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Soft Recovery Diodes Lower Transformer Ringing by 10-20X

MarkJohnson

Abstrad
Power transformer secondary ringing was measured with 48 different semiconductor diodes; ringing
amplitude was 10-20X lower with the best diodes than with the worst. They all rang, including Schottkys
and HEXFREDs. A 1R + 2C snubber directly across the secondary completely eliminated ringmg m

every case.

Introduction
Solid state audio equipment very frequently contams a linear power supply with transformer, diodes,
and filter capadtors. In these supplies the diode switch-off transient generates a current rate-of-change,
dl/dt; excellent diodes generate small dl/dt and poor diodes generate large dl/dt. When dl/dt is large, it

produces substantial voltage spikes across the leakage inductance of the transformer secondary (V =
L*dl/dt). These voltage spikes stimulate the secondary RLC resonant circuit into oscillatory ringing.

Numerous audiophUes have reported improved sound quality when transformer secondary ringing is

elimmated. Typical descriptions include: "Music just sounds cleaner, with a darker background [I],
"Quiet. Glorious quiet. This makes for a clarity and low level detail recovery that is quite amazing. Im-

aging has really taken leaps forward" [2], "There does seem to be an enhanced dynamic-I'm guessing
from a lowering of the noise floor. I think there may be a better handling of signal peaks. Sibilance is han-
died more naturally"[3]. Several mechanisms for these subjective improvements have been proposed.
High frequency transformer rmging can radiate RF noise into other circuits. Ringmgcan also capacitively
couple into nearby conductors. OsciUatory currents m one secondary wmding, induce oscUlatory cur-
rents in the other windings. Viewed purely from an engineering perspective, transformer secondary

rmging is an unwanted artifact; an unsightly wart. It might be harmless, or it might not; either way, sur-
gically removing it eliminates all doubt.

Although it has been known for some time that different diode types produce different amounts ofdl/dt
at switch-off [4-5], there is litde available data quantif)dng the amount oftransformer ringing produced
across a wide variety of diodes.
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MarkJohnson Soft Recovery Diodes Lower Transfbrmer Ringing by 10-20X

This is especially true for the more recently introduced types, such as soft recovery diodes with datasheet
guaranteed softness ratio (tb/ta'). Super Barrier rectifiers, and silicon carbide diodes.

This paper presents measured data on power transformer secondary ringing, produced by 48 different
semiconductor diodes. The exact same power supply test fixture is used in every measurement; only the
diode changes. Therefore differences between the measured amounts ofrmgmg are due to differences
among the diodes. Many different diode types were measured, mcluding standard silicon PN diodes,
bridge rectifiers, high-Vf Schottkys, low-Vf Schottkys, hyperfast, ultrafast, HEXFRED, sUicon carbide,
Super Barrier, and soft recovery diodes. At today's distributor prices (qty=1000), the tested diodes span
a50-to-l cost range.

Resonant Circuit
Figure 1 (a) shows an AC-to-DC power supply usmg a single diode as a half-wave rectifler. This is the
topology used for aU measurements in this paper. With only one diode to remove and replace, experi-
mental setup time is reduced, and parts cost is minimized smce only 48 diodes need to be purchased.
Other supply topologies would require purchasing (48*2) or (48*4) diodes.
The power transformer elements are endosed by a dotted line. US 115VAC mains are connected to the
primary, which consists of the leakage inductance LLp and the magnetizing inductance. The secondary's
magnetizmg inductance is perfectly coupled to the primary, at a turns ratio ofn:l, and the secondary s
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Figure 1 Resonant circuit in the transformer secondary.

' When a diode stops conducting, the current doesn't immediately return to zero but actually reverses to some value, THEN re-
turns to zero. The time from start of current reverse to max reverse is called ta, the time from max reverse back to zero is called
tb. The larger the ratio tb/ta, the softer the diode recovers.

leakage inductance LLs appears m series. The secondary winding capacitance is Ct. Rectifier diode D con-
nects the secondary node S to the output node DCVOLTS, which is fUtered by capacitor Cf. The supply
delivers power to a resistor RLOAD.

The small signal incremental model is shown in Figure l(b). Elements in the primary circuit (LLp and
Vin) reflect into the secondary, by the square of the turns ratio n. The diode is modeled as a voltage con-
trolled current source Id, in parallel with a junction capacitance Cj. It drives the output at DCVOLTS.

