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Design and build of a linear power supply

Target: Design and build a linear (transformer-based) power supply with adjustable regulated output
and current limit with following parameters:

Input voltage: 230V 50 Hz

Output voltage: Adjustable, range about 5-22V)

Output current: 30A DC continuous

Voltage and current monitoring

Current limit function

DN NI NN

1. Selection of topology

Based on an available power transformer that could be modified to the intended purpose the
following topology for the power supply was selected.

TRANSFORMER RECTIFIER & FILTER

r— - - =" |
I*g;’*l | |
e
3 L
bR
L — — — —

VOLTAGE CONTROL

T J o
1
1

REF 1| \
| |
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CURRENT LIMIT
| | r—=——-T77
REF | ! _ b
[ ' 7 | 47 1 QUTPUT REGULATION
I [ N AN I
| | | |
L — — — — L — — | — 4
|-

CURRENT SENSE

Figure 1:Topology

A conventional full-wave rectifier with sufficient filtering will provide the unregulated DC supply for
the regulator. Regulation at the negative supply side of the load will be implemented by controlling
output NPN-transistors’ base current based on the voltage setpoint. In the DC return line, a current
sense unit (LEM LA-50P, 1:1000) will provide a current measurement which will be compared with
current limit setpoint. Current limit comparator will shut off the output transistor base drive thus
providing a current limiting function. BJT transistors 2N3055 were selected for the output regulation.
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2. General design and selection of main components

2.1 Transformer design
Standard transformers can be used, or special ones ordered according to requirements. Sometimes
an existing transformer can be modified for hobbyist purposes. A procedure to design or modify a

power transformer is presented here.
“Transformer and inductor design handbook” by Colonel Wm. T. McLyman, ISBN: 0-8247-5393-3 has
been used as a reference.

2.1.1 Fixing transformer initial parameters

Parameter Symbol | Value Unit Notes

Input voltage Vin 230 \Y

Output voltage Vo 18 \Y See below note 1
Output current lo 25 A

Current density J 2,5 A/mm?

Output power Po 450 W

Frequency f 50 Hz

Efficiency n 90 %

Regulation a 5 %

Operating Bac 1,1 T Typical for silicon steel at low
magnetic flux frequencies
density peak value

Window Utilization Ky 0,4

factor

Temperature rise T, 30 °C

goal

Table 1:Design parameters

Note 1:
Requirement for the transformer secondary voltage: At full load, the filtered unregulated
voltage shall be sufficiently high and not drop under the maximum output voltage setpoint at
the end of the discharge cycle. Voltage drop due to filter capacitor dimensioning and two
rectifier diode forward voltage drops must be accounted for. On the other hand, excess supply
voltage will be dropped across the output regulation transistor collector-emitter and dissipated
as power loss. Therefore, this sets the requirement for transformer secondary voltage
maximum.

V,(min) = Vpemax + 2 * Vp + AV, = 16V + 2 % 1,2V + 4V = 22,4V — 25V

Diode voltage drops for 2*1,2V and ripple of 4V at full load are presumed here. Therefore, as the
supply voltage is sinusoidal, the secondary voltage RMS value shall be

_17;(min)_25V_177V 18V
N N A
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Figure 2:Secondary voltage selection
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Figure 3:Transformer core (El-core)

2.1.2 Deriving the Area Product
According to Faraday’s law

V, = KefNyBocAe = Ny =

where

Vp= Primary voltage (RMS)
Np = Number of turns in the primary winding
A= Iron core cross-sectional area

K= waveform factor, for sinusoidal voltage Ky = % (see 2.1.4)

B.c= Flux density peak value
f= Frequency
also

K W, = NpAyyp + NeAys

where
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Ku= Window utilization factor, total wire cross section divided by available transformer window
area, always <1 due to bobbin, space between turns and wire shape, isolation materials etc. typ.
Ku=0,4

W,=transformer window area, for primary and secondary windings

Awp= Primary wire cross section

Aws= Secondary wire cross section

If current density is designated with J, being common for the primary and the secondary,
(Amperes per unit area)

~
~

p s
Awp = Twas = 7
lo = Primary current
Is= Secondary current

then
I I
K W, = Np7p+N575
and
%4 I Vs I
KW,=—F 24 5
AcBachf J AcBachf J
so
W, A, = olp + Vels
KuBachf]
as

Sin= Primary (input) power
So= Output power

lo= Primary current (RMS)
Is;= Secondary current (RMS)
and by defining

ST: Sin+SO
St 1ZA
WA, = = =m*
a‘lc Bacf]KfKu Ezéiz
m m

W.,A.= Area Product, a catalog value for transformer cores, defines the mechanical dimensions of
the core needed on electrical (P+,f,J,Ks) and magnetic (BaC,Ku) point of view.

