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Abstract 

Using two 16cm diameter coils tuned to resonant frequency in a strongly coupled regime, I 

investigate various properties of this system that affect power output such as frequency, load 

resistance, and distance between the coils. It is found that there is an optimal frequency in the 

range of 3.6-3.8 kHz and load resistance 120-IS0Q in which the power output for the system is 

maximal. In relation to distance, power output decreases rapidly, becoming negligible if the coils 

are separated by more than IOcm. The highest power achieved was 128mW. Via detailed 

simulation done through MultiSim, it is established that experimental results match closely with 

simulated ones. Further calculations were performed to verify other quantities such as mutual 

and self-inductance. My results indicate that wireless power transfer is viable and can indeed be 

practical for medium-ranged applications. 

Introduction 

A hundred years ago, Nikolai Tesla spent much time trying to develop a system for transferring 

power over large distances. In a world where the electrical-wire grid had not been set up, it was 

reasonable to think the wireless electricity was the way to go. However, due to various financial 

and technical difficulties, the project was never completed. By then, it had been proven 

economically feasible to lay cables and wires that extended over a large area such as office 

buildings and homes. The idea of wireless power transfer was thus dropped until very recently 

when a MIT physics research group led by Professor Marin Soljacic revisited the concept. 

During the past decade, there had been a surge of autonomous electronic devices such as laptops 

and cell phones whose batteries need to be regularly recharged. Consequently, interest in 

wireless recharging or powering such devices has reemerged. Soljacic's group proved to be a 
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leader in pioneering this field. Initially, several options were available to explore. For example, 

electromagnetic radiation is a natural candidate. However, while it is suitable for transferring 

infonnation wirelessly, the efficiency of power transmitted is very low if the radiation is 

omnidirectional. This is becanse the power captured is proportional to the cross-section of the 

receiving antenna, and most of the power is radiated in other directions. It also requires an 

unintenupted line of sight and sophisticated tracking mechanisms if radiation is unidirectional. 

The approach that Soljacic took was to exploit some near-field interaction between the source 

and device, and use resonant objects coupled through their magnetic fields to achieve mid-range 

power transfer. In this case, mid-range is a separation distance several times larger than the 

largest dimensions of each object. Basically, coupled resonance systems can have a general 

strong coupled regime of operation. If one can operate in this given regime, the energy transfer is 

expected to be very efficient. If correctly implemented, mid-range power transfer can be nearly 

omnidirectional and efficient. Also, there would not be any loss of energy to nearby objects and 

do not require direct line of sight. This project was inspired by Soljacic's work. 

Figure 1: MIT wireless power transfer setup! 
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Theory 
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Figure 2: Typical diagram of wireless power transfer system2 

Fundamentally, the phenomenon of wireless power transfer is based on resonance which 

generally can take on many forms such as mechanical, acoustic, nuclear magnetic, and electron 

spin resonance. In this project, wireless power transfer relies on electromagnetic resonance. The 

analytical model of a wireless power transfer scheme can be developed through Coupled Mode 

Theory (CMT). A detailed numerical analysis using CMT is beyond the scope of this project, but 

a brief overview is possible. 
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Figure 3: LC circuit 
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The system description of a simple lossless ideal LC circuit can be in the form of two coupled 

first order differential equations: 

L 
di 

V= -
dt 

. C dv 
! = - -

dt 

(1.1) 

(l.2) 

The two equations can be combined into one second-order differential equation: 

d'v -+w2v=O (2) 
dt' 

where W = .~ is the resonant frequency of the LC circuit. However, the coupled first-order 
vLC 

differential equations should be changed to an uncoupled one in order to separate the system of 

equations for ease of calculation. It is necessary to first define the complex variables: 

a± = $(V ±j~i) (3) 

Through addition and subtraction of (l.1) and (l.2) with appropriate multipliers, we obtain 

The solutions to (l.1) and (l.2) are found to be 

vet) = IVlcos(wot + cp) (5.1) 

i(t) = ~ IVlsin(wot + cp) (5.2) 
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where IVI is the peak amplitude of the voltage in the LC circuit and !fl is the phase. Therefore, 

substituting for v and i in a+: 