For small signal analysis, the mput voltage source Vsec becomes a short circuit, and the output node
DCVOLTS can be considered an AC ground; Cf acts as a short circuit at the frequencies of interest. These
simplifications result in the small signal model shown in Figure l(c). It is just a parallel LC resonant cir-
cult, consisting of the transformer inductance Lt (= LLs + (LLP/n2)), the transformer winding capacitance,
and the diode junction capacitance at switch-off (where Vdiode ~ Ov). If the diode switches offabmptly,
dl/dt is large, creating a large voltage spike across the inductor and stimulating the LC resonant circuit
into osciUatory ringing.

Test Fixture

The AC-to-DC power supply used in these experiments is shown in Figure 2 below. It is designed to
maximize the amount oftransformer secondary ringmg, so that even small differences among excellent
diodes (those producing very litde ringmg) will be detectable.

115
VAC

FUSE

?^/s

TO SCOPE

Xl

VARIAC TRAFO

C4,5 50V 16mQ 3.3A
C6 50V 20m0 3.7A
C7 63V 39mQ 5.7A

RLOAD

u-xz
Figure 2 Test fixture.

A 600 watt autotransformer ("Variac") connects the test fixture to the AC mains, allowing fine-tuned
adjustment of the output voltage. The Variac drives the primary of the power transformer Xl (115V pri-
mary, 24V secondary) through a 1 amp, fast-blow fase. Xl's secondary drives the diode (DUT) and, if
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rated for only 1 ampere; so they were omitted, leaving 44 diodes to be measured at 2.0A. These data are
also presented in Table I.

Adding a CRC Snubber Across the Secondary
Although the best diodes reduced ringing amplitude by a factor of 10-20X compared to the worst diodes,
they all produced some oscillatory ringing m this sensitive test fixture. However the desired result is zero
ringing. Fortunately, since the secondary is a parallel LC resonant circuit, it should be possible m theory
to add a paraUel resistance, and to tune the resistance value untU the RLC resonant circuit is overdamped
(dampmg ratio < > 1.0). This should, in theory, elimmate ringing completely, even with the worst diodes.

Figure 5 shows a small signal circuit model of the transformer secondary. Lt (from Fig 1) is the trans-
former leakage inductance, and Ca is the total capacitance (= Ct + Cj), also from Fig. 1. A paraUel resist-
ance Rs has been added. For the initial analysis assume Rs connects direcdy to ground, as shown with a
dotted line. (This is equivalent to assummg that Cs = infinity).

^^|^L ^>15<2
ICA CA~2^5 ^ CA

Figure 5 Circuit model oftransformer secondary including snubbing resistor.

frequency, limiting the current through Rs and reducing power dissipation. Cs presents a very low im-
pedance (much lower than Rs) at high frequencies where the RLC circuit might oscmate. Theoretical
calculations guide the selection ofCs (see Appendix).

In order to successfully overdamp the secondary,

Cs> C^-15<2

To learn whether snubbers do eliminate ringing in practice, another set of measurements were taken in
the 100 mA test setup. The 48 diodes were re-tested, with a 3-element snubber across the transformer sec-
ondary as shown in Figure 2. The values of the snubber were: Cx = lOnF /Rs = 150 0/Cs = 680nF.
These gave a damping factor i; of approximately 1.5 with this transformer; the secondary RLC circuit
was overdamped.

Figures 6-10 below, show measured transformer waveforms from several diode types, with and without
the lOnF / 150R / 680nF CRC snubber.

Figure 6 Super Barrier Rectifier
SBR12A45at 100mA. Lower (no

snubber): V01=6.60V. V12=4.88V.
Upper (with CRCsnubber): no

ringing. (Cursors + legend omitted).
21//dfV, Sus/div.