Ksdepends on the waveform of the primary voltage. Derivation of K for three cases (sinusoidal,
square and duty cycle) has been presented in chapter 2.1.4. These cases represent typical cases
of conventional (mains) transformer, push-pull converter transformer and flyback converter
transformer, respectively.
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Stin the numerator depends also on the current waveform both in primary and secondary
windings. Depending on the case, either one can deviate from the sinusoidal waveform

increasing the value of St and the Area Product. This must be considered using methods
presented here.

2.1.3 Calculating St

Case 1: Primary and secondary currents are sinusoidal. Number of turns are assumed to be equal
in primary and secondary and diodes to be ideal.

VpVs
p Is Zi 2% IL
Pin Po
Vp Vs ] ) |
N N ; R fr wt

T 1 f wt

mal
El
ra
El

\/j
Figure 4:Transformer power rating case 1

St = Sin + So = VI, + Vi
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Case 2: Primary current is sinusoidal, secondary current in half-windings is non- sinusoidal

Vp
Vs VsZ
e} Is1
Vp s . I t
N N|Vs2 IL : w
Is? Po
-k - L
Wb Lo AN N\ ems= T AT
’ i K 15 ! wt
e [s1
s —/— — Irmsi'ffz
’ I wt
; 3
s — — — — — - — . _ ILmsinz
’ | ! ! I wt
g o 2n

Figure 5:Transformer power rating case 2
Calculate RMS value for the non-sinusoidal secondary currents Is; and Is;

By definition

1 (" 1 i2
Iy, =1 = \/ﬁf i2(wt)dwt = \/%f(isinwt)zdwt = \/%J‘(sinza)t)dwt
0
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Because cos 2a = 1 — 2sin’a — sina = 1—cc2>s2a
Is1 =I5z = \/ﬁf" (ﬂ) dwt = \/ﬁfn(l — cos 2wt)dwt
2m J, 2 4r ),
Assign 2wt=u -> dz—u = @ - dwt = dz—u

2 (" du iz (" 21 T
Iy =1 = Efo (1—cosu)7: gfo (1-cosu)du = %U; 1du—£cosudu]

’l‘Z T T ,iz T T ’l‘Z i
= @[l u— | sinu] = %[l 2wt — | sin2a)t] = g[(ZT[— 0) — (sin2m — sin0)] = 3
0 0 0 0
Therefore,
{ i
Sr=Sin+S5 = Vplp + Vsl = Vplp + (VsIsl +V5152) = Vp1p+VSE+VSE
Vov2Is | Vev2Ig 2V,V2I
=l + g = Ry T = Rl + U,

Because V=V, and lp= s
Sr = VI, (1 +v2)

St becomes 20,7% larger than in case 1.

2.1.4 Derivation of waveform factors Ks
Case 1: Voltage sinusoidal, -> flux sinusoidal

l

-
U @

., » -
~y T \
r/ / \\\_

Figure 6:Voltage sinusoidal, flux sinusoidal

U=—-N—
dt

10



04.10.2022 Pekka Viljakainen
OH3WAV

When u(t) = @sin(wt), @ sin(wt) = —N 22 - 22 = 25D

During a half-cycle

20 (™% q T/2 24
$ave = ——Nn_];) sin(wt)dt = o (|) — cos(wt) = T
On the other hand,

== psin(wt)dt =— | — t) =
Pave ﬂ_f;) @ sin(wt) T (l) cos(wt) - -

¢= RMS- value of the flux,

SO

" 20 = i U 2nf
= = = —; w = 2T )
NrRw2+\2 2Nw Now
21 R R R
U= wN¢p=—fNP=K;fNPp ~444f N

V2

U = RMS- value of the voltage.