To normalize, we have: 

where W is the energy in the circuit and ~ is the positive frequency component of the mode 

amplitude. The resonant mode is fully described by (4.1) alone since (4.2) is just its complex 

conjugate. It is more useful to work with only positive frequencies, so the + subscript can be 

dropped 3 

The above derivations are for a lossless circuit, but in reality there will be an internal resistance 

and a power source must be included. CMT analysis becomes more complex until eventually we 

reach a full wireless power transfer model: 

Ze 

d 

Figure 4: Wireless power transfer scheme2 
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In figure 4 above, ZG is the internal impedance of the power source and d represents the distance 

between the source and load coils. Both coils are set at resonant frequency and produce a 

magnetic field. The inductive reactance and the capacitive reactance of each coil have equal 

magnitude. Energy oscillates between the magnetic field of the inductor and the electric field of 

the capacitor. Power transmission occurs due to intersection of magnetic field of the source coil 

and the load coil. There is no intersection of electric fields as Gauss' law of flux can be used to 

show that all electrical energy is concentrated in the capacitor. 

Additionally, the following formulas were used to verify the self-inductance and mutual 

inductance of experimentally obtained values': 

(8) 

k 
_ 2.h 

L -
lrDimn 

( In ( 4Dinl11 ) _'!')(1+o.383901( h )2 +0.017108( h )4J 
h 2 Dlmn Dzam 

? 

1 + 0.258952( h ) 
Dlnl11 

? 4 6 

+0.093842 ( h ) - + 0.002029( h ) _ 0.000801( h ) 
Dlmn Dznl11 DWI11 

where Diam is the coil diameter and h is the height of the coil. KL is a field non-uniformity 

correction coefficient needed when coil length is comparable to its diameter. This results in the 

following equation for calculating inductance: 

L = MnDiam'n' kL (9) 
s 4h 
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In the absence of a core, fl can be considered as flo (constant of penneability of free space) and n 

is the number of turns of the coil. However, for real coils a coefficient ks is needed to consider 

the round shape of the wire, and km needed for the mutual inductance between the adjacent turns. 

The final equation for self-inductance is modified to: 

where 

k = In(2rr) _ ~ _ In(n) _ 0.33084236 __ 1_ + _1 __ 0.0011923 + 0.0005068 
m 2 6n n 120n3 S04n5 n7 n9 (12) 

Also in a real coil, the wire will have a radius a and there is non-zero spacing between the coil 

turns which is represented by p, the pitch of the coil. 

The fonnula for mutual inductance between two coils is: 

where subscript 1, 2 stands for source and load coils respectively and d for the distance between 

the centers of the coils lengthwise. The fonnula relating mutual inductance to the self-inductance 

of each of the coils is 

where k is a coefficient dependent on the distance between the coils. 
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The latter part of the project deals with finding power efficiency, and figure 5 shows the labels 

that will be used in the following derivation for calculating efficiency. 

M 

~ 
,----------,---------,---DVo 

: L 

== c, 

n 

d 

-~ 

Figure 5: circuit diagram of wireless transfer scheme with load and internal resistance shown 

In the figure, the coils are separated into input (left) and output (right). They are each represented 

by an internal resistance R and inductance L. A mutual inductance M develops as a result. 

Capacitors are inserted in parallel and a load resistance RL is included in the output coil circuit. 

To calculate power efficiency, I first use voltage divider: 

ri v: = v· ----'-T, ' r. + J·wL. , , 

r· r· IE 12 = v: . v: ' = v· ' . v· ' 
T T, T, 'r. + jwL· 'ri - jwLi 
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(15) 

Using the same process for ro: 

, 
p = Va To (16) 

ro ro'+CwLo)' 

The total power generated is: 

Efficiency is just the ratio of power output to total power: 

Note that this derivation assumes the only power losses in addition to the load are from the 

internal resistances of the coils. 

