
Lab 4: The transformer  
ELEC 3105 

July 8 2015 

Read this lab before your lab period and answer the questions marked as pre-
laboratory.  You must show your pre-laboratory answers to the TA prior 
to starting the lab. It is a long lab and requires the full 3 hours to complete. 
Divide into groups of 2 (or more if necessary). Someone must have the following 
roles: 

Experimentalist: Taking measurements off the oscilloscope 
Theorist: Doing calculations and organizing experimental data 

Hint: If using excel, ensure all angles are in radians for trig functions 
 

NOTE: Each group member must prepare his own lab report. Lab report is to 
include pre-lab question answers 

 

1. Introduction 

The objectives of this lab are to investigate: 

a) The relationships between current and voltage in the primary and secondary windings 
of a transformer. 

b) Impedance transformation with a transformer. 
c) How well a widely-used equivalent circuit describes the behavior of a real 

transformer.  
d) How real transformers have a limited frequency range of useful operation. 
e) A segment of a power transmission line for home delivery. 
 

Pre-lab questions: 
1) Based on the theory section provided derive equation (4) starting from equation 

set (1.A) and (1.B). 
2) Using the voltage and current transformation equations, (4) and (6), obtain the 

impedance transformation (5). 
3) Define leakage inductance. 
4) Define magnetization inductance. 
5) Describe Eddy currents and how they lead to power loss in a real transformer 
6) Describe hysteresis losses and how they lead to power loss in a transformer. 
7) What steps are taken to minimize Eddy current losses and hysteresis losses in 

real transformers? 
8) Draw a schematic of a large scale power distribution network starting from the 

megawatt generator and branching out to different consumer loads (residential, 
industrial, …). 

 

 



2. Theory 

The starting point for analyzing the transformer is the basic equivalent circuit of figure 1. In 
this circuit, 2L  the inductance of the secondary, and M the mutual inductance between the two 
coils. Current and voltages in the transformer are described by 
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In the following we will use the symbol v~  to represent a complex voltage, and v to represent the 
voltage amplitude. M is related to 1L  and  2L  by:   

21LLkM =      (2) 

where k  is the fraction of the flux in each turn of coil 1 which also threads each turn of coil 2. 
Also, if there are 1N turns in the primary and 2N  turns in the secondary: 
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Na = is the turns ratio of the transformer. In a well-designed iron core transformer, 

k is close to 1. In an ideal transformer it is assumed that k   = 1. In this case: 
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If a load resistance, LR  is connected across the secondary of the transformer, it can also be shown 

that the input impedance,
1i

vZ i
in = , seen "looking into" the primary is given approximately by 

(ideal transformer expression): 

Lin RaZ 2=       (5) 

The transformer can therefore provide a very valuable impedance transformation function. It 
should be noted that (5) is an approximation which is only valid if LRaL 2

1 >>ω . In other words, 
for impedance transformation to work it is vital that the magnitude of the reactance associated 
with the transformer primary winding be much larger than the transformed load resistance. 
Under this condition, it can also be shown that the currents in the primary and secondary are 
related by: 
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It is often convenient to redraw the equivalent circuit of figure 1 in the form shown in figure 2 
below. The ideal transformer in the center of this circuit has the same turns ratio a  as the real 
transformer, but has perfect flux coupling and infinite inductance in the primary and secondary 
coils. The inductance ( ) 11 Lk−  is sometimes called the leakage inductance, while 1kL  is the 
magnetizing inductance. You should be able to show that this circuit gives exactly the same 
relationship between voltages and currents at the terminals as the circuit of figure 1. 

Losses in real transformers are often approximately modeled by adding to resistances to the 
equivalent circuit of figure 2, giving the circuit of figure 3. The resistor 1R  represents the 
resistance of the primary winding, and 2R  the resistance of the secondary winding. Resistance 

cR  approximately represents losses due to hysteresis and Eddy currents in the core. 