The damping factor t, can be calculated using Laplace Transforms (see Appenduc):

<=^-1^
2fisJ^

To elimmate oscillation, the system is intentionally overdamped (( > 1.0); plugging this in gives

R.<lk
Rs < 2j^

And now in theory, the problem is solved: choose a suitably small Rs which gives ((, > 1.0). Unfortunately
if this resistor Rs is connected directly across the transformer secondary, it sees the entire RMS second-
ary voltage, and so Rs dissipates an unacceptably large amount of power. Therefore a capacitor Cs is in-
troduced in series with Rs, to reduce power dissipation. Cs presents a high unpedance at the 60Hz mahis

Figure 7 Bridge rectifier GBPC35 10 at
WOmA. Lower (no snubber):

V01=32.8V,V12=32.8V. Upper(with
CRC snubber): no ringing. 1 OV/div,

Sus/div.
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Figure 8 HEXFRED HFA08TB60 at
100mA. Lower (no snubber):

l/0?=4.70l^ l^?2=2.4?l/. Upper (with
Cf?C snubber): no ringing. 1 V/div,
5us/div.

Figure 9 Soft Recovery diode ISL9R460
at 100mA. Lower (no snubber):

^ V01=4.44V,V12=2.28V. Upper (with
CRC snubber): no ringing. 1 V/div,
Sus/div.

Figure 10SchottkydiodeSB540at
100mA. Lower (no snubber):

V01=5.28V,V12=3.14V. Upper (with
CffC snubber): no ringing. 1 V/div,
Sus/div.

Ringing with the 35 ampere, 1000 V bridge rectifier diode (Figure 7) was especially brutal. The initial leg
down V01 was so large (32.8V, in a 24VAC secondary!) that the subsequent ringing waveform rose high
enough to actually turn on the diode again, and the ringing waveshape peak was clipped off, in the in-
terval (18us < t < 28us). The diode in Figure 7 ran at a dc current of only 100mA; this diode behaved even
worse at 2.0 amperes of dc current, see Table I. Several other diodes had similar "huge" ringing and peak
clipping, they are the Table I entries whose V12=V01.

HEXFRED diodes (Figure 8) and Schottky diodes (Figure 10), both of which are passionately advocated
by many DIY equipment buUders, produced oscillatory ringing m this sensitive test fixture. So did soft
recovery diodes (Figure 9). Fortunately the CRC snubber removed all traces of oscillation, for all 48
diodes tested.

Measured results

In Table 1, each row (each diode) shows four measurements: V01 and V12 at 100mA of dc output cur-
rent, and also V01 and V12 at 2.0 amperes of dc output current. These ringing amplitudes are presented
in the columns headed A, B, C,'D respectively. The data was sorted and ranked by criteria B and D, giv-
ing the rankB and rankD columns. Rank=l is best (smallest ringing amplitude), Rank=48 means the
largest ringing amplitude. Four of the diodes were rated for only 1 ampere of dc current, so they are omit-
ted from the 2 amp measurements and rankings.

Interpreting the data
The ringing amplitude data in Table I falls into two distinct zones. The first zone contains the excellent
diodes; they have (V12@100mA < 4 volts) and (V12@2.0A < 8 volts). The second zone contains the ter-

riblediodes; they have (V12@100mA > 6.5 volts) and (V12@2.0A > 15 volts). Although the sensitive test
fixture has detected small dififerences among the excellent diodes, these differences are quite small com-
pared to the huge differences between the excellent diodes and the terrible diodes. Randomly selecting
any of the excellent diodes (RankB <= 40); (RankD <= 36), is vastly preferable to selecting the best of the
terrible diodes, from the perspective of ringing amplitude. There is litde performance penalty if an ex-
cellent diode is chosen based upon cost, or voltage rating, or Vfwd, or trendy fashion.

To select an excellent diode, avoid terrible diodes. In this test 100% of the terrible diodes were standard

silicon PN diodes, either with a very slow reverse recovery time, or no tRR datasheet spec at all. A sim-
pie rule-of-thumb, which avoids all of the terrible diodes m Table I, is: either choose a Schottky, or choose
a non-Schottky diode with datasheet tRR < 300 nsec. Remember that this is not a 200kHz switchmode

power supply; these diodes operate from 60Hz AC mains, and engineermg rules-of-thumb from SMPS
designs are inapplicable here.
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Part Wuinber
SB160-E3

