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Kirchhof's Voltage Law and Kirchhof's Current Law                EXPERIMENT 1.1 
 
1. Obtain 6 randomly selected resistors with values between 1.0 Kohm and 10 Kohms.  
Measure the actual resistance values with a Digital Multimeter (DMM).  The resistance 
range on the DMM should be chosen so as to obtain the maximum accuracy (i.e. 
maximum number of digits for the DMM reading).  Compare the actual resistance values 
as determined by the DMM with the nominal resistance value as obtained from the color 
bands on the resistor.  Determine If the actual resistance values are within the tolerance 
limits for each resistor. 
 
2. Construct the circuit shown in Figure 1.1.1.  Adjust the supply voltages Vs to +10 Volts. 
Figure 1.1.1 

 
  
3.  Measure all branch voltages with a DMM. The measurements should be made with the 
DMM range chosen so as to obtain maximum accuracy (i.e. maximum number of  digits) 
for each branch voltage measurement. Remember to  keep proper track of the algebraic 
signs.  
 
4.  Verify that  Kirchhof's Voltage Law is satisfied for all of the loops in the circuit. 
Measure all branch voltages in the circuit with a DMM, Do they add (algebraically) to 
zero ? Calculate the percentage error based on the following equation:  
 

percentage error  = { ∑ V / [ (1/2) ∑ |V| ]  } x 100 %  
 
Does the percentage error obtained seem reasonable in view of the accuracy of the DMM ? 
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Kirchhof's Voltage Law and Kirchhof's Current Law                EXPERIMENT 1.1 
 
5. From the branch voltages calculate the branch currents. Remember to use the actual, 
and not the nominal resistance values for this calculation, Verify that Kirchhof's Current 
Law is satisfied at every node in the circuit. Calculate the percentage error using the 
relationship: 
  

percentage error  = { ∑ I /  [ (1/2) ∑| I | ] } •100 % 
 
Does the percentage error obtained seem reasonable In view of the accuracy of the    
DMM ? 
 
 
6. Using network reduction calculate the expected values of all of the branch currents. 
Compare the branch current values so obtained with the values obtained by the DMM 
measurements (in step 5). 
 
7. The input resistance of the DMM is 10 Mohms. How much error will this input 
resistance result in? Will the loading effect of the DMM input resistance account for some 
of the experimental error in steps 4 and 5? 
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SUPERPOSITION THEOREM                                                         EXPERIMENT 1.2 
 
1. Using the same circuit as for experiment 1, insert an additional power supply into the 
last loop as shown in Figure 1.2.1. 
 
Figure 1.2.1 
 

 
   
Set V1 to +10 V and V2 to +15 V. Double check the values of V1 and V2. 
 
2. Measure all branch voltages with a DMM (maximum place accuracy), Remember to 
keep track of algebraic signs. 
 
3. Replace V2 by a short-circuit.  Measure all branch voltages.  Then put V2 back into the 
circuit. 
 
4. Replace V1 by a short-circuit.  Measure all branch voltages. 
 
5. From the above measurements verify that the superposition theorem is satisfied. 
 
6. Using network reduction and the superposition theorem calculate the expected values of 
all of the branch voltages in the circuit.  Compare the calculated values with the measured 
values. 
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THEVENIN’S THEOREM                                                                 EXPERIMENT 1.3 
 
1. Set up the circuit shown in Figure 1.3.1 using the same resistor network as used in 
experiment 1. Adjust VS to +10V. For RL use a resistance substitution box. 
 
Figure 1.3.1 

 
2. Measure the output voltage VO for the following values of load resistance RL (ohms): 
1K, 10K, 33K, and 100K. Measure VO with the maximum number of significant digits on 
the DMM. 
 
3. Replace RL by a short-circuit. Measure the voltage drop across R6 and calculate the 
short-circuit current from ISC=VR6/R6. 
 
4. Disconnect RL from the circuit and measure the open-circuit output voltage VO=VOC. 
 
5. With RL still out of the circuit, replace VS by a short-circuit. Measure the resistance RO 
that is seen looking back into the circuit using a DMM. Verify that RO=VOC/ISC. 
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THEVENIN’S THEOREM                                                                 EXPERIMENT 1.3 
 
6. Construct the Thevenin equivalent circuit using a resistance decade box for RO. Use a 
DMM for the adjustment of the resistance value of the resistance decade box so that it will 
be equal to RO. 
 
