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Note: Basic procedures such as setting-up, adjusting and calibrating the Bode 100 are described
in the Bode 100 user manual. You can download the Bode 100 user manual at
www.omicron-lab.com/bode-100/downloads#3

Note: All measurements in this application note have been performed with the Bode Analyzer
Suite V3.0. Use this version or a higher version to perform the measurements shown in this
document. You can download the latest version at
www.omicron-lab.com/bode-100/downloads
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1 Executive Summary

This application note shows how a real transformer with its parasitic elements can be modelled with
the Bode 100.

A transformer model can be used in a simulation program. The model includes parasitic elements and
therefore, the behavior corresponds with the physical measurement more exactly. Furthermore, circuit
models give a good overview of the power losses and their location. With the Bode 100, it is possible
to design such a transformer model within a few measurements.

2 Measurement and Calculation

2.1 Used Model
The following measurements and calculations always refer to Figure 1 below unless stated otherwise.
Cz

M
7N\

L R,

— — |V
orim | T C1 Liac Co=—= [Vsec

Figure 1: Used Transformer Model

Ry ... resistance of primary winding

R, ... resistance of secondary winding

R, ... core resistance

Ly ... leakage inductance of primary coll

Li» ... leakage inductance of secondary coll
Lyag, --- magnetizing inductance of primary coil
C ... primary intra winding capacitance

C, ... secondary intra winding capacitance
Ciz2 ... interwinding capacitance

For the sake of convenience, the frequency and signal level dependent core losses are ignored.
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2.2 Primary Side Measurement

In this section, the primary side’s winding resistance R, and the two primary coils L;; and Ly,¢, are
measured. To do so, it has to be ensured that the used frequency range is low enough to keep the
influence of the parasitic capacitors small. The following diagram depicts a One-Port measurement
(Figure 5) showing the impedance of the exemplarily used transformer.
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Trace 1: Impedance Magnitude (Q)
S

=
o

100 1k 10k 100k 1M 10M

=
o

Frequency (Hz)

Figure 2: Frequency Response of a Transformer's Impedance

As long as the line has a continuous slope, the parasitic capacitances do not influence the
measurement. Relating to the case shown in Figure 2, this means that at frequencies below 10 kHz

the parasitic capacitors can be neglected.
For this limitation, the circuit to be measured looks like this:

According to the picture, the DUT consists of a series connection of the winding resistance R,, the
primary coil’s leakage inductance L;; and the magnetizing inductance Ly ¢, - A resistor would,
additionally, be connected parallel to the magnetizing inductance for modelling the core losses. For
the measurement, these core losses should be kept as low as possible. As this losses are strongly
dependent on the frequency and the magnetic flux density, this two parameters are decreased as
much as possible. However, the measurement’s sphere of interest must not have a signal to noise
ratio, able to distort the measurement. q g
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Low core losses mean a big core resistance R.. Hence, the equivalent circuit is a series connection
of Ry, Ly; and Ly g, , as derived in equation (1) and (2).

The following calculation shows the input impedance of the primary side Z; with already separated
real and imaginary part. The calculation shows the dependency on the core resistance.

w?L R / L \
Z1 =Ry et +jw| Ly + il (1)
2 2
RC + w LMAG]_ \ 1 w LMAGl/
+ Z
R¢
- Rlcigloo(zl) =Ry +jw- (L + Lyac,) (2)

2.2.1 Measurement of Primary Winding Resistance R,

At DC voltage, the winding resistance can be measured easily. For very low winding resistances, a 4-
wire sensing should be conducted to compensate the failures made with the measuring device. If the
real part isn’'t too low related to the imaginary part, the winding resistance measurement can directly
be performed by the Bode 100.

Measurement Setup

The output of the Bode 100 simply has to be connected to the transformers primary side. The
secondary side is left open circuited.

D.U.T.

P1 S1

V J [/;‘ec

pri

P2 S2

Figure 4: Measurement Setup for Winding Resistance Measurement

P1... primary side’s hot end
P2... primary side’s cold end
S1... secondary side’s hot end
S2... secondary side’s cold end
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Device Setup & Calibration

The impedance is measured with a One-Port measurement.