Case 2: Voltage square, -> flux triangular (Push-pull- switching)

Figure 7:Voltage square, flux triangular

4d¢ 29 49
U=-N—=N——=N—=KffNO =4fNp

2

11
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Case 3: Voltage duty-cycled, -> flux sawtooth (Flyback converter)

|
U, ¢

S
~
|

Ton T

Figure 8:Voltage duty-cycled, flux sawtooth

po_ton _Ton
Ton+Topy T
Agp 29 29
U=-N-"C =Nt = N2C =K fNQ =2—fN
2c - Np =Npp =K ING =20—fNo

A transformer with following laminated iron core dimensions (in mm) and name plate information
was available in this example case:

12
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50
22

150
Prim: 230V
Sek: 48V 16A
750 VA
50-60 Hz

St
A, =A A, =———— [m*]
P Bac fIKe Ky
where

A,= Area product (m?)

A= Core area (m?)

Aw= Winding window area (m?)

St =Sin +So (W)

Ki= Waveform coefficient, 4.44 for sine wave, 4.0 for square wave
Ky = Utilization factor

B.c= Flux density peak value (T=Vs/m?)

J= Current density (A/m?)

f= Frequency (1/s =Hz)

2.1.5 Calculate necessary Ap
As transformer primary and secondary currents are sinusoidal, the requirement is:

45—0+ 450 ¥4

0,9
A, > 7
p_
4,44*0,4*1,1—2*2,5*106%*50l
m m S

For the available core:

=3,89 x 10" °m*

OH3WAV

Ap =AcA, = (80 1073 %50 * 1073)(69 * 1073 % 22 * 10~3)m* = 6,07 » 10~ °m*

13
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So, the core size is sufficient.

2.1.6 Calculate number of turns in the primary winding

V 230¥
_ ~ 235

N, = 1

AcBacfKr 80+ 1073 % 50 * 10~3m2 * 1,1@2 * 50 = * 4,44
mz s

2.1.7 Calculate number of turns in the secondary winding:
U 18V

NS=U—pr=—z18

2.1.8 Calculate wire cross section

Primary:

= 1,1 mm? - 1,5mm?

Secondary:

304 )
Ays = 254 =12mm
mm?
Secondary winding of the existing transformer was removed and replaced with a new one consisting
of two parallel-connected windings 18 turns each. Cross section of enameled wire in both secondary

windings was 6mm?Z. Primary side needed no change and was left as it was before.

14
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3. Schematic
— D 205
w
+25V R g}
3 o= U
24 = = w (]2 11.[112 2 "
Te22 Bx ZN3055
—_—— w . . w w 2
230v " R = 8 8 3 E TL43 ] ! T
ex locz loax Looz ] = = g BT
sonz | 230v i8v SaT SaT g2aT 22 227 wfz "
. - o~ 15 vz Vi v VE
¥
e
. 4 2 2 ifl@ . 2
| T ”‘[1] S~ 8 M o
s v I
_}7 J
e e : I
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w5 |5 Ll3
- R

é-l- CURRENT LiiT * ’ W

kL -

b EL'- *

slS 810 “ 3370 snm
sV B8 P
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Figure 9:Linear power supply schematic

15
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Figure 10:Control circuit
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o | 311 LOuUT 2500 50 Hr

=+
NIV EOHT 0 g

-5 —

F15Y o o
EROM +15%-0%--15 BOARD

1
2m2zzad
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K1
RY212012
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PR 480035-10
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LED+ woo o

Figure 11: Soft start circuit

3.1 Rectifiers
S3A

ViNeAN
16,5A

D1
D

16,9A

18V

D2

oV

17
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Current to load and regulator transistor base drive is approximately 33A at full load. Diode forward
average current Igay) will be half of that, 16,5A.

A suitable diode 70HF120 has lgay) 180° conduction, half sine wave =70 A. Maximum peak, one cycle

forward,10ms, surge current lgsm=1000A (100% Vrrm reapplied). Maximum repetitive reverse voltage
VRRM=1200V.

® 145 OS7) L ]

el /7
w28 /s oaeh

s

4 (0163 MIM.

|

108 <0423 | 4 (016

1.4 <0.45>

A
ok

Normal Reverse

2354 1> MAX
_ A+t
o =—y iy

111 = 04
044> * <0023

/4" 28 UNF-2A

3.2 Soft start

To limit diode surge current a resistor shall be placed in the transformer primary for initial current
limiting.

Resistance in the secondary side should be more than

R > Us 25V
= Irsy 10004

~ 25mi

Resistance reduced to transformer primary side:

R, = R.u? =R (U”)Z 21 10-3V (230)2 410
= = e = * —_ ~
p = sl = s\ 4"\ 18 ’

N

3.3 Filter capacitors

Select allowable ripple AU in filtered voltage (this is not load voltage ripple) at full load l4.= 30
A@21V =>3,5V,,.

wt

Figure 12:Supply voltage filtering

18
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First, discharge time t can be assumed to be a half-cycle, 10ms at 50 Hz.