7. Connect the load resistance RL to the Thevenin equivalent circuit. Measure the output 
voltage VO for the following values of load resistance RL (ohms): 1K, 10K, 33K, 100K, 
330K. Compare the values of VO obtained here with the Thevenin equivalent circuit with 
the corresponding values obtained from the actual circuit. 
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RECIPROCITY THEOREM                                                               EXPERIMENT 1.4 
 
1.  Using the same resistance network as for experiment 1, set up the circuit of           
Figure 1.4.1. Adjust VS to +10 Volts. 
 
Figure 1.4.1 

 
 
2. Measure the voltage drop across R6 (maximum place accuracy). Calculate I6.
 
3. Remove VS from the circuit and replace it by a short circuit.  Then insert Vs into the 
last loop as shown in Figure 1.4.2. 
 
Figure 1.4.2 

 
 
4. Measure the voltage drop across R1.  Calculate I1. 
 
5. Compare I6 for the circuit of Figure 1.4.1 with I1 for the circuit of Figure 1.4.2. Are 
the results in accordance with the reciprocity theorem? 
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Relationship Between Current and Voltage for a Capacitor       EXPERIMENT 2.1 
 
1.   Measure the actual value of R1 with a DMM 
 
2.  Construct the circuit shown in Figure 2.1.1 
 
Figure 2.1.1 

 
   
3. Set the frequency to 1.0 kHz, and adjust the amplitude control to produce a 10 volt 
peak-to- peak sine wave across R1 . Check the frequency setting of the function generator 
with the oscilloscope and readjust the frequency if necessary. 
 
4.  Read and record the peak-to-peak voltage across the capacitor.  Determine the phase 
angle relationship that exists between the voltage across the capacitor and the voltage 
across the resistor. Write an expression for the voltage across the resistor as a function of 
time, v(t).  From the equation for v(t) obtain an expression for the current flowing around 
the loop, i(t). 
 
5. From the measured value of the peak-to-peak voltage across the capacitor, the 
frequency, and the phase angle relationship between the capacitor voltage and the voltage 
across the resistor, write an expression for vc(t),  the voltage across the capacitor as a 
function of time. 
 
From the expressions obtained for i(t) and vc(t) verify that: 
 

 i(t)=C dvc/dt  
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Relationship Between Current and Voltage for an Inductor       EXPERIMENT 2.2 
 
1.  Measure the actual value of R1 with a DMM. 
 
2.  Construct the circuit shown in Figure 2.2.1.   
 
Figure 2.2.1

 
 
3. Set the function generator frequency to 10 kHz. Check the frequency on the 
oscilloscope and readjust if necessary.  Adjust the amplitude control of the function 
generator to produce a 10 volt peak-to-peak voltage across R1.   
 
4. Read and record the peak-to-peak voltage across the inductor.  Determine the phase 
angle relationship that exists between the voltage across the inductor and the voltage 
across the resistor. 
 
5. Write an expression for the voltage across the resistor as a function of time, vR(t).  From 
the equation for vR(t) obtain an expression for the current flowing around the loop, i(t). 
From the measured value of the peak-to-peak voltage the inductor, and the phase angle 
relationship between the inductor voltage and the voltage across the resistor, write an 
expression for vL(t),  the voltage across the inductor as a function of time. 
 
From the expressions obtained for i(t) and vL(t) verify that: 
 

 vL(t)=L di(t)/dt 
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TRANSIENT RESPONSE OF R-C NETWORKS          SUPPLEMENTARY NOTES 3.1 
 
Let us consider the simple R-C network shown in Figure 3.1.1.  
Figure 3.1.1 

                      
For this network we can write the following equation by taking the summation of voltages 
around the loop (i.e. using Kirchoff's Voltage Law): 
 

V = I•R + Q/C = I•R + (1/C) ∫ I dt 
 

 where Q Is the charge on the capacitor. This is an integro-differential equation, and can be 
converted to a differential equation by taking the derivative of both sides giving 
 

 dV/dt = R(dI/dt) + I/C 
  

Dividing through both sides by R this becomes  
 
(1/R )dV/dt = dI/dt + I/RC 
 

We will now consider that case of a step function voltage input such that V = 0 for t<0, 
and V = constant for t > 0 . Since for all time prior to t=0, the input voltage is zero, we 
have that Q=0 for t<0 and l = 0 for t<0. For t>0,  V = constant, so that dV/dt = 0 and as a 
result the differential equation becomes 
 

 dI/dt + I/RC = 0 
 

The general solution to this first order linear differential equation is 
 

 I = A exp(-t/RC) 
 

where A is a constant that will be determined from the initial conditions. 
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TRANSIENT RESPONSE OF R-C NETWORKS          SUPPLEMENTARY NOTES 3.1 
 