MNew measurement” - Bode Analyzer Suite

@ Welcome, please select a measurement type...
e —
| Vector Network Analysis‘ Impedance AnalysiD
New measurement
v One-Port
Recent
Measure impedance/reflection at the output port. OUTPUT CH1

Options

'n' (‘r\"ﬂ' Bade 100 o

Recommended impedance range: 500 mQ ... 10 kQ
About

Read user manual

- < Start measurement >
Exit

Figure 5: Start menu

The settings for this impedance measurement are:
Fregquency Sweep n_ single

Start freguency
Stop fraquency

Sweep  Linear _n Logarithmic
Mumber of points | 201 v

Level Constant [JEl™ variable

Source level -20 dBm %

Attenuator Channel1  Channel 2

Reflection | 0de -.-| | 0de

Receiver bandwidth 30Hz ~

Figure 6: Settings for the measurement

It is important that the start frequency starts at a low frequency like e.g. 1 Hz for the winding
resistance measurement.

To aviod core losses, the signal level should be as low as possible as mentioned before. In the case
given, -20 dBm have been chosen. If the level would be decreased more, the measured impedance
would interfere with signal noise. If there are too many ripples around the point of interst, the signal
level has to be increased.

For the measurement of the winding resistance, “Measurement” is set to “Impedance” and “Format” is
set to “Rs”.
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For better measurement results, a user-range calibration should be performed prior the measurement.

f,.f.
Q

User-Range

-

P Perform new calibration
Figure 7: perform user-range calibration

Results

After doing a single measurement, the following result was obtained:
10

Frequency Trace 1
9 1Hz 4,932 Q

8

Trace 1: Impedance Rs (Q)

1 10 100 1k
Frequency (Hz)

Figure 8: Primary Winding Resistance Measurement

The curve shows a high ripple at frequencies over 100 Hz. But for the winding resistance
measurement, only the equivalent series resistant at 1 Hz is required.

By typing this frequency into the cursor window, the cursor jumps to 1Hz and states the winding
resistance of the primary coil R,.

The winding resistance of the measured transformer is R; = 4,93 Q.

2.2.2 Measurement of Primary Coils Li; & Lyag,

The series coil inductance can also be measured in the One-Port measurement type. In order to do
this, “Format” has to be changed to “Ls”.
All the other settings are the same as for the winding resistance measurement. (Section 2.2.1 )
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Frequency Trace 1
180m 40 Hz 83,574 mH

140m

.
o
o
3

80m-{

60m

Trace 1: Impedance Ls (H)
2 5
3 3

40m

20m

1 10 100
Frequency (Hz)

Figure 9: Primary Coil Value Measurement

1k

With the aid of the cursor, an inductance at a specific frequency can be measured. According to (1),
the imaginary part is decreasing for higher frequencies because the core resistance R is decreasing.
So, the inductance should be measured at a point with a low ripple value and before the inductance is

decreasing noticeably. The measured inductance at 40 Hz is 83.57 mH.

This inductance is the series circuit of the primary coil’s leakage inductance L;; and magnetizing

inductance Ly ¢, - Henceforth, this inductance is called Ly. (L1 = Liy + Lyag,)

To get the individual values of L;; and Ly4¢,, @ gain-measurement is performed.
Therefore, the measurement conditions have to be changed like depicted below.

Measurement Setup

L
Bode 100 . oMmicros

D.U.T.
P1 S1
[/;rri Vsec
P2 S2

Figure 10: Measurement Setup for L;; & Ly4q, Measurement

The output of the Bode 100 as well as Channel 1 are connected to the primary
side of the DUT. Channel 2 is connected to the secondary side of the DUT.

Smart Measurement Solutions®
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Device Setup and Calibration

For the example measurement, the following settings are used:
For the gain measurement, the Gain / Phase mode has to be chosen.