As capacitor charge Q and capacitance C can be expressed as

Q = Idct
(0 _lat_ 304104107
TAU AU 3.6V ~ K

To calculate filter capacitor discharge time t more precisely, the following equation can be
written at the end of the discharge cycle

_t T
ile  RC = {I sin(wt — E)
Where

0= rectifier supply voltage peak value
R =load resistance
C=filter capacitor capacitance

To solve t, e*and sin(x) can be expressed as

x% x3 x*
eX =14+ x+=—+=—+— 4

20 31 4!
and
_ x3 x5 X7
smx:x—§+§+ﬁ+---
If x is small,
e*~1+x
sinx = x
Therefore

1—ﬁ=wt—§=>
T T
3 1+7 B 1+7
t = = 1 1 =~ 7,7ms
w+ === 2n50=+
RC s 0,7%*83300*10-6%

Using this discharge time t, C becomes
gt 304%7,7%1073s
AU 3,6V

~ 64000 uF

To round off to an available component size, 6 x 10 000 uF capacitors were selected.

19
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T 122 ()

Figure 13: Control board PCB

4. Thermal design

4.1 Rectifier bridge

Forward power loss P, at 16,5A is about 15W/diode as can be observed in the datasheet outtake
below.

0 10 20 30 40 50 60 70 80 0 10 20 30 40 50 60 70 80

s 90 . o 180 —_—

= 180° H\\L / 4 < 70HF(R) series (100 V to 1200 V)

0 - 7% o ™ Ry.,c (DC) = 0.45 K/W

8 80 120° —— E N thiC | |

a 90° — | 7 £ 170 —

70 60° N \

b o d b \ \ b

g & 20 '7!7/'7'// 2 TR L]

; - RMS limit / ,/// Q180 N \\ Conduction angle |
/4 3

] 7] N

E 40 / 1/ © \ \\

5 /G . i RN

t 30 7 / Conduction angle — E \\ \\

& o

g 20 4 70HF(R) series 3 140 90° \u

> (100 V to 1200 V) = 60 i20° ||

< 10 T,=180°C 1 E 30° I ‘ 180°

E ' | 2 130 L1 |

E ° E

£ £

2 =

Average Forward Current (A) Average Forward Current (A)

Thermal resistance from junction to case of the diode for DC is Rincpc)=0,45 K/W. For sinusoidal 180°
conduction, Rinc increases by 0,08 K/W-> Ruc=0,53 K/W. Thermal resistance from case to heatsink
when mounting surface is smooth, flat and greased, Rinci = 0,25 K/W. Maximum case temperature is

21
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about 172 °C at sinusoidal 180° conduction. Design value for case temperature is 120 °C and 35°C for
the ambient temperature.

tCmax=172 oC
tC(design)=120 oC
J c/  H A

 Rthjc /Rthch Rthha
D h |"/ ™,

— ) [ ) [ —
15 W N/ 0,53 K/W 0,25 K/W

Rthjc Rthch

TN
Ph — —— —
.- N/ 0,53 K/W 0,25 K/W
5 W

Figure 14:Thermal equivalent circuit for two diodes on a common heatsink

Total power loss and resulting thermal resistances for two diodes (Rinjc's and Renen’s are in parallel)

J C H A
Rthjc Rthch Rthha
Ph — +—— 1
30 W 0.265 K/W 0,125 K/W

Junction temperature and temperature difference AT from junction to ambient can be calculated.

Rinje 0,53 K
AT = (TC + 2P ) — Ty = (120 + 273)K + 2 * 15W == — (273 + 35)K =~ 93K

and requirement for the heatsink:

K
AT — Py(Renje + Renen) 93K —30W (0,265 +0,125) 77

R < =27K/W

Figure 15: Heatsink 1,9 K/W (Fischer SK 92/50 SA)

2 pcs 100x50x40mm heatsinks with thermal resistance Rinna = 1,9 K/W were selected, one for each
type (bolt to anode/bolt to cathode) of diode pairs. Both positive and negative heatsinks need to be

22
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electrically isolated from the power supply metal chassis, which is the negative terminal of the load
voltage.