At time t= 0+ the charge on the capacitor will be given by Q(t=0+)= 0, so that  
V = I•R and thus I(0+)= V/R. Since I(0+) = A exp(0) = A we have that A = V/R Therefore 
for l(t) we now have that l(t) = (V /R) exp(-t/ RC). Let us define the R-C time constant, τ, 
as  τ=RC. In terms of the R-C time constant the equation for I can be written as 
 

I(t)=(V/R) exp(-t/τ) 
 
For the voltage across the resistor we have that 

 
VR = I•R = V exp( -t/τ)    for t > 0. 

 
The voltage across the capacitor can be obtained by using the relationship 
VC(t) = (1/C) ∫ I dt. Another way of determining VC(t) is to note that 
V =VR +VC  so that  

VC = V- VR = V -V exp(-t/τ) = V  [1 - exp(-t/τ) ]          for t>0. 
 
In the Figure 3.1.2 curves are presented showing the variation of VR and VC as a function 
of time. Note that at time t=τ, VR=0.368 V and VC=0.632 V 
Figure 3.1.2 
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TRANSIENT RESPONSE OF R-L NETWORKS          SUPPLEMENTARY NOTES 3.1 
 
If we write Kirchhof's voltage law for the simple R-L network as shown in Figure 3.1.3,  
we obtain V = R•I + L (dI/dt). If we again consider the case of a step function voltage 
input such that V=0 for t<0 and V = constant for t >0, we have that for t >0 
      dI/dt + l (R/L)=V/L 
 
The solution to this first order linear differential equation is given by 
 

I = A exp(-t L/R)+ V/R 
 
where A is a constant to be determined from the initial conditions. 
 
Figure 3.1.3 

 
 

Since V=0 for all time prior to t=0, then it follows that I will be zero for all time up to 
t=0, The voltage across the inductor is related to the current by     V= L(dI/dt). For the 
voltage across the inductor to remain finite, the current must be a continuous function of 
time, that  is it must not have any discontinuities. Therefore, since l at t=0 is zero,  then I at 
t=0+ must also be zero. As a result, at t=0+ we have that A exp(0) + V/R = 0, so that A + 
V/R = 0,  giving A = -V /R. As a result, the expression for the current at  t>0 can be 
written as 
      l = (V /R)[1 - exp[-t (L/R)] 
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TRANSIENT RESPONSE OF R-L NETWORKS          SUPPLEMENTARY NOTES 3.1 
 

Let us now define the R-L time constant as  τ = L/R.  In terms of this time constant 
the equation for I can be written as 

 
I = (V /R)[1 -exp(-t/τ)] 
 

The voltage drop across the resistor will be given by 
 

VR = I • R = V [1 -exp(-t/τ)]  for t > 0 
 
The voltage drop across the inductor will be given by 

 
VL =   L dI/dt = L(V/R) d[1 - exp(-t/τ)]/dt  = L(V/R) [exp(-t/τ)]/τ 

 
Since τ = L/R , we obtain VL = L(V/L)/(L/R) exp(-t/τ) = V exp(-t/τ) 

 
In Figure 3.1.4 curves are presented showing the variation of VR and VL as a function 

of time. Note that at time t=τ, VR = 0.632 V and VL = 0.368 V. 
 
Figure 3.1.4 
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TRANSIENT RESPONSE OF AN R-C LOW PASS NETWORK    EXPERIMENT 3.2 
 

1. Measure the actual value of R1 (10 Kohms, nominal) with a DMM and record the 
value. 
 
2. Set up the circuit shown in Figure 3.2.1. 

Figure 3.2.1 

 
 
3. Set the function generator frequency to about 1 kHz and set C1 to zero (i.e. an open 
circuit). Adjust the function generator amplitude control to give a square wave of 4.0 
volts amplitude (peak-to-peak) using the 0.5 V/cm oscilloscope sensitivity so that a full 
scale (i.e. 8.0 cm) vertical deflection is obtained. Note that the function generator 
function switch should be set to square wave. 
 