21
@ Welcome, please select a measurement type...

|Vect0r MNetwork Analyms” Impedance Analysis ‘

New measurement

| > Transmission / Reflection
Open

v Gain / Phase
Recent /

S Measure Gain/Phase (transfer function H(f)) using the OUTPUT ~eH 1 CH2
(L
external reference. n !"" ¥ Bada 100 0 0

Save as

Export

- Start measurement
Options

Figure 11: Start menu

The frequency range should at least contain the upper frequency limit used for the measurements
before but to speed up the measurement the start frequency can be increased.

For the gain measurement, the same input signal level is used as for the measurements before. In the
exemplary case, the -20 dBm are used again.

frequency  Sweep [T single
Start frequency 10 Hz

Stop frequency

Center 505 Hz

-
=
T
™~

Span 980 Hz

sweep Linear [l Logarithmic
Number of points | 201 -

Level constant [[JEll™ variable
Source level -20 dBm 3

Attenuator Channel1  Channel 2

Gain [20d8 v ][ 20d8 +|

Receiver bandwidth l1kHz =

Figure 12: Settings for the measurement

The “Format” is set to “Magnitude”.

Trace 1 W

Measurement Gain

Display | Measurement v|

Format | Magnitude v|

Yinax | 13

Voin | 700m 3]

Y-axis scale | Linear v |

Figure 13: Settings Trace 1 q z
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Before the measurement is performed, a User-Range THRU calibration should be conducted.

User Range Calibration X
f f Gain calibration:
[ 1
dB Connect both CH1 and CH2 input connections directly to the Bode 100
User-Range output such that they pick up the same signal. Then press Start to
' perform the Thru calibration.

P Perform new calibration

Figure 14: User-Range Calibration icon —_—

Figure 15: User Range Calibration window

Therefore, the DUT has to be replaced with a short circuit and after the calibration, the DUT is
connected again.

Results

1 Frequency Trace 1
40 Hz 957,506 m
e

©
Ul
o
3

©
S
S
3

850m

800m

Trace 1: Gain Magnitude

750m

700m

10 100 1k
Frequency (Hz)

Figure 16: Gain Measurement of the Examined Transformer

The gain is measured at the frequency where the series inductance L, is measured (40 Hz).
By typing in the frequency into the cursor-frequency window, the gain at this specific frequency is
stated.

The gain measured with the Bode 100 is calculated by: G = Yenz

Vcr

Figure 17: Equivalent Circuit of the DUT during Gain Measurement
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By taking a look at the equivalent circuit of the currently measured DUT (Figure 17), the gain can be
calculated by:

] wlyac 1
O Vol ™ Jirs oL @ ©
CH1 R{ + (wL,)? @
... where a = % (turns ratio)

2
Note: Due to our 1:1 transformer, we idealized our a to 1.

Solving the equation for Ly 4, results in:

Ga
Lyag, = P /Rf + (wLy)? (4)

Afterwards, the leakage inductance L;; can be calculated by:
Ly =1L — LMAGl (5)

For the DUT, the calculated values are: Lyag, = 82.2mH L;; =14mH

2.3 Secondary Side Measurement

This section regards the measurements of the parameters on the secondary side which are the
winding resistance R, and the leakage inductance L;,.

2.3.1 Measurement of Secondary Winding Resistance R,

The measuring principle is exactly the same as described for the measurement of the primary
winding. The measurements are just performed on the opposite side.

10

Frequenc; | Trace 1 ‘

9 w sz ) | 53260 |

8

Trace 1: Impedance Rs (QQ)

1 10 100 1k

Frequency (Hz)

Figure 18: Secondary Winding Resistance Measurement
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2.3.2 Measurement of Secondary Leakage Coil L;,

By changing the “Format of the measurement from “Rs” to “Ls”, the equivalent series inductance gets
displayed. This inductance is composed of the secondary leakage inductance and the magnetizing
inductance. The magnetizing inductance has already been measured at the primary side. Hence, the
magnetizing inductance of the secondary side Ly ¢, can be calculated by transforming.

