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High Leakage Inductance
Neon Sign Transformer

Leakage inductance
limits output current
to 30 mA. No-load
Voltage up to 15 KV




MUTUAL INDUCTANCE

The fundamental operational feature of the transformer.
A measure of actual coupling between two specific windings.

The key measurable parameter for evaluation of Leakage Inductance.

LEAKAGE INDUCTANCE:

An unavoidable parasitic characteristic which affects operational
impedance of the transformer.

A measure of the effect caused by that imperfect (non) coupling
between the two windings.




LEAKAGE INDUCTANCE

Friend or Foe

FOE FRIEND
OUTPUT VOLTS DROPS AS LOAD INCREASE e LIMITS SHORT CIRCUIT CURRENT
EMI and Loss of Radiated Energy e« USEFULIN ZVS and LLC APPLICATIONS
RINGING ON SQUARE WAVE e “FREE”? INDUCTOR (CMC, LLC, NST etcO

UNWANTED PHASE SHIFT

Poor CROSS REGULATION with multi-output
FLYBACK

I-LEAKAGE

I-RESONANT

TO LOAD %
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Main factors affecting Leakage

* Core (perm and shape) e "
measurements depend on

« Winding capacitance (eg SRF),
* Test Frequency
e Test Drive level

e Turns count (lower is better)

 MLT (shorter the better)

e Coil width (longer is better)
* Thickness of insulation (thinner is better)
* Twisted or Bifilar (trade-off against hipot and winding capacitance)

* Interleave windings (more is better)

Fortescue Equation as presented by Ruben Lee, ELECTRONIC TRANSFORMERS AND CIRCUITS 21 ed 1947

Several formulas have been derived for the calculation of leakage
inductance. That originated by Fortescue * is generally accurate, and
errs, if at all, on the conservative side:

1See Standard Handbook for Electrical Engineers, McGraw-Hill Book Co.,
New York, 1922, 5th ed., p. 413.

10.6N2M T (2nc + @)
L= —— (9 (33)
10°n°b

MY OPINION

To create a specific leakage
value, we are still a “Cut and
T art form.

where Lg = leakage inductance of both windings in henrys, referred to
the winding having N turns
MT = mean length of turn for whole coil in inches
n = number of dielectrics between windings (n = 2 in Fig. 57)
¢ = thickness of dielectric between windings in inches
a = winding height in inches
b = winding traverse in inches.
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Get to know your LCR

LCR Meter LCR Meter LCR Meter
500 mV
100 Hz
1 kHz
100 Ohm 10 kHz 100 Ohm
100 kHz

* An interesting exercise is to measure the actual drive capability using a DMM M

e The only actual measurement is Impedance at the component terminals m

UuT

* Interpretation of that impedance is up to us (and/or the calculator internal to LCR)

For example: (assuming © is near 80°....90° and series R L equivalent circuit)
V/I = 121/_8 = (R+ X - XC)
X=Zsin® = |Z|; R=Z cos 6; L=XL/(2T ) C=1/2mnf XC) ’
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Get to know your XFMR

SELF RESONANT FREQUENCY TEST (SRF)

Excerpt from Mil-PRF-27G
47129 Self-resonant frequency. Unless otherwise specified (see 3.1) the self-resonant frequency shall be

determined as follows, using the test circuit shown on figure 5. Starting at the lowest frequency within the specified
frequency range, the frequency shall be increased and the VTVM or equivalent observed for voltage dip (e.g.
impedance bridges). The frequency at which the minimum dip occurs shall be recorded as the self-resonant

frequency. An alternate test method is to use an impedance analyzer, an oscilloscope (or similar equipment) to
determine the self-resonant frequency.

$

SIGNAL
SOURCE Eg
PRIMARY SECONDARY {NO LOAD)

My rule of
thumb

10
Test Freq for C: 10 f,

- /

{Test Freq for L: &

_—

AT SRF: |Z|isatpeakvalue; ©=0°% [X.|=|X]; LCR indicates L=0.0 mH & C=0.0 o

B
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Record
BUCKING

I-(N|0-NS)

5

T

What can we Measure?

—_—

Series additive
Series subtractive
Pri OCL
Sec OCL

>

N\

Record

OCL
Lp — ]

&
Ls

Record

{ AIDING F

IS FREQUENCY &
DRIVE IMPORTANT?

You should specify
test frequency and
drive level according
to your expectation.

Freq (kHz)

Drive (mA or V)

I-(Nlo—NS)

I-(Np+Ns)

Lp

Ls
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Np Nq

aM

PRI SEC

M/a

Freq

Drive Level

I-(Np-Ns)

I-(Np+NS)

Lp

Ls

22 L/ L ]
. V@
M Linp+ns = Linp-ns)
\ am /4 |
K M/ L.ls)
Ly M*a ]
Li/anz M/a ]
Pri Leakage (1-k)*Lp \
Sec Leakage (1-Kk) * Lg \

Leakage

Pri + a2 * Sec
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MUTUAL INDUCTANCE |
L = A,N? M = A,NpN
L (aiding) =A, (Np+N,)? =A,(Np?+ 2NpN,+ N.j?)
L (bucking) = A, (Np — N,)? = A, (Np>?—2 NpN,+ N.?)

