ECE342 Lab #3 
Magnetic Field Coupling and Self and Mutual Inductance
1 Objectives

(1) To calculate and measure self-inductance of solenoidal and toroidal coils.
(2) To calculate and measure mutual inductance and magnetic coupling coefficient of a transformer.
(3) To investigate magnetic field coupling with respect to distance between two coils and the magnetic permeability of the medium.

2 Lab Report
(4) One lab report per group.  Report is to be placed in lab book.
(5) All Pre-lab calculations (you must get the indicated answers for any credit on this lab.)
(6) Record all requested observations, calculations, and explanations.

(7) Submit your lab report by class on Friday.
3 Equipment and Components

(8) Ruler with a cm scale (please bring with you.)

(9) Breadboard and lab kit components and  wire stripper (bring with you)

(10) Agilent Oscilloscope 54622D (100MHz, 200 Msa/s).

(11) Agilent Signal Generator 33120A (15 MHz).
(12) Two BNC to banana adaptors and one BNC T connector (provided)
(13) Powdered Iron Toroidal Core (provided)
(14) Hookup wire (provided)

4 Introduction and Prelab Problems
4.1 Self-inductance Calculation of Solenoidal Inductor and Toroidal Inductor
We found in class (Lecture 7) that the self-inductance of a long, thin solenoidal coil is given by 
                                                         
[image: image1.wmf]l

A

N

L

2

m

=

          (Henrys), 
where “L” is the self-inductance, “(” is permeability of medium; “N” is the number of turns on the solenoid; “A”  is the cross-sectional area of the solenoid; and “l” is the length of the solenoid.  Recall that ( = (o(R, where (o = 4π*10-7 F/m.

We also found in class (Lecture 7) that the self-inductance of a toroidal coil is given by 
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where “h” is the height of the toroidal core; “a” is its inner radius; and “b” is its outer radius (see the figure on p. 28 of Lecture 7 of the course notes).  

Recall that the circuit model of an inductor is 
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where “v” is the voltage across the inductor, and “i” is the current flowing into the (+) terminal of the inductor, and L is inductance of the inductor.
4.2 Measurement of self inductance with an LC resonant circuit
There are at least three ways to measure the inductance of an inductor. It can be done with an LCR meter.  It can be done be measuring the amplitude of both the ac voltage across the inductor and ac current through it.  It can also be done with an LC resonance circuit when the capacitance of C is known.
In this lab, the first and third methods will be used to find inductance of several inductors.
When an inductor and a capacitor are connected in series or parallel, they form a resonant circuit where the resonant frequency is
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At this resonant frequency, a parallel LC circuit acts very nearly like an open circuit (since the admittances of the L and C component add to zero), and a series LC circuit at resonance acts very nearly like a short circuit (since the impedances of the L and C components add to zero).  I say “very nearly” because a real inductor has a small series winding resistance, which is not accounted for in the statements above.
If a capacitor with a known capacitance is placed in parallel with an unknown inductor, and the resonant frequency is found, the inductance of the inductor can be calculated.

Recall that a non-ideal capacitor may be modeled as the series connection of a small lead inductance, a small plate and wire resistance and the desired capacitance. Recall that a non-ideal inductor may be modeled as a lead capacitance that is in parallel with the series combination of the desired inductance and a small winding resistance.
1) Prelab Question 1.  Self-inductance Calculation
a) Calculate the self-inductance of a solenoidal wound coil consisting of 21 turns on a 1-cm diameter air core.  The coil is 3.3 cm long.  (Ans: 1.32 μH)

b) Calculate the self-inductance of a toroidal wound coil consisting of 9 turns of wire on a powdered iron coil form (assume that μR = 10000) with an inner diameter of 1.3 cm, an outer diameter of 2.5 cm, and a height of 0.8 cm.  (Ans: 0.847 mH)