4. For the following values of C1 find the time it takes the output voltage to go from zero 
to 63.2 % of its maximum value (i.e. the 0 to 63.2 % rise time).  Use the indicated values 
of frequency for each capacitance value. Do this for C1 values of : 100 nF (use 50 Hz), 
30 nF (use 150 Hz), 10 nF (use 500 Hz), 3.0 nF (use 1.5 kHz), and 1.0 nF (use 5 kHz).  
Use the sweep magnification in order to obtain maximum accuracy in reading the rise 
time.  For every capacitance value compare the 0 to 63.2 % rise time with the 100% to 
36.8% fall time to verify that the two times are the same. 
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TRANSIENT RESPONSE OF AN R-C LOW PASS NETWORK    EXPERIMENT 3.2 
 
5. The response of an R-C network of the type used in this experiment to a unit step 
function voltage is given by V = V(0) [1 - exp(-t/τ)] where τ is the RC time constant 
which in this experiment is τ = R1C1. At time t=τ, the voltage will be 
 

V(t=τ )= V(0) [1-exp(-1)] =0.632 V(0) 
 
so therefore the 0 to 63.2 percent rise time is equal to the RC time constant,  τ = R1C1. 
 

Compare the 0% to 63.2% rise time values obtained with the corresponding values of 
the RC time constant, For the actual capacitance values look at the bottom of the 
capacitance substitution box. 
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TRANSIENT RESPONSE OF AN R-C HIGH PASS NETWORK    EXPERIMENT 3.3 
 
1. Measure the actual value of R1 (10 Kohms, nominal) with a DMM and record the 
value. 
 
2. Set up the circuit shown in figure 3.3.1.  Set the function generator function selection 
switch to square wave and set the frequency to 50 Hz.  Adjust the function generator 
amplitude control for a peak-to-peak amplitude of 4.0 volts ( 8.0 cm using the 0.5 V/cm 
vertical sensitivity range ). Start with a C1 value of 100 nF. 
 

Figure 3.3.1 

 
3. For the following values of C1 find the time it takes for the output voltage to drop from 
100 % of its peak value to 36.8 % of the peak value (i.e. the 100% to 36.8% decay time). 
Use the frequency values indicated: 
  

100 nF (use 50 Hz),  30 nF (use 150 Hz), 10 nF (use 500 Hz.) 
3.0 nF (use 1.5 kHz), 1.0 nF (use 5 kHz). 

 
For every capacitance value readjust the function generator amplitude setting to keep the 
peak-to-peak amplitude at 4.0 volts ( 8.0 cm).  Use the sweep magnification in order to 
obtain maximum accuracy in determining the decay time. 
 
4. The response of an R-C High Pass network of the type used in this experiment to a 
unit step function voltage input is given by  
V = V(0) exp (-t/ τ ), where τ is the RC time constant of the network which for this case 
will be τ=R1C1. At time t=τ, V = V(0) exp(-1)=0.368 V(0), so therefore the 100 % to 
36.8 % decay time is equal to the RC time constant, τ=R1C1. 
  

Compare the 100% to 36.8% decay times obtained in this experiment with the 
corresponding values of the RC time constant.  For the actual capacitance values look at 
the bottom of the capacitance box. 
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TRANSIENT RESPONSE OF AN R-L LOW PASS NETWORK     EXPERIMENT 3.4 
 
1. Measure the resistance of the 100 mH inductor with a DMM.  Measure the actual 
values of R1, corresponding to the following nominal values (ohms): 

 
100,  330, 1000, 3300, and 10,000. 

 
2. Set up the circuit shown in Figure 3.4.1.  Start with R1=10 Kohms . Set the function 
generator to square wave , the frequency to 7 kHz and adjust the amplitude control for a 
peak-to-peak voltage of 0.8 volts ( 8.0 cm at the 0.1 V/cm vertical sensitivity range of 
the oscilloscope).  Find the time it takes the output voltage of the R-L network to go 
from zero to 63.2 % of its maximum value (i.e. the 0 % to 63.2 % rise time. Use the 
sweep magnification in order to obtain maximum accuracy in determining the rise time. 
 

