulAV »
-~ AN - M
~ =]
° 3 i éjsk C TT o
I
’ Ea . e
in rectifier with
capacitive filter the
PR ey diode current has
=20ms= = Z .
oar " shape of pulse train
17
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Q=Q

bo I,,y=const

O;AT T=20ms=1/f=1/50Hz




Basic relations

Maximum idle voltage:

Ui ® \/EERMS -Up = \/EERMS

ripples:

v @ (Un\T _Un L
e R, J)C fRC fC

Haw to figure out this relationship!
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3
1L
1l
n
I
-
el
S

U(D)=U, cxp(—/CR") ERM@ 1
Egm
c+C

RS

Q=Q

as lgyr=const

-«
;AT T=20ms=1/50Hz

= Basic relations

Maximum idle voltage:

U ® \/EERMS -Up bridge:
Upae *V2Ey5 =20,
ripples:

T
U. zQ:IAVA:IAV
e C C 2fC

Haw to figure out this relationship!




»surge current”

Ipmaxmax

Esk : 4
5T
E;
O lC
I =\/§Esk
‘Dmaxmax RS

T=20ms=1/50Hz
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half-wave

rectifier

for Uppp/Uoueay<10%

pp!

No-load voltage
On-load voltage (C==)
Peak revers voltage
Mean diode current

Repetitive diode current

Ripple voltage (peak to
peak)

Minimum output voltage

Uniitar =2 s ~Uy

=2\2E,
=1

UDmax

1

Dmean =+ outdV’

Tomse =Uniir [N RSy

=U,

oustin = Youay =7 Y
3w
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bridge rectifier

for Uppp/U,
No-load voltage
On-load voltage (C==)
Peak revers voltage
Mean diode current

Repetitive diode current

Pipple voltage (peak to
peak)

Minimum output voltage

outav<10%

Uit = V2E s =2U

U =V2E,,

L

Dmean = = Louav
2

Lo =Usan JN2RSR,

1

24




center-tap rectifier

for U p/Uqueav<10%

No-load voltage Ui =N2E s = U
On-load voltage (C==) Yo ’J%]
Peak revers voltage U = 2V2E,
Mean diode current L pean = % Loav
Repetitive diode current Tomae =Upuar, Jﬁ
Pipple voltage (peak to v :’M[l, Ry ]
peak) "o 2R,
Minimum output voltage Uousstin = Uourar *%U,,,,,

25
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Main parameters

e Assumed:
Erms=Urms/ Nturn ratio

- Rs- series resistivity

- Ug - forward diode voltage
« calculated

Uourrmss Youtavs Youtmaxs Yourming Urip
Ioav.; lorws.> lomax.; loutav

- ©;AT - flow angle; conducting time

= k¢ = Uy pp/ Uourav- ripples coefficient
- My = Ugyrav/ Erus - Voltage efficiency

Schade graphs




1 Crest Factor -
CF ="M¥ I For sin = 1,41= /2
RMS

FF = IRMS Wave Form Factor -
‘[‘ For sin = 1,11=1/2/2
AV
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Form Factor

Iprms &;5000
5 Ipav 5;2000
1000
4 ———=500 |
Z = =200
=700 |
e ——————- | Ja—
2
/ nwCR,
o1 10 100 1000

n - numbers of phases(1,2,3.6)

Ipmax

Ipay

nwiRe

IDMAXIIDAV=CF*FF

? n - liczba faz

(1.2.3.6)

10
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For

wR,C>>1 i

R0>>Rs

When C increas

«Ripples fall down~1/nfCR, I!!!

*Flow angle decrease
time)

(diode conducting

epeak current increase

«RMS diode & transformer currents

increase (heating

up)

RMS of pulse

wt l,, =14 , 1
s = th (t)dt =14

T
0
CF=1, FF=1

17,
1= |=[if@)dt =24
s T{ 0)

CF =2, FF=42;

15, B
Loyys = ﬂz (Odt =24

0

2A IAV:1A
MNtq4---r---F--t--------
4A t
1, =14
MAtd-4----- - === =-
(;)

CF=2; FF =2
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@ Power dessipated in diode

15 _ 15,
PDrEaI = ; JuD (Z)ID (t)d[ +?Il; (t)RD.chics.dt =
0 0
=Uplp,y + I LZ)RMS.RD.se es

Py =0.7V 014+ (34)* ¢0.1Q =
= 07W + 09w
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Iy R,5000
5 o | e
1000
1 L
=20
— =100
_//—-I =50.
2 —
3
/ 1 nwCR,
of 10 I 0 1000
|

n - liczba faz (1,2,3,6)