Procedure 

Measuring Self Inductance 

Initially I made two coils each of which I wrapped 100 turns of insulated copper wire around a 5-

inch diameter PVC pipe. I made sure to wrap each loop as closely as possible with the previous 

one. Figure 7 shows the final result. A multimeter was used to measure the inductance of each 

coil. I then performed calculations using eq. (8)-(12) in which I compared theoretical values with 
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those measured. A series of assumptions were made in that the wire has a radius and height. 

There is a non-zero spacing between the coil turns. 

Figure 6: inductor of finite size, with wire radius a, coil height h, and spacing l 

Figure 7: first set of coils 
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Power vs. Distance 

After the coils were made, I built a circuit according to the schematic presented in figure 4. Each 

coil has an internal resistance R and inductance L. A signal generator was used as a power source 

and a capacitor was put in parallel with each coil. Two channels of an oscilloscope were 

dedicated to measuring the voltage across the source and load coils. Power was calculated 

according to the formula P=V2/R. The input and output power were recorded while the coils 

were steadily being moved farther and farther apart until power output became negligible. In an 

attempt to achieve better output, a new design was implemented in which each loop of the wire 

was on top of the previous layer, resulting in a 'lumped' coil design as shown in figure 8. A rack 

was soon set up to facilitate ease of obtaining measurements, and the above steps were repeated 

for the second set of coils. 

Figure 8: second set of coils, along with signal generator (left), circuit (below center), and 

oscilloscope (right) 
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Figure 9: final setup of second set of coils 

Power vs. Resistance and Frequency 

In measuring power efficiency I had originally used a load resistance of 50n. I was interested in 

finding out the resistance range in which power is maximized. I started out with 50 and 

increased the resistance all the way to 1k n. For each resistance, there was also a resonant 

frequency in which the power is maximal. When I narrowed down the resistance range, I 

investigated the effect of frequency on power output. A wide range of frequencies were chosen 

when paring with an optimum resistor, from 60Hz to 15kHz. 

Simulation and Calculation o/Mutual Inductance 

A great deal of effort was devoted to matching experimental results with theoretical ones. I used 

MultiSim to run a simulation of the system. For proper execution, a correct value for the 

coefficient of mutual induction k is needed to simulate the change in distance between the two 
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coils. One way to calculate k is to use eq. (14). The self-inductance can be directly measured but 

the mutual inductance M is unknown. It is possible to calculate it using eq. (13) but I verified 

that the solution only corresponded to the first set of coils, not the second set which I was using. 

To solve this problem, I experimentally measured the value of mutual inductance according to 

the instructions found in "Experiment FT2: Measurement ofinductance and Mutual Inductance". 

In brief, I constructed the circuit as shown in figure 10 and replaced the transformer with the 

coils. Probes were put in place to measure V2 and VF. With RF known, I proceeded to calculate 

the mutuaVtransfer impedance using IZI = IV 2/I1I I-V2*RFNFI· The mutual inductance was 

calculated using M21 = IZI/oo, where oo was the resonant frequency of the circuit. A more detailed 

explanation is found in the appendix. 

Function 

Generator 

~- ... 

"' ' 
Oscilloscope 

,-------------;·::.::····=j···········--·--------·--····--······-1 ..... , \ 

l/ _ __j.l ~.l_ ___ ~ 
CH1/CH2 

6 4 I 

RF ... --1· / 

1 

C/\/v /' 

~ · ~cc;-_-:-- -1 ~,::o~:S~::~] / 
v ., ' I I I 

F \ '··... -- •. • • 1 \ v '•., ~-- --- I , EE·-------------r--- 1 

~--------~,--------~-------~ 
' ' ... ... ...... _________ _ _ .... "' ., .. 

I 
; 

; 

Figure I 0: setup for measuring mutual inductance (see appendix) 

Using the above mentioned method, I recorded M for distance 0-lOcm at lcm intervals. Eq. (14) 

was used to find k and from there I was able to use MultiSim to run my simulation. I verified the 
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experimental values of power vs. resistance and frequency. In addition, I was also able to 

properly simulate power vs. distance vvith the correct kvalues. 