4.2 Output stage

As the load voltage regulation is based on the voltage drop across collector-emitter of the output
transistors, and when only a single output voltage from the transformer secondary is available,
allowable load current at a given load voltage will be limited by the amount of heat that can be
dissipated by the heat sinks (at lower load voltages) and also by the current capacity of the
secondary winding of the transformer (at higher load voltages).

35

Allowable Load current

25

lload{max)/A

15

12

12,5
13

135

= ]
— —

10,5
11,5
14,5
155
16
16,5
17
17,5
18
185
19
19,5
2
205
21
21,5
22

Uload/Vv

Figure 16:Allowable load current (calculated with selected heat sink 2,2 K/W)

160
140

120

100

RN

Pp POWER DISSIPATION (WATTS)

8 & 8 8
/

=

0 25 50 75 100 125 150 175 200
T, CASE TEMPERATURE (°C)

Figure 17:2N3055 Power dissipation derating
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To start calculation for a proper heat sink, a point on the derating curve of 2N3055 transistor is
selected. When transistor case temperature Tcis 130 °C, allowable power dissipation (Pg=Ic * Uce) is
about 40W. Rinc=1,52 K/W. Rinenis assumed to be 0,5 K/W (with thermal paste, no insulation).
Ambient temperature is assumed to be 25°C.

J C H A
Rthjc Rthch Rthha
Ph . —

I 1 I 1 |_
45 W 1,52 K/W 0,5 K/W

Junction temperature and temperature difference AT from junction to ambient can be calculated.

K
AT = (T¢ + PyRepjc) — Ta = (130 + 273)K + 38W * 1,52 (273 +25)K ~ 163K

Requirement for the heat sink:

K
AT — Py(Renje + Renen) 168K —38W (152 +0,5) 7
P, 38W

Rihna < =226 K/W

Figure 18:Heatsink 2,2 K/W (Fischer SK 08/50 SACB)

6pcs 100x50x40mm heatsinks with thermal resistance Rinnha = 2,2 K/W were selected.

Safe operating area of the transistor is confirmed next. To avoid so-called secondary breakdown,
collector current and collector-emitter voltage shall be situated within transistor’s safe operating
area. As the collector current per transistor does not exceed 5A at any design point, collector-
emitter voltage may be <25V at DC, so this parameter is OK.
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Figure 19:2N3055 Safe operating area

Vaihtojannitteen tehollisarvo on arvoltaan sama kuin sellainen tasajannite, joka resistiivisessa
kuormassa (vastuksessa) tuottaa yhta suuren tehon. Koska vastuksessa kuluva teho on
verrannollinen jannitteen neliéén P=U%/R, vaihtojinnitteen hetkellinen teho on

u?(t)
R

P(t) =

Verkkojannite on sinimuotoinen, (= jannitteen huippuarvo, wt=2nf kulmataajuus ja f on taajuus (Hz)
u = U sinwt

Ajan T kuluessa vastuksessa R vaikuttaa keskimaarin teho Pavg, joka tehollisarvon maaritelman
mukaan on sama kuin tasajannitteen U samassa vastuksessa aiheuttama teho

1 /1 (T U?
Pavg = E <?J;) uz(t)dt> = 7

ratkaisemalla U saadaan

1 T
= |—= 2
U TJ;, u?(t)dt
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josta havaitaan, jannitteen tehollisarvo on vaihtojannitteen nelion keskiarvon nelidjuuri, jota
kutsutaan myos RMS (root-mean-square) —arvoksi.

Koska vaihtojannitteen puolijaksot ovat symmetriset, riittaa, kun tarkastellaan yhta puolijaksoa (valia
wt=0...1).

T A
U= \/%fo u?(t)dt) = \/%f(ﬁsinwt)zdwt = \/%f(sinzwt)dwt

. . 1—-cos2a
Koska cos 2a = 1 — 2sin’a — sin’a =

2
02 (™ /1 — cos 2wt 0z (™
U= —j (—) dwt = —j (1 = cos2wt)dwt
T Jy 2 2 J,
Merkitdan 2wt=u -> du _ 2dot dwt = du

2 2 2

0z (" du |02 (7 e "
U= —f (1—cosu)—= —f (1-cosw)ydu = |— f 1du—f cosu du
2m J, 2 am J, 4 1o 0

ﬁz T[ T[
= 4—[|u— | sinu
Tlo o

a2 [* T 02
= 4—[| 2wt — | sin Zwt] = | [(2m — 0) — (sin2m — sin0)] =

i
an 0 V2
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