Na\*
LMAGZ = LMAGl ' (E) (6)

After a single sweep, the following result was obtained:

Frequency Trace 1
180m 10 Hz 82,346 mH

H
=
(o2}
o
3

=
o N
o o
3 3

017, ————————————————————————————————————————————————————e e

60m

40m

Trace 1: Impedance Ls (H)

20m

1 10 100 1k

Frequency (Hz)
Figure 19: Secondary Coil Measurement
Again, the inductance should be measured at a point with low ripple and before the inductance is
decreasing. In the example, the inductance is measured at 10 Hz & the measured inductance L, is
82.3 mH.
Now, the leakage inductance L;, can be calculated by:

Ly, =L, — LMA62 (7)

For the DUT the calculated leakage inductance is L;, = 0.15 mH.
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2.4 Capacitance Measurement

In this section, it is described how the three parasitic capacitances of the used transformer model
(Figure 1) are measured.
2.4.1 Measurement of Interwinding Capacitance C;,

To measure the interwinding capacitance, both, the primary and the secondary side are short
circuited. Thus, the following equivalent circuit is emerged.

Ly /M\ L
R, Luye3 0V oV R,
CIZ

Figure 20: Equivalent Circuit for Interwinding Capacitance Measurement.

According to the shown equivalent circuit, the capacitance C;, can directly be measured because the
both side shortened transformer does not have a function anymore.

Measurement Setup

Regarding the things stated before, the measurement setup has to look like this:

P2 S2 p—

Figure 21: Measurement Setup for the Interwinding Capacitance Measurement
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Device Setup & Calibration

For the capacitance measurement, the frequency sweep method is used, because with this method it
is possible to see in which capacitance range C;, is alternating depending on the frequency.

The capacitance can be measured more exactly at higher frequencies. Thus the sweep can start at
higher frequencies. The higher the output level of the Bode 100 the higher is the accuracy of the
measurement. So, choose the output level as high as possible, according to the specification of the
used transformer’s datasheet.

For the exemplary measurement the following settings are used:
Frequency Sweep n_ Single
Start frequency 10 kHz

Stop frequency 40 kHz

Center 25 kHz

Span 30kHz

sweep  Linear [JEl™ Logarithmic

Mumber of points 201 -
Level Constant n_ Variable Measurement | Impedance v |
source level Display | Measurement - |
Format | Cs v |
Attenuator Channell  Channel 2 Vinme | 100 pF :|
Reflection | 0d8 v || 0dB | o | 0F 2|
Receiver bandwidth lm V-axis scale | Linear M |
Figure 22: Settings for the measurement Figure 23: Settings Trace 1

Before the measurement is conducted, a user-range calibration is recommended (see Figure 7).
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Results

A single sweep leads to the following curve:

Frequency Trace 1
3000000 Hz 1,962 pF

Trace 1: Impedance Cs (F)

10k 100k 1M 10M

Frequency (Hz)

Figure 24: Interwinding Capacitance Measurement

The capacitance should be measured in a frequency range, with a constant capacitance area.
The interwinding capacitance C;, of the DUT, measured at 3 MHz, is C;, = 1,96 pF

2.4.2 Measurement of Primary Interwinding Capacitance C;

To measure the primary interwinding capacitance, the secondary side is short circuited. The cold end
of the transformers primary side is connected to the secondary side. After that, the equivalent circuit
of the DUT looks like this:

i
L I n:1
— 4 YN \ 7N
Voriml - ==C1 Ly n?Ly

Figure 25: Equivalent Circuit for Interwinding Capacitance C; Measurement

In the picture above, the winding resistances are neglected. This can be done because the
frequencies used for this measurement are very high. Hence, the coil’'s impedance is many times
greater than the winding resistance’s.
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This circuit can be consolidated to a parallel resonant circuit like shown in the following picture.

Vpn‘ — (¢ L¢y

Figure 26: Consolidated Parallel Circuit for C; Measurement

The combined components are calculated by:

CCl = C1 + C12 (8)

2
Lyag,  n"Liz

Ley =Ly +
Lyag, + 1%Ly

(9)

For the used transformer, L., is:

L gy B22mH0ASmE
L= LM e mH+ 015 mH o

By measuring the impedance of this parallel resonant circuit, the resonant frequency can be figured
out.