Efficiency and Repeater 

In the latter part of the project I calculated the efficiency for the variables I have investigated, 

which included power vs. distance, resistance, and frequency. Eq. (15)-(18) were used and no 

new measurements were needed. As time allowed, I decided to investigate the effect of placing a 

repeater between the coils. Repeaters are relays that couple energy from source coil to the loads. 

Figure 12 shows such a system and note that I took two forms of measurement in that one is the 

air gap distance (how far source and load are from repeater) and total gap distance. The repeater 

itself is 4cm vvide. 

V1 

+ 4.154Vrms 
3.774kHz 

R1 

C1
20 

1uF 

Muillmeter XMMI 

• 
Co 

5et ... 

U1 

CoupleXformer* 

XMM1 

~ 
+ -

R3 

20 
C2 R2 
1uF 149.20 

Figure 11: Screenshot of circuit in Multisim. The two coils are represented by a transformer 
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Figure 12: second set of coils with repeater implemented 

Results 

First Set a/Coils 

Coil Theoretical (H I Actual (HI % error 
2in-diameter coil 9.07E-OS 9.S8E-OS S.32% 

Sin-diameter coil (1" set) 9.2SE-04 9.97E-04 7.22% 

Table 1: calculated vs. measured values for self-mductance for the first set of cOlis along with a 
miniaturized 2-inch diameter version to verify results 

The measured vs. theoretical inductance for the first set of coils have a very small margin of 
error, only 5-7%. The 2-in. diameter coil was built to further verify the result obtained with the 
original set. 
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Figure 13: comparing calculated and measured values of mutual inductance for the 1st set 

Although for mutual inductance the theoretical graph match the general shape of the 

experimental graph, the margin of error is greater than 33%. 

Power vs. Distance, 1st Set 
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Figure 14: power vs. distance measurement for 1 st set of coil using son load 
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Power vs. Distance, 1st vs. 2nd Set 
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Figure 15: comparing the power output of 1 st and 2nd set of coils using son load 

As shown in figure 15, the 2nd set had almost three times as much power output as the 1 st set of 

coils, so from here on out, I decided to continue my proj ect with only the 2nd set. 

Second Set of Coils 

2nd set Theoretical (H) Actual (H) % error 

Black Coil 6.25E-03 1.93E-03 223.56% 

Red Coil 4.16E-03 1.70E-03 144.98% 

Table 2: calculated vs. measured values for self-mductance for the second set of cOils 

The theoretical values of self-inductance in table 2 are calculated according to Faraday's 

Law: L = /lN2A, where f1 is the permeability constant, N is the number of turns, A is the area of 
1 

the cross section, and I is the length of the coil. These values did not correspond to measured 

values for inductance. 
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Figure 16: comparing calculated vs . measured values of mutual inductance for the 2nd set 

The theoretical values were calculated using eq. (13). As shown in figure 16, they differ greatly 

from the measured values of mutual inductance. 
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Figure 17: relationship between coefficient of mutual inductance k and distance 
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Disregarding the theoretical results shown in figure 16, I calculated the coefficient of mutual 

inductance k with respect to distance using the measured values of M. This is shown in figure 17. 

The following graphs show power output in relation with distance, resistance, and frequency 

along with power efficiencies and comparison to simulated results. Finally, I investigate the 

effect of installing a repeater in the system. 
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Figure 18: showing simulated vs. experimental values for power vs. distance using a 250Q load 
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Figure 19: comparing simulated and experimental power efficiency vs. distance 
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Figure 20: showing simulated vs. experimental values for power vs. resistance at resonant 
frequency and distance of zero 
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Figure 21: comparing simulated and experimental power efficiency vs. resistance 
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Figure 22: logarithmic graph showing simulated vs. experimental values for power vs. frequency 
using 120Q load and distance of zero 
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Figure 23: comparing simulated and experimental power efficiency vs. frequency 
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Figure 24: showing the effect of having a repeater in between the coils with 120n load 

Discussion 

Since my project was inspired by previous work, in particular the results of the team from MIT 

lead by Soljacic, I wanted to first verify some of the equations that I came across. An easily 

measured variable was self-inductance. Depending on the coil size, Table 1 shows that the 

margin of error between calculated and experimental values is about 5-7%, which is acceptable. 