Figure 3.4.1 

 
 
3. Repeat step 2 for the following  values of R1, and use the indicated frequency values: 
(in ohms) 
 

3.3 K (use 2 kHz), 1.0 K (use 700 Hz), 330 (use 300 Hz), and 
100 (use 300 Hz) 
 

For each case readjust the function generator amplitude control to obtain a peak square 
wave amplitude of 0.8 volts (8.0 cm). Use the sweep magnification in order to obtain 
maximum accuracy in determining the rise time. 
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TRANSIENT RESPONSE OF AN R-L LOW PASS NETWORK     EXPERIMENT 3.4 
 
4. The response of an R-L low pass network of the type used in this experiment to a unit 
step function input voltage is given by 
 

V = V(0) [1 - exp(-t/τ)] 
 

 where τ is the L/R time constant which in this experiment is given by  
τ=L/RTOTAL where RTOTAL=R1+RINDUCTOR. At time t=τ, the output voltage will be 

V = V(0) [1-exp(-1)] = 0.632 V(0) 
so therefore the 0 to 63.2 percent rise time is equal to the L/R time constant. 

Compare the 0 to 63.2 % rise time values obtained in this experiment with the 
corresponding values of the L/R time constant. 
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TRANSIENT RESPONSE OF AN R-L HIGH PASS NETWORK     EXPERIMENT 3.5 
 
1. Measure the resistance of the inductor with a DMM. Measure the actual values of R1 
that correspond to the following nominal values (ohms): 

1 K,  3.3 K, 10 K 
 
2. Set up the circuit shown in figure 3.5.1.  Start with R1 = 1 Kohm.  Set the function 
generator to square  wave and adjust the frequency to 300 Hz.  Adjust the amplitude 
control of the function generator so that the transient portion of the waveform is 0.8 volts 
(8.0 cm using the 0.1 V/cm range of the oscilloscope). 

Find the time it takes the output voltage of the network to drop from   100% of the 
maximum value to 36.8 % of the maximum value (i.e. the   100% to 36.8% decay time).  
Use the sweep magnification in order to obtain the maximum accuracy in determining 
the decay time. 

 
Figure 3.5.1 

 
 

3. Repeat step 2 for R1 = 3.3 Kohms using a frequency of 2 kHz and then for R1 =10 
Kohms using a frequency of 7 kHz.  For each case adjust the amplitude control of the 
function generator in order to keep the peak amplitude of the transient portion of the 
waveform at 0.8 volts (8.0 cm).  Also, use the sweep magnification in order to obtain 
maximum accuracy in determining the decay time. 
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TRANSIENT RESPONSE OF AN R-L HIGH PASS NETWORK     EXPERIMENT 3.5 
 
4. The response of an R-L high pass network of the type used in this experiment to a step 
function input voltage is given by  V=V(0) exp(-t/τ) where τ is the L/R time constant as 
given by τ =L/RNET and 
RNET=R1+ RINDUCTOR. At time t = τ  the output voltage will be 
 

 V = V(0) exp(-1) = 0.368 V(0) 
 

so therefore the 100% to 36.8% decay time is equal to the L/R time constant. Compare 
the 100% to 36.8% decay time values obtained in this experiment with the corresponding 
values of the L/R time constant. 
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TRANSIENT RESPONSE OF AN R-L-C SERIES NETWORK       EXPERIMENT 3.6 
 
1. Set up the circuit shown in figure 3.6.1.  Set C1 to 700 pF (=0.70 nF = 0.0007 µF) and 

R1 to 68 ohms. Set Function Generator function to square wave and the frequency to 
about 100 Hz. Set amplitude level to about maximum. 

 
Figure 3.6.1 

 
 
2. Obtain a stable display of the oscillatory waveform on the oscilloscope.  
 

(a) Determine the frequency of oscillations, fO. 
 

(b) Determine the decay, or "damping" time, which is the time required for the 
oscillations to decay to exp(-1)=0.368 of the initial value. Note that 8 cm X 
0.368 ≈ 3 cm, so that if the initial amplitude of the oscillations is set so that it is 
8 cm, peak-to-peak, the decay time will be when the envelope of the damped 
oscillations has decayed to a peak-to-peak amplitude of approximately 3.0 cm. 