Rectifier comparison

Half-wave | Center-tap Bridge
i ¢~ Soren %(..) 1(..)
e T . .
e ety high meadium | meadium

Diode revers voltage ZEmax 1 (. . ) 1/2(. . )

Current Harmonics Al odd odd

Including DC 222

12
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Crest Factor & Waveform Factor

cr=1 MA%
IRMS Crest Factor - wspotczynnik szczytu

For sin wave = 1,41= /2

FF = Lruss
‘I ‘ AV Waveform Factor - wspotczynnik ksztattu

For sine wave = 1,11=n/2/2

Eg Tl
= L R,
Eq¢

-

I < ‘55}4\

T=20ms=1/50Hz

regulation EN61000-3-2 (IEC555)
Uny

T=20ms=1/50Hz

13



Example of parameters for

a rectifier diode

02.06.2025

(T = 25 C unless otherwise noted)

PARAMETER SYMBOL | 184001 | 184002 | 144005 | 14004 [ 14005 | 14006 | 1nsc07 [ unir
Maximum repeiive peak reverse voliage Ve | 50 10 | 200 | 400 | 600 | 800 | 1000 | v
Maximum AMS veitage Vs | 35 0 40 | 280 [ 420 | se0 [ oo | v
Maximum DC blocking voltage Vo 50 00 | 200 | a0 | oo | soo [ 1eeo | v
Maximum average forveard rectified current

0.375° (9.5 mm) lead fength at Ty = 75 °C Tron 10 A
Peak forward surge current B.3 ms single hall

sine-wave superimposed on rated load \rau * A
Non-rapétiive pea forvard Lol e

surge current square wavelorm t=2ms | lesw 35 A
Ta=25°C (ig.9) T =

Masimum full load reverse current, full cysle P 0 A
average 0.375" (9.5 mm) lead length T = 75 °C mad

Fating for fusing (t < 8.3 ms) 2 ar s
Operating junction and

storage temperature range e Tara R i

Note
11 For device using on bridge rectifier applieation

Supply current distortion - IEC555
EN 61000-3-2

eharmonics ( up to 40 harmonic)
ecurrent fluctuations of load

esurge current ?7?

Input Characteristics of a Typical Switched-Mode Power

Supply without PFC

Top: Input Voltage Bottom: Input Current

L L Y

2CHZ 2ABMS it

14



RMS vs. DC

A av ll.
o s = ?Jiz(t)dt:IA
0
y CF =1, FF=]
DA T I :lA T
(A==t =1 L= /%ji%t)dt:ﬁA
0
At CF=+2; FF=+2;
1 =14 T
179 8 I Yo Iys= %Jiz(t)dt:2A
> 0
>

T CF=2; FF=2
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Input Harmonics of Three PC Power Supplies Relative

to EN61000-3-2 Limits

10.000
ANEE
1.000 N |
S AN m—— EN61000-3-2 Limit
N - ~
[ =~ - = = = = UnitA, Without PFC
0.100 -~ = = i i
e -~ L e N = = = UnitB, Passive PFC
\Csama= LT Unit C, Active PFC
0.010
0.001 ‘
3 13 23 33

Harmonic Number

Power Factor

Preal lrws Load
o W A
230V(x10%) \—/ \—/
50Hz
Urns
o I

P - real power [w]
Q - reactive power [Var]
S - apparent power [VA]

pro—tu < {W}

URMS ® IR.MS

15



Power triangle

(no current harmonics case)

P'= Vews lruis Cos @

Q = Vs lrms Sin @
reactive or quadrature power

S = Vrws lrus
total apparent power

DY5IN224A
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Power Factor n=cos@

Ugns=230V;U, =325V

15, 1 For this current PF=1
Ly =4|=[idt = (54)(2+2ms) ~2,24
Ty 20ms
17 . - 4ms
P, = F'gu(l)l([)d[ =320/ ¢ 540 = 3200
P, 320 /4
PF = real ~ ~0, |: :‘
Upis ® Lrys 230V 02,24 VA

Power triangle

(no current harmonics case)

In-phase

P =Real Power = Vs * lirws Cos 01

Q = Reactive Power
=Veus * lirus Sin @1

quadrature

D = Distortion Power
= Vans \ I7n=2 Priamis

DosiNz25

16
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Total P.F.=n = cos ¢, cos 6

@, is the "conventional” displacement angle (phase lag) between the in-
phase fundamental | and V
6 is the distortion angle linked to the harmonic content of the current.