2) Prelab Question 2.  Self-inductance Measurement
a) In the lab we may measure the inductance of an inductor by resonating it with a known capacitance.  If you connect a known capacitor in series with the unknown inductor and then place this in parallel with an ac generator (with a built-in 50 ohm output resistance) and an oscilloscope, you may adjust the frequency of the generator for a sinusoidal voltage amplitude “dip”, which corresponds to the series resonant frequency “fres”, at which the series resonant circuit approximates a short circuit.  The same method may be used if the capacitor is connected in parallel with the unknown inductor, except now you must adjust the frequency until a sinusoidal voltage “maximum” is reached in order to find the resonant frequency “fres”.  Which of these two methods do you expect will be more accurate?  Do you expect the maximum or the dip to be more pronounced?  Discuss.  Therefore, which of the two methods, “series LC” or “parallel LC” do you recommend for measuring the inductance of an unknown inductor?  (Hint: Dips are typically quite sharp, while maxima are typically quite broad.)
b) If fres is found to be 1.10 MHz for the solenoidal wound coil, and the resonating capacitor is known to be 20.4 nF, calculate the measured value of inductance of this coil. (Ans: 1.03 μH)  Why might you suspect that the observed value will come out a bit lower than the predicted value.  Explain in turns of flux produced by one turn of the coil not completely linking each other turn of the coil.  (As was discussed in class.)
c) If fres is found to be 19 kHz for the toroidal wound coil, and the resonating capacitor is still 20.4 nF, find the measured value of inductance of this coil.  (Ans: 3.44 mH)
4.3 Mutual Inductance M and magnetic coupling coefficient Km
Recall that the mutual inductance between two coils, Coil 1 and Coil 2 is defined as 
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where “M” is the mutual inductance between Coil 1 to Coil 2, “v2” is the induced open-circuit voltage around Coil 2, and “i1” is the source current flowing through Coil 1 [1].
Recall that the magnetic coupling coefficient is defined as
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where “M” is mutual inductance between Coil 1 and Coil 2, “L1” is the inductance of Coil 1 and “L2” is that of Coil 2.
3)  Prelab Question 3.  Mutual Inductance Measurement
a) Two magnetically coupled coils L1 and L2 have self inductances of L1 = 1 mH and L2 = 3 mH.  If a 1 MHz sinusoidal ac voltage of peak amplitude 2.00 V is placed across L1.  In response, an open-circuit sinusoidal voltage of 1.50 V peak amplitude is observed across L2.  Find the mutual inductance “M” between the two coils and the coefficient of coupling “k”.  (Hint: Recall that the mutual inductance measurement procedure was outlined at the end of Lecture 7.)  (Ans: 0.75 mH, 0.433)
b) Now if the 1 MHz sinusoidal voltage of 2.00 V peak amplitude is placed across L2, and if an open-circuit sinusoidal voltage of 0.50 V is observed across L1, find the mutual inductance “M” between the two coils and the coefficient of coupling “k”.  Should we find the same M and k as in Part (a)? (Ans: 0.75 mH, 0.433)

5 Rolling Your Own Inductors!
(a)  Solenoidal Inductors with Air Core (μR = 1)

(1) Using ordinary hookup wire, wind one 20-turn solenoidal coil (closely wound) on a dry erase marker, and twist the wires together (just a couple of twists, so as not to introduce too much lead capacitance!) to keep the wire in place on the dry erase marker “coil form”.  Being careful not to bend or pull apart this coil, carefully measure the relevant dimensions of the coil in centimeters, and then calculate its inductance using the approximate formula derived in class, just as you did in Prelab Question 1.  Discuss what happens to the self-resonant frequency of the inductor if too many twists are used to keep the wires together.

(2) Measure the self-inductance of the coil by resonating it with a 22 nF = 0.022 µF capacitor.

(3) Attempt to measure the self-inductance using the LCR meter.  (The inductance of this coil may be too small to register on the LCR meter, but try it and see!)  

(4) Compare the calculated inductance and the two measured inductance values by computing the percentage deviation between pairs of these three numbers.  


Discuss, based upon the fact that in an air-core solenoidal inductor, the flux produced by one turn at one end of the coil does not completely link the other turns at the other end of the coil, why you might expect the calculated inductance to be somewhat higher than the observed inductance values?  

Discuss why you might expect this formula to be more accurate if a solenoidal coil is wound on a high-permeability magnetic core?

(5) Repeat Steps 1-4 for a 10-turn solenoidal coil that is wound on the same coil form.