 

 

Figure 1: Basic transformer equivalent circuit. 

Figure 2: Alternative transformer equivalent circuit. 



Figure 3 Transformer equivalent circuit allowing for losses 

Figure 3 is still an approximate description of the real transformer. It makes no allowance for 
the capacitance between the windings in the primary and the secondary, for the fact that the 
resistance of the windings is distributed throughout the coil and cannot be represented by a single 
lumped resistor, nor for the dependence of core losses and core permeability on frequency. 

When the secondary windings are shorted, the equivalent circuit for the primary reduces to 
that of figure 4. This circuit shows that by measuring the input impedance with the secondary 
shorted it is possible to determine the winding resistance and the leakage inductance. 

 
 

Figure 3: Equivalent circuit with secondary shorted. 

Usually we will have cR and 1kLω both much greater than the series combination of 2
2

1 RaR +
and ( ) 11 Lk−ω  in which case the equivalent circuit reduces to that of figure 5. 
 



 
Figure 4: Simplified equivalent circuit with secondary shorted. 

When the secondary is open circuit, the equivalent circuit becomes that of figure 6. 

 
Figure 5: Equivalent circuit with secondary open. 

2. Equipment and Procedure 
 

The transformer considered in this lab is a typical low cost audio transformer designed to 
impedance match all 8 Ω  speaker to a transistor amplifier output stage over the frequency range 
from approximately 20 Hz to 20 kHz. The core of this transformer consists of "soft" iron plates 
laminated to reduce Eddy current losses.  

To complete the lab, it will be necessary to measure the current flowing in the primary of 
the transformer. This will be done by connecting a small resistor in series with the primary, and 
measuring the voltage drop across this resistor.  

 
 
 



 

Figure 7: Experimental setup.  

One side of the transformer primary is connected to the plug marked "Output" on the function 
generator. There is a cable on each side of the primary connected to the oscilloscope. A wire is 
used to connect the 10 Ω resistor in series (see figure 7). The output labeled CH 1 on the 
board gives 1v , while the output labeled CH 2 is the voltage across the resistor, which can 
be used to find 1i .  In your lab book draw the equivalent circuit.  Are the ground sides of the 
scope inputs connected together? 
 
How to use the Oscilloscope: 

• To measure the voltage, press Measure, then press more options until you find 
amplitude Pk to Pk  

• To measure the phase angle, press Measure, then scroll down to as above and press 
Phase (make sure the phase difference is being calculated from CH1 to CH2 otherwise 
your angle will be negative) 

• If the angle is the complementary angle (for example 120ο instead of 60ο), then move the 
curves horizontally) 

• To scale properly, usually the Auto Scale will be enough but make sure when taking 
measurements that you see 1 to 4 cycles. (Not too zoomed in or zoomed out) 



 
To find the input impedance of the transformer, we will need to measure the phase angle φ  

between 1v  and 1i . This can be done by displaying both the voltage and current waveforms on 
the oscilloscope and setting the time base to the longest value for which a half-period T/2 of both 
waveforms is visible. Letting οt  be the time difference between the zero crossing of the voltage 
waveform and the zero crossing of the current waveform, we have: 
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Traditionally we would measure the time difference, to, to find the angle, but newer oscilloscopes 
are able to directly measure the phase angle.  

 
This technique is illustrated in figure 8. 

 
Figure 8: Measuring phase difference between 1v  and 1i ; voltage leads current in this case. 

 

In an ideal inductor, current lags voltage by 90o. We will define this to be a positive phase 

angle. If current leads voltage (the case in a capacitor), the phase angle is negative. 

Throughout this lab, it is important to note whether current leads voltage or vice versa.  



 
Figure 9: Side-by-side example of maximizing display settings to improve accuracy of results. 