VS-MBR160

SBYV27-200

G1851
VSB3200

SBYV28-100-E3

MBR1100

UF4004
1N4005

IN 5404
1N5626GP

BYV28-150
MUR420
MUR460
RURD460
C3D04060F

GBU4J
ISL9R460
SB540

SB5100
6A4

RURD660S9A
FES8GT

GBU8G

Part Number
APT8DQ60KG
DSR8U600

FFPF08H60S
HFA08TB60

ISL9R860
MSR860
RHRP860
RURP860

VS-ETH0806
VS-ETL0806
FFPF10UP30

SBL1040

UH10FT-E3
SBR12A45
VSB1545

MUR1520
GBJ1506

DSS16-01A

LQA16T300
GBU2510

VF30100S
FFPF30UP20

GBPC3510
MBR40250

MaxRMing
1A 60V
1A 60V

1A 100V

1A 400V
1A 600V
2A 200V

3A 100V
3A 200V

3A 400V
3A 600V
3.5A 100V

3.5A 150V
4A 200V
4A 600V
4A 600V
4A 600V

4A 600V
4A 600V
5A 40V

5A 100V
6A 400V

6A 600V
8A 400V
8A 400V

type
Schottky
Schottky

Schottky
Ultrafast

Standard

Ultrafast

Fast

Schottky
Standard
Standard
Ultrafast

Ultrafast

Ultrafast
Ultrafast
Ultrafast

Si Carbide
Standard

STEALTH-11

Schottky
Schottky
Standard

Ultrafast

Ultrafast

Standard

Vf@lf
0.65V 1A

0.75V 1A
0.79V 1A

1.0V 1A
1. IV 1A

1.07V 2A
1.25V 3A

0.86V 3A
1.0V 3A
1.0V 3A
1.1V3.5A

1.1V 5A
0.89V 4A
1.28V 4A

1.5V 4A

1.5V 4A
1.0V 2A
2.0V 4A

0.48V 5A
0.85V 5A
1. IV 6A

1.5V 6A
1.3V 8A

1.0V 4A

tb/ta
ratio

0.47

4.2

0.57

A:V01@
100mA
5.00
5.12

4.92
4.72

15.20
4.60
4.64

4.96
5.28

20.60
4.60
5.08
5.08

4.86
4.76
5.12
18.80

4.44
5.28
5.10
7.66

4.88
4.92

27.30

B:V12 @
100mA

2.69
2.63

2.58
2.38
15.20

2.28
2.38

2.60
3.18
20.60
2.27

2.74
2.66

2.54
2.51
2.74
18.80

2.28
3.14
2.79
6.64

2.58
2.61

27.30

C:V01@>
2.0A

9.00
9.92
9.24

12.32
45.00
9.12

9.68
9.28
9.72
9.96

8.60
42.80

8.96
9.80
9.60
18.90

10.88
9.52

57.80

D:V12 @
2.0A

2.98
4.60
3.44

7.96
45.00
3.08

3.68
3.34
4.02
4.88

3.06
42.80

3.48
4.00
3.52
16.30

5.98
3.70

57.80

ranks rankD I toplS? |

25 44

22 44
14 44 0

44
42 44

0^
28 0

19 12 ^

32 36
45 40

0^
26 19
23 ^

12 24 0
10 29 0
27 ^

44 39

13 0^
31 23
28 16
41 37

15 34 0
20 20

46 41

Table 1 (a) Diode measurements at 100mA (columns A and B) and at 2.0A (columns C and D).