 
3. Compare the frequency with the expected value of fO. From the measured value of the 
decay time calculate the ac resistance of the inductor, RINDUCTOR. Note that RTOTAL=R1+ 
RINDUCTOR. Determine the frequency of oscillations and the decay time for R1=220 ohm. 
The function generator frequency can be increased to about 200 Hz for this in order to 
obtain a brighter oscilloscope presentation.  Repeat for the following values of 
R1(ohms): 
 

680 (Use 400 Hz), 1.5 K (use 800 Hz)., 4.7K (use l kHz), and 10 K (use 2 kHz) 
 
For the larger values of R1 you may have to be satisfied with just a rough "eyeball" 
estimate of the decay time. 
 

 
21



 
  

TRANSIENT RESPONSE OF AN R-L-C SERIES NETWORK       EXPERIMENT 3.6 
 
5. For each value of R1 used in the above steps compare the observed value of the 
frequency of oscillations, fO, with the expected value. Compare the measured values of 
the decay time with the expected value.  Remember to use the total circuit resistance, 
RTOTAL=R1+ RINDUCTOR, for the calculation of the expected value of the decay time. 
 
6. With the function generator frequency set at about 2 kHz, increase R1 up to the point 
of "critical damping".  The condition of critical damping occurs when there is no longer 
an oscillatory response.  To obtain a more accurate determination of the value of R1 
needed for critical damping you may place another resistance substitution box in series 
with R1 and use this second resistance box as a trimming resistor.  Compare the value of 
the total circuit resistance, RTOTAL=R1+ RINDUCTOR, required for critical damping with the 
expected value. 
 
7. At the point of critical damping determine the time interval from the beginning of the 
transient response to the time at which the voltage across resistor R1 attains its peak 
value, Compare this time with the expected value. 

Determine the peak value of the voltage across R1. Calculate the ratio of the peak 
voltage across R1 to the amplitude of the function generator voltage and compare this 
ratio with the expected value. 

 
8. Now reduce R1 to 680 ohms and set the function generator frequency to about 400 Hz.  
Determine the time interval between the beginning of the transient response and the first 
peak of the response. Compare this time interval with the expected value. How does this 
time compare with that observed for the critical damping case? 
Determine the amplitude of the first peak and compare it with the expected value . 
 
9. Remove the inductor from the circuit and measure its D-C resistance with a DMM. 
Compare the D-C resistance of the inductor with the A-C resistance measured in part 3. 
The a-c resistance value should be somewhat higher than the d-c value. This is due to the 
“skin effect.” Under dc conditions the current is distributed uniformly through the cross-
sectional area of the wire. Under ac conditions, the current distribution changes such that 
the current density is the lowest near the center of the wire, and increases  toward the 
outer periphery.  As a result the effective ac resistance of the wire will be higher than the 
dc resistance, and this ac resistance will increase with frequency. 
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TRANSIENT RESPONSE OF R-L-C NETWORKS        SUPPLEMENTARY NOTES 3.7 
 

Figure 3.7.1 

 
 
Refer to Figure 3.7.1. Prior to t=0 the switch is open so that I = 0 for t<0. At t=0 the 
switch closes. The equation for the loop for t>0 will be: 
 

L dI/dt + Q/C    + R•I = VB    or 
 
L dI/dt +  ∫ I dt/C + R•I = VB

 
This is an integro-differential equation. It can be converted to a differential equation by 
taking the derivative giving 
 

L d2I/dt2 + R dI/dt + I/C = dVB /dt = 0 
 
since VB is a constant voltage. Dividing through by L puts the equation in standard form 
as 
  

d2I/dt2 + (R/L) dI/dt + 1/(LC)=0 
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TRANSIENT RESPONSE OF R-L-C NETWORKS        SUPPLEMENTARY NOTES 3.7 
 
This is a second order linear differential equation. The solution can be expressed in the 
form of I = K1 exp(s1t) + K2 exp(s2t). If we substitute in this assumed solution we obtain 
a quadratic equation for s1 and s2 as 
               
    s2 + (R/L)s + 1/LC = 0 
 
This is the characteristic equation for the network. The values of s are the roots of this 
equation as given by 
 

s1,2 = - (R/2L) ± √(R/2L)2 - 1/(LC)   
 
Note that if (R/2L)2 < 1/(LC), the roots of the characteristic equation will be complex 
conjugate roots as given by 
 

s1,2 = - (R/2L) ± √(R/2L)2 - 1/(LC)  = - (R/2L) ±  jωO
 
For this case the solution for I can be written as 
 

I = exp [(-R/2L)t]  [ K1 exp(jωO t) + K2 exp(-jωO t) ] 
   
or as 
 

I = exp [(-R/2L)t] [A cos (ωOt)  +  Bsin(ωO t) ]   
 
The values of the undetermined constants will be obtained from consideration of the 
initial conditions. 