After initial self-inductance calculations, I moved on to investigate the relationship between 

power output and distance between the coils. The first set of coils provided 29m W at Ocm with a 

son load, which I thought was less than optimal. After a closer reading of existing literature, it 

was found that a 'lumped' coil design would provide more power4 This was verified when I 
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found that the second set generated a maximum of 109m W under similar conditions. The results 

are shown in detail in figure 15. 

The power transfer decreased rapidly at lcm intervals until it became negligible for distances 

greater than 10cm. Since the finding came from a 50Q load, I decided to try a range of other 

resistances from 5-l000Q in an attempt to increase power transferred. Figure 20 shows that there 

is an optimal range of resistances for which power output is maximized. This happens with loads 

of l20-l70Q. As power can be calculated as V2/R, it makes sense that it will initially increase 

but then decrease as resistance becomes too large. When resistance becomes infinite, the power 

will reach zero. 

After finding an optimal resistance, I wanted to demonstrate that there is a resonant frequency at 

which the system will generate the most power. A range of frequencies from 60Hz-15kHz were 

used. Figure 22 is a logarithmic graph which shows the resonant frequency for a l20Q load is 

3.6-3.8kHz. Setting the coils to resonant frequency allows the system to operate in a strongly 

coupled regime, thus generating maximum power. 

At this point I have experimented with power output in relation to distance, resistance, and 

frequency. It was time to run a simulation to match measured values to theoretical ones, and 

MultiSim was chosen to achieve this. In order to use the software, a correct value for the 

coefficient of mutual inductance k is needed to properly simulate distance of the coils. Eq. (14) 

shows that k is directly proportional to the mutual inductance M. I followed the directions found 

in the lab "Experiment FT2: Measurement of Inductance and Mutual Inductance" to find M for 

various distances up to lOcm (see appendix for a copy of the lab). With M found, kwas easily 

calculated, and Figure 17 shows the relationship between k and distance. To verify this result, I 
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used eq. (13) to calculate M and reran the experiment using the first set of coils as that equation 

is not valid for the second set. Figure 18 shows that they match closely, and I included table 2 

and figure 16 to show the results when the equations are applied to the second set. 

With a proper k found, I simulated power vs. distance, resistance, and frequency. The results are 

overlaid with the experimental graphs for ease of comparison in figures 18, 20, and 22. The 

experimental values were found to closely match simulated ones, therefore strengthening the 

validity of my results. 

Near the end of my project I decided to return to the question of power efficiency. The group 

from MIT that conducted the research in 2007 reported 50% efficiency at distance of 2m with a 

60W light bulb using 60cm diameter coils (the ratio of distance D to radius r is greater than 3)6 I 

was able to only achieve 10% efficiency at IOcm generating 8mW with 16cm diameter coils 

(D/r<I). The difference could be due to the quality Q of the coils (Q~O)LlR), with mine being 

calculated on the order of 101 while the MIT coils are 103_104 On the other hand, my efficiency 

plots generally matched the shape of their respective variables which are distance, resistance, and 

frequency (see figures 19,21, and 23). This is because the change in the ratio of power output to 

total power is proportional to the change in the former with respect to distance, resistance, or 

frequency. The maximal efficiency is at 70% which is when the coils are right next to each other. 

Figure 24 shows the effect of having a repeater between the coils. Since it serves as a relay of 

sorts to transfer further the resonance effect, it is expected that greater distance can be achieved 

while still transmitting some amounts of power. Since distance can be measured using air gap or 

total gap, I included both on the same graph and compared them to the original data with no 
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repeater. Observing that power nearly doubles with the total gap method when comparing to the 

original, this indicates that repeaters indeed are viable options for strengthening resonance. 

Conclusion and Future Work 

In conclusion, wireless power transfer for mid-range applications must operate in a strongly 

coupled state to achieve optimal power output. This means that the source and load coils should 

be set to a resonant frequency, determined by the values of the self-inductance and capacitance 

of the circuit. Load resistance should also be chosen carefully as it can affect power transfer as 

well. The calculations for mutual inductance matched experimental values for the first set of 

coils as it was built within the specifications of the paper from which the formula came from, and 

the resulting k worked well to simulate the second set of coils in MultiSim. Finally, the repeater 

has proved to be a viable option to increase the distance of wireless energy transfer by serving as 

a relay. 