Measurement Setup

The used transformer is shortened on the secondary side. The cold end of the primary side is
connected to the shortened secondary side as stated before. Afterwards the output signal of the
Bode 100 is applied to the primary side. Following this, the measurement setup has to look like this:

P1 S1

V.

prim

\/

P2 S2

Figure 27: Measurement Setup for Primary Interwinding Capacitance Measurement
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Device Setup and Calibration

As the resonant frequency has to be detected, the frequency range could begin at the kHz range.
Because the actual resonant frequency isn’t known, the stop frequency is chosen to be the maximal
available frequency.

The settings used are stated below:
Freguency Sweep n_ Single

Start frequency 10kHz

Stop frequency 40 MHz
Center 20,005 MHz
Span 39,99 MHz

sweep  Linear [ Il Logarithmic

Measurement | Impedance -
Level Constant n_ Variable | B |
Display | Measurement - |
Format | Magnitude v |
Attenuator Channel1  Channel 2 Yinax | 70 kD) A|
v
Receiver bandwidth 10Hz ~ V-axis scale | Logtv) M |
Figure 28: Settings for the measurement Figure 29: Settings Trace 1

Before the measurement is performed, it is advised to perform a user calibration (see Figure 7).

Results

After doing a single measurement, the following result was obtained:

Frequency Trace 1
1334182,976 Hz 57,192 kQ

=
o
~

Trace 1: Impedance Magnitude (Q)

10k 100k 1M 10M

Frequency (Hz)

Figure 30: Resonant Frequency Measurement for Interwinding Capacitance C;
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The capacitance of the parallel circuit is now calculated by:

1

Cor = ——

(10)

Hence, the intrawinding capacitance is:
1

C, =
YT (2n-1.334 MHZ2)?-1.8mH

—1.96 pF = 5.95 pF

2.4.3 Measurement of Secondary Interwinding Capacitance C,

The procedure of measuring the secondary interwinding capacitance C, is the same as for the primary
intrawinding capacitance measurement described in the section before. The only difference is the
measurement setup.

Now, the primary side has to be shortened and the impedance is measured at the secondary side.
The cold end of the secondary side now is connected to the shortened primary side.

Following this, the measurement setup has to look like the schematic below.

D.U.T.
P1 s1
[/Sé‘f
P2 S2

Figure 31: Measurement Setup for Secondary Interwinding Capacitance Measurement

The equivalent circuit of the DUT looks like this:

i
n:1 || J
L L
H_g ZAZGI C,Z:: Vsec

L

Figure 32: Equivalent Circuit for Interwinding Capacitance €, Measurement
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The winding resistances are neglected and the components were consolidated as described in the
section before.

VSEC — CCZ LCZ

Figure 33: Consolidated Parallel Circuit for C; measurement

The combined components of the parallel circuit are calculated by:

Cep = Cy + Cqy (11)

LMA61 "Ly (12)
n? - (Lyag, + L)

Loy =Lip +

For the used transformer, L, is:
82.2mH-1.4mH

Ley = 0.15 mH = 1,53 mH
c2 = 0 S mH A+ e+ Tamm) 3™

The device settings are the same as for the primary interwinding capacitance measurement in section
2.4.2 on page 17.

Result
Doing a single sweep, the following result is obtained for the exemplary transformer.

Frequency Trace 1
1390675,152 Hz 63,438 kQ

10k

Trace 1: Impedance Magnitude (Q)

10k 100k M 10M
Frequency (Hz)

Figure 34: Resonant Frequency Measurement for Interwinding Capacitance C,
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The calculation of the secondary interwinding capacitance is analogue to the primary capacitance.
Hence, the following values are obtained:

1 1
C,=———0C;, =
27 w2Le, 7T (2m-1.39MHz)?-1.53mH

— 1.9 pF = 6.67 pF
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