L (aiding) — L (bucking) =A; (4 NpN,) = 4 M

4M /4 = MUTUAL INDUCTANCE (M)
(between the two windings)




/
TOP-LO FIL 3
BOT-HI =
7319 60HZ :
FIL4
\
\4 1,2
© .o
N
4 4+
12
@ &

2” stack 175El 0.0185” lam
Estimate turns 100:50:3
Shunt lam-stack between coils
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L,qq=: read 1-6 w/ short 2,5

L.,b=: read 1-5 w/ short 2,6
Lieakage=: read 1-2 w/ short 3,4,5,6

I
LA556=: read 1-2 W/ short 5,6
LC S12=- read 5-6 W/ short 1,2
LA = L12 —
~—

B

Additive and Subtractive series Test
M=: calculate (Ladd - Lsub) / 4

)
W
A S56
A1
L = aM
M
@ A2
B1
@ B2
COIL 1

k =

: calculate

M/VLC X I—A

a =: calculate (V15 / Vsg)

LEAKAGE EFFECT

5

C S12

COIL 2

>L = L56
C
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Inductance with DE-5000 LCR Meter at 100 Hz and at 1 kHz

. Freq test Ls
Connection .
(Hz) points (mH)
1 1.57
OCL Pri (1-2) 00 (1-2) 31.5
1k 24.79
100 6.401
OCL Sec (5-6) (5-6)
1k 5.825
100 13.891
Pri (1-2 horted Sec (5-6 1-2
ri (1-2) w/ shorted Sec (5-6) 1k (1-2) 10.477
100 2.45
Sec (5-6 horted Pri (5-6 5-6
ec (5-6) w/ shorted Pri (5-6) 1k (5-6) > 44
ADDITIVE (1-6) 100 (1-6) 70.93
2,5 connectd 1k 50.18
SUBTRACTIVE (1,5) 100 (1-5) 13.671
2,6 connectd 1k 12.464
100 0.025
OCL (Fil 3-4) (3--4)
1k 0.0236
"Leakage Inductance" (1-2) 100 (1-2) 12.236

3,4,5,6 shorted 1k 5.282 ’
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Inductance with Iy open setup at 60 Hz

Connection . test Ls

(mA) points (mH)

200 274

OCL Pri (1-2) 500 (1-2) 314

1A 255
200 46
OCL Sec (5-6) 500 (5-6) 71
1A 76

200 679

ADDITIVE (1-6) 500 (1-6) 640

2,5 connectd

, 743 354
SUBTRACTIVE (1,5) igg (1-5) 56;:
2,6 connectd 1A 94
200 22
"Leakage Inductance" (1-2) 500 (1-2) 24
3,4,5,6 shorted 1A 24
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aM

N, N

PRI SEC

M/a

Freq

60 Hz
Drive Level | 2500 mA

Linp-Ns) 91 mH
Linpenss 640 mH
Lp 314 mH

Ls 71 mH

a2 Lp / Ls 4.4225
5 Va2 2.103
iy, I-(Np+Ns - I-(Np—Ns) 549
M aM / 4 137.25
K M/J( Lp.Ls, 0.919
L M*a 288.6
Ly/an2 M/a 65.26
Pri Leakage (1-k)*Lp 25.4
Sec Leakage (1-K) * Lg 5.74

Leakage

Pri + a2 * Sec

49.63 mH

Slide No. 16




Additive and Subtractive series Test 60Hz, 500mA Digital Multimeter, Variac, and 4.504Q 10W shunt

Additive: (1-6) w/ 2,5 connected 640 mH
Subtractive: (1-5) w/ 2,6 connected 91 mH

Estimated M: % (640-91) = 137 mH

J— 1
5.4 mH ; J (288 * 65 = 137mH
LEAKAGE EFFECT
5 —
% 5.74 mH
314 mH LP = I-]_2 — A1
LM :NI C1 — L = Ls 71 mH
288.63 mH L
M /a2
e - 65.26 mH a2 =288/65 = 314/71
— (2 6) — a =21030
- Consistent with ratio
= Lsg B 101:48
o B2

COIL 1 COIL 2
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PROCESS DRIFT

TYPICAL CAUSE

Discontinued Materials

Methods “improvement”

Tooling wear

Changed Supplier

Inadequate construction detail

Test condition left to option of the test technician
Designer left the program

ALC “off” and series vs parallel setting on LCR

Improperly specified requirement

PREVENTIVE MEASURES

Detailed construction lllustrations
Detailed Test instruction

DPA and SRF as part FAl inspection
Revision change control

Leave “why” notes in your dwg

Detailed QC AQL inspection template




SUMMARY and CONCLUSIONS

Keep it simple but not too simple
Specify what you actually need

Provide illustration of critical construction detail

Invest a lot of thought about test frequency and
drive level

o Drive freq much lower than SRF. (try
application freq or lower than 10% of SRF)

o Drive level much lower than B, but high
enough for meaningful results

o Specify “ALC-ON” when testing with bench-top
inductance analyzer

Specify Max and Min test limits. But remember.
tightened limits increase cost.

Use alternate methods and calculations to confirm
the trial method(s).

DPA as part of qualification and FAI

Record SRF of the successful design. A max/min
limit for SRF may alert to an inadvertent design
change.




Thank you for your interest.

By: Rodney Rodgers
Email: rr5825@outlook.com
Phone: (502)718-6639

PSMA Magnetics Committee Industrial Session

Allster Maagnelics

Vancouver, WA
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