There are a number of things I would like to experiment with for future work to increase the 

power transferred. I can use a power amplifier to increase the output voltage, but I need to find a 

balance between the need for high power and preventing the circuit temperature from going 

above safe levels. Other ways to increase power output include changing the coil size and the 

number of turns of wire that make up the coil. After an ideal power output is reached, it will be 

interesting to explore the effect of different coil orientations and the presence of extraneous 

objects on power transfer. 

Wireless electricity is a promising field of research that has many modern applications from 

wirelessly charging phones and laptops to eliminating the need for electric cars to 'refuel' as they 

speed along a highway embedded with wireless power generators. However, quite a few 
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obstacles still remain such as low power efficiency at greater distances and receiver coils being 

too large. More work is needed before this technology can be commercialized. 
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Please see attached for copy of "Experiment FT2: Measurement of Inductance and Mutual Inductance". 
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Field Theory ECTl026 

Experiment Ff2: Measurement of Inductance and Mutual Inductance 

Nmne: ______________________ _ ID: _____ _ 

L Objectives: 

• To study the effect of magnetic inductance of the given circuit. 
• To measure self inductance and mutual inductance. 

2. Apparatus/Components: 

• 
• 
• 
• 

Dual Trace Oscilloscope 
Function Generator 
Digital Multimeter 
+J- 12V power supply 

• 
• 

Transfonner (ratio 1:1+1 , part no. : RS196-375) 
Resistor 1 kQ (2 units) 

• Operational amplifi erIC LM741 
• Breadboard 

3. Theory: 

p ri mary 
"When electri c ClUTent flows 
through a conductor, a 
magnetic fi eld is inunediately V 
brought into existence in the 
space surrounding the 
conductor. The magneti c fi eld 

o ltage 

...... 

1. 
~ 

Iron core 

r---.. r-
I (- - - -..- -=: "'\ 
..... . ~ 1 I 

I J 
, 

• 
I I , 
J : • 

I I I 

\.~-+---' I • 
-+ - - -' " 

.... 

I. 

FT2 

is produced essentially by the 
electrons moving in the 
conductor. The opposite is al so 
true, i. e., when a magneti c fi eld 
embracing a conductor moves 
relative to the conductor, it 
produces a flow of electrons. 
This phenomenon, whereby an 
electromotive force (e.m.f), 
and hence current (i. e. fl ow of 
electrons), is induced in any 
conductor that cut across or is 
cut by a magneti c flux, is 
known as electromagnetic 
induction. 

l 
magnetic f lux secondary 

vo ltage 

Figure 1: Electromagnetic induction set up . 
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Field Theory ECTl026 FT2 

Imagine a coil of wire, similar to the one shown in Figure I, connected to an ac supply. It is 
found that whenever an effort is made to increase current through it, it is always opposed by the 
instantaneous production of counter e.m.f of self-induction. Energy required to overcome this 
opposition is supplied by the ac supply. This energy is stored in the form of additional flux 
produced. If, now, an effort is made to decrease the current then again it is delayed due to the 
production of self-induced e.m.f, this time in the opposite direction. This property of the coil 
which opposes any increase or decrease of current through it is known as self-inductance. 

In Figure I, any change of current in the primary coil is always accompanied by the 
production of mutually induced e.m.f in the secondary coil. A mutual inductance M may be 
defined to quantify the ability of one coil to produce an e.m.f in a nearby coil by induction when 
the current in the first coil changes. This action is reciprocal, i.e., the second coil can also induce 
an e.m.f. in the first one when the current in the second coil changes. 

The device in Figure I is known as a transformer. It can transfer electrical energy from one 
circuit to another at the same frequency. The two coils or windings are electrically isolated from 
each other (infinite resistance between them), but magnetically linked through the iron core. 