MaxRating
8A 600V
8A 600V

8A 600V

8A 600V

8A 600V
8A 600V
8A 600V

8A 600V

8A 600V

8A 600V
10A 300V
10A 40V

10A 300V
12A 45V
ISA 45V

ISA 200V

ISA 600V

16A 100V

16A 300V
25A 1000V

30A 100V
BOA 200V

35A 1000V

40A 250V

type
Ultrafast

Schottky
Hyperfast-11
HEXFRED

STEALTH-11
Ultrasoft

Hyperfast
Ultrafast

FRED Pt
FRED Pt

Ultrafast

Schottky
Ultrafast

SuperBarrier

Schottky
Ultrafast

Standard

Schottky
Qspeed

Standard

Schottky
Ultrafast

Standard

Schottky

Vf@lf
2.0V 8A

2.5V 8A
2.1V 8A
1.4V 8A

2.0V 8A
1.7V 8A
2.1V 8A

1.5V 8A
2.0V 8A
0.97V 8A
1.4V 10A

0.6V 10A
0.96V 5A

0.43V 12A

0.33V 5A
1.05V ISA
1.05V 8A

0.79V ISA

1.6V 16A
1.0V 12A

0.39V 5A
1.15V 30A

1. IV 17A
0.86V 20A

tb/ta
ratio

1.07

3.7

2.5
0.56
0.66

1.2

0.36

0.7

0.64

A:V01@>
100mA

4.60

5.54
4.78
4.70

4.74
4.86
4.64

4.82
4.58
5.32

4.94
5.50
4.96
6.60

5.86
5.26
17.30

5.52
4.96
31.30

5.80
5.30

32.80
5.44

B: VIZ @
100mA

2.38
3.70

2.53
2.41
2.60

2.55
2.40
2.59

2.36
3.19
2.67
3.34

2.62
4.88
3.84
2.93

17.30
3.42

2.59
31.30

3.56
3.01
32.80
3.26

C: V01 &
2.0A

9.00
10.20

9.24
9.16

9.08
9.60
9.16
9.56

9.12
11.40
9.44

10.12
9.56
11.36
11.56

9.76
42.80
10.20

9.00
65.60

11.32
9.92

67.80
10.08

D:VIZ(
2.0A

3.34
5.12

3.44

3.22
3.48
3.70
3.36

3.60

3.36

6.32
3.44
4.16
3.50
5.96

5.92
3.66
42.80

4.40
3.16

65.60
5.48

3.70
67.80

4.14

rankB rankO topis?

0^
38 30
11 10 0^

0^
18 14 ^

13 22 0

0^
17 17

.i!:;

3-
0:

^

©^

-I:
^
^-

33 35

24 11 ^

35 26
21 15 ^

40 33
39 32

29 18
43 38
36 27

16 ^

47 42
37 31
30 21
48 43
34 25

Table 1(b) Diode measurements at 100mA (columnsA and B) andat2.0A (columns CandD).
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MarkJohnson

Weassumedthat(sRCs>>l),i.e.,thatOa,RCs>>l).Inthe.orstcase,Ae^anfreq^^^^
^Ts'tte ^on^frequencyofLt in paraUel wiA both Ca and Cs (i.e. Rs is very small). Then

(B = IL^CA + C,)

Since uRCs » 1, RCs » (1/u). Squarmgboth sides,

^^z »^ ^ R2Cs2 » Lr(C^ + Cs~)
^ -^

Substituting R = ^.^^ '

^^»L^+^) ^ ^» ^(C,+C,)
4<2C, 4<2

If Cs » Ca then (Ca + Cs) reduces to Cs, and
.2 .. .., . cs

CA^ » 4^ ^ ^ » 4<2
CACS

Whew!MatfaemaUcalanalysissays^(Cs/Ca)needstobem^^^^^
B^acd^w^hgS'LTSPICE simulations, carried out at zeta values from UoJO, show that
good damping behave occurs whenever (Cs / Ca) is fifteen times zeta squared, or greater:

cs > 15?2

Partition Noise and the /BestPentode/ Revisited

Merlin Blencowe

Glossary of symbols
B = noise bandwidth in hertz

fhi = upper noise bandwidth limit in hertz
fio = lower noise bandwidth limit in hertz
g^ = full (i.e. triode mode) valve transconductance in Siemens or A/V
I = average current in amps
la = average anode current in amps

|g2 = average screen-grid current in amps
K= empirical flicker-noise constant which varies typically between about 10- for a very
valve to 10-'2 for a very poor one
k = Boltzmann's constant, 1 .38x1023 J/K
m = anode/screen-grid current ratio

q = electron charge, 1 .6x10-'9 coulombs
ra = internal AC anode resistance
Tk= cathode temperature, normally 1000K
a= empirical shot-noise constant which typically varies between 0.6 and 1
EIN = equivalent input noise

PSRR = power supply rejection ratio
SNR= signal to noise ratio

;n"lI:n"e^'^dio Volume 0, Frank Blohbaum proposed an interesting circuit for use with pentodes^
^h-he'called .BestPentode- [1]. In essence, his circuit is a cascode, ^vtmasss^^^
"s'D^e electrode'ttheanode ofapentode) to reduce dissipation in the cascaded device ftransistort.
B^hbaum earned that this r.tains the basic properties of the pentode but eliminates its p^n
^7hismucMs\me,'but'hisarticle also implies thatthe-BestPentode'has lower EINeventh^
s^tnode^onnected pentode, and it is this which I find fault ^Theexperime^ld^a^
^ed'inlhi"s'articlearemisleadingastheydonotcomparetriode-mode,pentode-mode,and'Best-
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