3. Measurements and Calculations 

Carry out the following measurements on the audio transformer. To do this, connect the sync of 
the generator to CH4 of the oscilloscope. The “sync” will help in getting a stable wave on the 
oscilloscope as it will use CH4 as a trigger for synchronizing both machines. Once the desired 
voltage has been set on the generator, you are then ready to connect the output to the primary 
coil. 

a) Using a digital multimeter, measure the transformer’s primary and secondary coil 
resistances, 1R  and 2R . Make sure the transformer is not connected to anything. Additionally, 
verify the values of both resistors using the multimeter. (1 mark)  

 
b) In this experiment, we measure the turns ratio, a, of the audio transformer, assuming it’s 
ideal. Set the function generator frequency to 1 kHz. Set the voltage to be 4 V peak to peak. 

To compute the turns ratio, 
2

1
v

va ≡ , use the oscilloscope to measure the voltage across the 

primary coil ( 1v ) and across the secondary coil ( 2v ). Compare your value to the turns ratio of the 
transformer specified by the manufacturer, which is 7.9 : 1. (1 mark) 

 
c) Introduction to this question: In this experiment you will compute the input impedance 
and its components (resistance and reactance) with the secondary coil short circuited. Using the 
set-up shown in figure 7, you will measure the current and voltage in the primary to calculate the 

ratio
1

1
i

v , which gives the input impedance. Note that this will be complex as we have the effect 

of a resistance and an inductance connected in series, as shown in figure 5. The resistance is 
2

21 aRR +  and the inductance is 1)1( Lk− . 

Procedure: Connect the transformer as shown in figure 7, short circuit the secondary coil, add 
a 10 Ω resistor to the primary coil and measure the current flowing in the primary. Set f = 1 kHz 



on the function generator. Measure 1v , 1i  and the phase angle φ  between them. Remember that 
the output connected to "CH 1" gives 1v , while the output connected to "CH 2" gives the voltage 
across the resistor. See figure 8 for instructions on how to measure the phase angle.  

Given inZ   is represented as a resistance sR  in series with an inductance sL   the following is 
true:  
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Compute sR  and sL . From figure 5, we should have  2
21 aRRRs +=  and 1)1(2 LkLs −= . 

Compute 2
21 aRR + from the results of parts (a) and (b) and compare with the measured value of

sR . Compute 1)1(2 Lk− . Don’t forget to show all of your calculations! (5 marks) 

 

d) Introduction to this question: The purpose of this experiment is to measure the Eddy 
current losses cR  and 1kL . For this we open circuit the secondary and hence, figure 6 comes into 
effect. As in the previous experiment, you shall measure 1v  and 1i . From that you can estimate 
the effective series resistance and the inductance of the circuit in figure 6, sR and sL  as before. 

From figure 6 you will see that these values depend upon sR , 1)1( Lk− , cR  and 1kL . But we 
already know the values of sR  (part a) and 1)1( Lk−  (half the value of the inductance found in 
(part c)), so to find the remaining unknowns, ( cR  and 1kL ), you must use relationship (10) given 
below and then use the values of sR ,  sL , 1R  and 1)1( Lk−  to compute cR   and 1kL . 

Procedure: Open circuit the secondary, and set f = 1 kHz and the peak to peak voltage to 4 V. 
Record 1v , 1i  and φ  re-calculate sR  and sL from equation (8). To determine cR  and kL1 in the 
equivalent circuit 9 of figure 6, we need to account for the winding resistance sR   and leakage 
inductance 1)1( Lk− . sR'   and sL'  are defined as  

1' RRR ss −=                   and            ( ) 11' LkLL ss −−=                              (9) 