According to Faraday's law, when current 11 flows in the primary winding, the induced e.mf 
in the secondary winding is 

dJ, 
emf~M

dt 

If the secondary circuit is closed, for example, by connecting a resistor to the terminals, a 
current h will start to flow. By this electromagnetic induction, the electrical energy is transferred 
from the primary winding to the secondary winding by means of magnetic field coupling. 

Assuming that there is no loss of power and no flux leakage, the apparent output power in the 
secondary circuit will be equal to the apparent input power in the primary circuit. The output 
voltage can be higher or lower than the primary circuit voltage according to a fixed ratio. This 
ratio is equal to the ratio of the number of turns of the secondary winding to that of primary 
winding, i.e. N2 / N j • This ratio is known as the Voltage Transformation Ratio, K. 

One method to measure self and mutual inductance is by using the auto-balancing bridge as 
shown in Figure 2. In this experiment, the self and mutual inductance of transformer windings 
are measured. For each winding, the self inductance can be modeled as a pure inductor in series 
with a resistance. The impedance is therefore 

(1) 
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Transformer 

+12V 

VF 
+ 

-12V 

Figure 2: Auto-balancing bridge for inductance measurement. 

The resistance R can be measured using a multimeter. Impedance Z can be measured using 
the procedure as described below. The inductance can be calculated using equation (1). 

The voltage drop across the primary winding of the transformer is V j and the output voltage 
of the amplifier is VF. The voltages V j and VF can be measured by using an oscilloscope. A 
phase difference between the waveforms will be observed. The impedance can be measured for 
various frequencies from 2 kHz to 20 kHz. 

RF ~ 1 kQ is selected in this experiment. 
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4. Procedure: 

Transformer 1 2 3 

----------------1 , 
1 

, 
3 , , , , , , , , , , , 

6 
, , 4 , 

I ______ ----------~ 6 5 4 

Figure 3: Transfonner winding connections. 

Part A: Understanding the Operation of Transfonner 

1. By using a multimeter, measure the resistance of the primary winding (between terminal 
1 and 6), the secondary winding (3 and 4), and between the primary and the secondary 
windings (1 and 3). Is there any electrical connection between the primary winding and 
the secondary winding? 

2. Set both CHI and CH2 of the oscilloscope to AC coupling (i.e. the AC/GNDIDC switch 
in the AC position). Make sure the vertical sensitivity knob is in the "Cal" position. 

3. Set "VERT MODE" to "DUAL", "SOURCE" to "CHI", "COUPLING" to "AC", and 
"TRIGGER MODE" to "AUTO". 

4. Set the Function Generator for a 2 kHz sine wave and connect the output to tenninals 1 
and 6 of the transfonner. 

5. Connect a probe from CHI of the oscilloscope to tenninals 1 and 6. 

6. Adjust the Function Generator sine wave amplitude to 0.4 V. 

7. Connect the second probe from CH2 of the oscilloscope to tenninals 3 and 4. 

8. Sketch the wavefonns displayed on the oscilloscope and label the traces (CHI and CH2). 
What is the ratio of the secondary voltage to the primary voltage? 
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Part B: Measurement of Self Inductance 

Function 
Generator 

4 

DC Power Supply 

12V Gnd -12V +- •• 
VEE ........................................... ; .. 

Oscilloscope 

Figure 4: Measurement setup for inductance measurement. 

FT2 

1. With the Function Generator set to 2 kHz sine wave, with 0.4 V amplitude, construct the 
circuit (with resistor RF ~ I kQ) shown in Figure 4. 

2. Connect a probe from CHI of the oscilloscope to terminal I of the transformer. The 
grounding wire of the probe should be connected to ground conductor of the circuit. 
Measure the voltage VI from the oscilloscope. 

3. Connect a probe from CH2 of the oscilloscope to the op-amp output. The grounding wire 
of the probe should be connected to ground conductor of the circuit. Measure the voltage 
V F from the oscilloscope. 

4. Repeat the experiment for different frequencies from 2 kHz to 20 kHz. Measure the 
voltage VIand V F and record the results in Table 1. 