(6) Slide the 10-turn coil as close as possible to the 20-turn coil on the dry erase marker, and measure the mutual inductance and the coefficient of coupling.  Measure the mutual inductance and coefficient of coupling using the same method outlined in Prelab Problem 3.  This procedure is summarized in the next paragraph:

Set your function generator to generate a sinusoid at a frequency of 1 MHz, and set the amplitude of the open-circuited generator output to somewhere in the neighborhood of 1V peak-peak.  Now connect the function generator across Coil 1 (the 20 turn coil).  Connect the oscilloscope across Coil 1 to measure the peak-peak voltage (V1) across Coil 1 (this voltage will be quite a bit less than 1V peak-peak, since Coil 1 will “load down” the function generator, which has an internal output resistance of 50 Ω.)  Now use the oscilloscope to measure the open-circuit voltage (V2) across Coil 2 (the 10 turn coil).  You will probably want to put the scope in averaging mode to measure V1 and V2, but don’t choose a large number of averages, or your reading will take too long to “settle”.  The mutual inductance M and coefficient of coupling can be calculated using:
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In the equations above, you should use the measured values of L1 and L2 that were found by resonating the inductors with a 0.022 μF capacitor, not the predicted values, since the predicted values are based on several idealizations (such as all the flux created by each turn of the inductor links ALL of the other turns of the inductor, which is certainly not true, especially with an air core) and therefore yields inductance values that are larger than the measured values.

(7) Now slide apart the two coils so that they are separated by 1 cm, and repeat Step 6.

(8) Finally slide apart the two coils so that they are separated by 2 cm, and repeat Step 6.

(9) Discuss why the coefficient of coupling k falls off with coil separation.


(b) Toroidal Inductors with Powdered Iron Core (μR of about 10,000)

(1) Using ordinary hookup wire, wind a 10-turn coil on the toroidal coil form that you were given.  Measure the resulting self-inductance L.  You may use a couple of twists to keep the coil together, but only a couple of twists, so as not to increase the lead capacitance by very much.  Measure the relevant dimensions of the coil form in centimeters, using the resonance method described in Part (a), and then calculate the self-inductances of the coil and calculate the relative permeability, μR, of your powdered iron coil form.  (Your measured value of  μR will probably lie somewhere between 5000 and 15000.)

(2) Now remove the 10-turn coil, and wind a 5-turn closely wound coil (L1) around one side of a toroidal powdered iron core (assume the value of μR that you measured in the previous step).  Next, without disturbing L1, closely wind a 15-turn coil (L2) on the other side of the form.  Measure the relevant dimensions of the coil form in centimeters, and then calculate the self-inductances of coils L1 and L2, using the formula derived in class, just as you did in Prelab Question 1.         

(3) Now measure each of these inductances (with the other coil’s terminals open-circuited) by resonating each of the coils with the 22 nF capacitor.

(4) Measure each inductance using the LCR meter.

(5) Compare all three self-inductance measurements for L1 and also for L2 by calculating percentage deviations between the predicted value and the two measured values. With the toroidal core, your predicted values should be closer to your observed values, since the inductance formula for the toroidal core should  be more accurate, since most of the magnetic flux produced by each turn of the coil is efficiently conducted through the high permeability core and thus links each of the other turns.

(6) Now connect a 2 V peak, 1 MHz sinusoidal voltage waveform across L1 and measure the peak open-circuit voltage across L2.  (Also measure the voltage delivered by the signal generator across L1.)  From these two voltage measurements, and the values of L1 and L2 that were measured in Step 2, find the mutual inductance “M” and the coefficient of coupling “k”.

(7) Now connect the 2 V peak, 1 MHz sinusoidal voltage waveform across L2 and measure the peak open-circuit voltage across L1.  From these two voltage measurements recalculate the mutual inductance and the coefficient of coupling.  Your results should agree (within a reasonable error margin) with the results of Part 5.  Calculate the percentage deviation between these two different measurements for “k”.
6 References

1. Electromagnetics, John D. Kraus, 4th Edition, 1992.

2. Introduction to EMC, Clinton R. Paul, 1992.

















































































Song Jianjian
Page 1 of 5
02/10/2009
ECE342 Lab #3
10/02/09
Page 5 of 6

_1157824200.unknown

_1221298842.unknown

_1261403911.unknown

_1221241933.unknown

_1157824199.unknown

_1157824196.unknown