Additionally, 

( )θcos'sc ZR =               and              ( )θω sin'1 sZkL =                        (10) 

where 
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Compute cR   and 1kL . Using 1kL  determined here, and 1)1( Lk−  found in part c), estimate k . 
You have 2 equations and 2 unknowns. Don’t forget to show all of your calculations! (6 marks) 

e) Repeat the measurement described in part d) at frequencies of 100 Hz, 500 Hz and 5 
kHz, using a peak to peak voltage of 1 V. Remember to keep track if the voltage is lagging or 
leading the current, which tells you if the reactance of the primary is capacitive or inductive (see 
the “Experiment and Procedure” section). Use the table format given below to record your data 
(which includes cR  and 1kL ). Comment on the ability of the equivalent circuit of figure 3 to 
accurately represent the behavior of the transformer over this frequency range. Speculate on why 

cR   and 1kL appear to depend on frequency. (4 marks) 

 

f(hz) v1 (V) i1 (A) φ  (°) cR  (Ω) kL1 (H) 
      
      
      

 

f) Repeat the measurement of 1v  , 1i   and φ  at f = 100 kHz. Is the reactance seen looking 
into the primary now inductive or capacitive? Suggest an explanation for your observation. (3 
marks) 

 

F (Hz) v1 (V) i1 (A) φ  (°) 
    

 

g) Connect a 10 Ω load resistor across the secondary of the transformer. Keep the peak to 
peak voltage to 1 V and measure 1v  , 1i   and φ  at frequencies of 100 Hz, 1 kHz, 10 kHz and 100 
kHz. Representing inZ  as a resistor pR   in parallel with an inductance pL  the following is true. 

( )φcos
1

1 




= i
vRp                 and                 ( )φω sin

1

1 




= i
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Construct a table showing pR   and pL  as functions of frequency. For an ideal transformer we 

would have Lp RaR 2=  (see equation (5)) and pL  would be infinite. 

 

Note that experiment (g) (and (h) to follow) is a repetition of the previous experiments, with 2 
changes: 

1. The 10 ohm load on the secondary winding.  
2. The resulting equivalent circuit looking “into” the source 1v  is a resistance and an 

inductance in parallel, as opposed to in series, as has been the case in previous experiments. 
 



With 1v  and 1i , you will measure the resistance and inductance connected in parallel. Use 
relationships (13) to measure the values of pR   and pL . Compare the behavior of the real 
transformer at different frequencies with the ideal model described in (5) and speculate why your 
results do not satisfy the simple model, especially at low frequencies. The currents and the 
voltages distort at some value of 1v  as you increase it. Note that point and explain why. Hint: 
What do you remember of inductors, when it comes to DC currents and very high frequency AC 
currents? (8 marks) 

 

f (Hz) v1 (V) i1 (A) φ  (°) | pR | (Ω) | pL | (H) 
 

 

     
      
      
      

 

h) Leave the 10 Ω load resistor in place across the secondary and set f = 20 Hz. Increase 1v  
towards 10 V, until the 1i  waveform starts to distort. Note the approximate values of 1v  and 1i   at 
which the distortion begins. Make a sketch of the current waveform. Also make a sketch of the  

2v  waveform under these conditions. Give a brief explanation for the distortion. (2 marks) 

Transmission Line 
 
In this part of the experiment you will make use of the two transformers on the board.  The 
objective is to examine the voltages along the lines (relative to ground) of a small scale power 
transmission system.  The transformer used in parts a) to h) is to be configures as a step up 
transformer.  The other transformer has a center tap on one side and will be used as the step 
down transformer.  The center tap side will be connected to the “residential” loads made up of 
two 10 Ω resistors. The transmission line losses are represented by a 10 Ω resistor connected 
between the two transformers.  The electrical circuit is shown in figure 10.  Setup the circuits. 

 
Figure 10: Small scale transmission system. 

 



Set up the transmission line as shown in the figure below. Set the frequency to 1 kHz and the 
peak to peak voltage to 4 V.  

a) Measure the input voltage, as well as the voltages across each of the coils in the 
transmission line. When measuring the voltage across the coil with 3 outputs, do 2 
measurements. Take each measurement from the ground to the other output. Explain the 
change in the voltage throughout the line as well as its phase. (2 marks) 