Both of reactive (Q) and distortion (D) powers produce extra RMS currents,
giving extra losses so that then the mains supply network efficiency is
decreased.

Improving P.F. means to improve both of factorsi.e.:

¢@,->0 cos ¢, -> 1 = reduce phase lag between | and U
6 ->0 cos 8 -> 1 = reduce harmonic content of |

THD vs. PF (cos ¢, =1)

THD(%) = 100 %
=100+ -
70 _\l Kd:

1

Jat (m;%g%)):)

Kd =

1

&)

PF — cos(p,)

(T

= cos(0) - cos(¢,)

17



Harmonic Content of the Current Waveform

100% — —

80% —

60% —

40%

20%

0% —L ! | -

1 8 & b 4 9 11 13 15 17 19 21

Harmonic Number

02.06.2025

100%
80%
.
60%
40%
#e 20%
1)CH1: 1100V ms | BOR 0% T
2)CH2: (2AEms. . i 13 5 7 9 1 1315 17 19 21

Harmonic Number

Why PF should be 1

= 17
PF Uy P = [u@i)dt=PF XUyl
o T

18



= LC filter

%:»_»7 C
Results: R /
3w

L>L,,.. For L>L,, I, not drop to 0
« Smaller ripples (continues mode)

« Smaller THD

« Higher cost

« Choke must be ,,big”

02.06.2025

Input Characteristics of PC Power Supplies with Different
PFC Types (None, Passive, and Active)

Waveforms: 1. Input current with no PFC
2. Input current with passive PFC
3. Input current with active PFC
4. Input voltage

3

& ms o L
FCH4i, 200 Volt 25.ms, . . . T

Passive PFC in a 250W PC Power Supply

Inrush Current \r 7 \I 0.01
Limiter PFC Inductor et T
(Thermistor)

+

325 Vde to
Forward
Converter

Differential ~ Common x x Tmzz 470 l &
Mode Mode
Inductor  Inductor 0.0047

) ) l

19



Roference

Mutiplier R

OutGnd
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Vet
linductor
lavg
v | —

CRM Waveforms

V. (t
Ly = k =V, (t) Ly, =Al= “‘L( ) *ton
ke Vin
linductor
Vin(8)
k-'.’m(t)=T-tm t,,=k=*L

CRM Current Envelope

20



C

ical Conduction Mode (CRM)
PFC with Variable Output Voltage

85-265V ——
50/60 Hz
AC Input il

F2
EM fiter for
var. freq.
fipple

P2

PFC Boost
Front-end using

200-400 V
DC out

MC33260

D2

Step-down Isolated

DC-DC Converter
(200 kHz)

12V, 10A
DC out

02.06.2025

Continuos Conduction Mode PFC with Fixed Output

Voltage

85-265V —
50/60 Hz
AC Input —

F3
EMIfilter for
fixed freq.
ripple

P3
PFC Boost
Front-end using

NCP1650 (100 kHz)

400V
DC out

D3
Step-down Isolated
DC-DC Converter
(200 kHz)

12V, 10A
DC out

Advertisement materials and application notes of
,»ON Semiconductor”

21
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Urivpp [ U,y

Usy E, 1000
RMS 1“{;—’/-

Un‘wm | =00
Uav | =0
Ry 1 /

ERMT

(] 00 5

o1

B
|4 #
z_ﬂ

Transformer with high leakage
inductance (additional choke) that Voltage dubler
stabilize current

Voltage doubler!!!

22



En examlpe

tzj
B
4 #

LA
7N
Transformer with high leakage
inductance (additional choke) that Voltage dubler
stabilize current
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TN

Transformer with high leakage

inductance (additional choke) that Voltage dubler
stabilize current
Microwave oven !!!

23
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04

RO

e

015 D% Dg
;

3ph rectifier

o

u
}:ﬁ
0

n 2m

3

wt
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3ph rectifier - hv

o Dides must be ,,matched” !

MMM M

6*Uss

‘ 3ph rectifier hv practice

25



Voltage multipliers

C> 2n(n+2)
SR,

Upir = n2E, -U,

02.06.2025

summary

Transformer (parameters, types, equivalent
schematic diagram)

» Types of rectifiers

» Resistive load rectifier (voltage, current
waveforms)

» Rectifier with capacitive filter (voltage, current
waveforms)

» Power Factor (definition, way of correction)

Test questions

» Draw a simplified diagram of a transformer
and describe its individual components.

» Draw a schematic diagram of a rectifier
(half-wave, full-wave, bridge).

» Draw the voltage and current waveforms
in a rectifier (3 types).

» What is the definition of power factor?

» Estimate PF using a simple example.
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