5. Plot the graphs of impedance (Z) vs. frequency (t) and self-inductance (L) vs. frequency 
(t). 

6. At the frequency of 20 kHz, sketch the waveforms displayed on the oscilloscope and 
label the traces (CHI and CH2). What is the phase relationship of the two waveforms? 

Note: Resistance of the winding has been measured in Part A. 
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Part C: Measurement of Mutual Inductance 

Function 
Generator 

/"'_.-- ---~, 

,-----------F1~~~~~~~~~~~~~~~~~~~~~~~~~~~+~ 

t~, L I 

6 

VF ~.. + 
\\\ VEE --

""'" 
'--, 

4 

DC Power Supply 

-... _-----------------------------_.--

/ 

Oscilloscope 

CH1/ CH2 

Figure 5: Measurement setup for mutual inductance measurement. 

FT2 

1. With the same experiment setup as in Part B, connect a probe from CHI of the 
oscilloscope to terminal 3 of the transformer. Connect terminal 4 to the ground conductor 
of the circuit 

2. Measure the voltage V F and V 2 for different frequencies from 2 kHz to 20 kHz, and 
record the results in Table 2. 

3. Compute the mutual/transfer impedance using IZI ~ IV2/I11 ~ I-V2*RF!VFI 

4. Compute the mutual inductance using M21 ~ IZI I 0) 

5. Plot the graph of mutual inductance (M21 ) vs. frequency (f) 
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5. MEASUREMENT RESULTS 

Part A 

Resistance of the primary winding = g 

Resistance of the secondary winding = g 

Resistance between the primary and the secondary windings = ___ _ 

Time base: ___ s/div. CHI (VI): __ V/div, CH2 (V,) V/div 

Ratio of the secondary voltage to the primary voltage, V2 ! VI = ____ _ 

Discussions: 

1. How do we make sure the resistance is measured as accurately as possible? 

2. Is there any electrical connection between the primary winding and the secondary 
winding? 

3 . If a battery is cormected between terminals 1 and 3, will there be any current flow? 

4. What is the phase relationship between the primary and the secondary voltage 
waveforms? 

5. What is the turn ratio of the secondary and primary windings? 
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Part B 

Table I ' 
Frequency, f ro - 211:[ V" peak VF, peak Impedance, Self 

(kHz) (V) (V) Z (Q) Inductance, 
L (!ill) 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

Time base : ___ s/div, CHI (Vi): ___ V /div, CH2 (V2) : ___ V /div 

Discussions: 

6 . How do we reduce the error in measuring the voltages using the oscilloscope? 

7 . What is the phase relationship of the two wavefonns? 

8. Is the graph of Z versus f a perfect straight line? If not, what causes the deviation? 

9. Is the graph of L versus f a perfect straight line? If not, what causes the deviation? 

10. Can we consider the measurement results are satisfactory? Why? 
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Parte 

Table 2· 
Frequency,f co ~ 2nf V2, peak VF, peak Impedance, Mutual 

(kHz) (V) (V) Z (Q) Inductance, M21 
([tH) 

2 
4 
6 
8 
10 
12 
14 
16 
18 
20 

Discussions: 

1l. Is the graph of M12 versus f a perfect straight line? If not, what causes the 
deviation? 

12. Can we consider the measurement results are satisfactory? Why? 

6. LABORATORY REPORT 

The report should contain the following: 
(1) This lab sheet (covering the Objectives, List of 

instruments/components, Basic Theory, and 
Tabulation of observed and computed data). 

(2) Graphs of the measurement results 
(3) Discussions, and 
(4) Conclusion. 

IMPORTANT NOTES TO THE STUDENTS: 

Please obtain signature from the 
lecturer before you leave the lab: 

Date: 

l. Read the lab sheet before attending the experiment session. 

2. Bring along the necessary GRAPH PAPERS and calculator to the lab. 

3. The completed laboratory report must be submitted to the laboratory technician AT THE 
END OF THE EXPERIMENT SESSION. 

4. You are required to sign on submission of lab report (and of course you have to sign in and 
out before and after the experiment session). 

5. Each student is required to submit an INDIVIDUAL REPORT. 
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