Since the current through an inductor must be a continuous function of time we 
have that  at t=0+, I = 0 . Therefore A=0 so that 
 

I = B exp(-R/2L) sin(ωOt) 
 
Looking back at the original equation for the network we note that at t=0+, I=0,  and 
therefore that at t=0, Q=0. We thus have that at t=0+,  L(dI/dt) = VB so that (dI/dt) 
=VB/L. Since dI/dt at t=0+ will be given by dI/dt = ωOB,   we have that 
ωOB = VB/L so that B = VB/ωOL and thus 
 

I = (VB/ωOL) exp [(-R/2L)t ] • sin (ωOt) 
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TRANSIENT RESPONSE OF R-L-C NETWORKS        SUPPLEMENTARY NOTES 3.7 
 
The voltage drop across the resistance R1 will be VR = I R so that 
 

VR = VB (R/ωOL) exp[(-R/2L)t ] • sin (ωOt) 
 
This is the equation for the transient response of the network. Note that due to the 
presence of the capacitor, the forced (or steady-state) response will be zero, so that the 
total response will just consists of the transient (or natural response). We see that for the 
case wherein (R/2L)2<1/LC the response is a damped oscillation.  The envelope of the 
oscillatory response will be given by VB (R/ωOL) exp(-R/2L)t. At time t= 2L/R the 
envelope will have decayed to exp(-1) = 0.368 of its original value. The radian frequency 
of the oscillations will be given by 
 

ωO =  √1/(LC) - (R/2L)2

 
When (R/2L)2 = 1/LC we have the condition of critical damping. This 

corresponds to R = 2√L/C) and marks the point where the oscillatory type of response 
ceases. 

Note that in the underdamped case, the amplitude of the sin (ωOt) term will decay 
as exp[(-R/2L)t]. If we define the decay time constant as τ=2L/R, then the response for 
the underdamped case can be written as 

 
VR = VB (R/ωOL) [ exp(-R/2L)t ] sin (ωOt) = VB (R/ωOL) [ exp(-t/τ) ] sin (ωOt) 

 
 
Critical Damping
 
For the underdamped (oscillatory) case we have that 
 

VR = VB (R/ωOL) [ exp(-R/2L)t ] sin (ωOt) 
 

 where      ωO =  √1/(LC) - (R/2L) 
 
As we approach the condition of critical damping for which (R/2L)2=1/LC, we see that 
ωO will approach zero. As ωO approaches zero, we have that sin (ωOt) → ωOt so that the 
equation for VR becomes 
 

VR = VB (R/ωOL) exp[(-R/2L)t] (ωOt) 
     = VB (R/L) {exp(-R/2L)t} •  t 
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TRANSIENT RESPONSE OF R-L-C NETWORKS        SUPPLEMENTARY NOTES 3.7 
 
This is the network response at the point of critical damping.  To obtain the time at which 
the voltage will attain its peak value and then to find what this peak value will be, we 
will first take the derivative of VR with respect to time, and then set the result equal to 
zero. This gives 
 

dVR/dt = VB (R/L) [exp(-R/2L)t] [ (-R/2L)t + 1] = 0 
so that 

 (-R/2L)t + 1 = 0 , and thus (R/2L)t = 1 
 

Solving for the time of the peak response we get tPEAK = 2L/R. Since  
R=2 √L/C at the point of critical damping, this can be rewritten as 
tPEAK =  √L/C.  

 
To obtain the peak value of VR under critical damping conditions we now will 

introduce the relationship that tPEAK = 2L/R into the equation for VR giving 
 

VR(PEAK)= VB(R/L) (2L/R) { exp [(-R/2L) (2L/R)] } = 2VB exp(-1)=0.736 VB 
 
 
Underdamped (Oscillatory) Case
 

For the oscillatory case the peak value of VR will occur approximately when ωOt = 
π/2 so that sin(ωOt) is at its first peak. For this condition t  = π/2ωO so that VR will have a 
value of 

 
VR(peak)=VB (R/ωOL) exp[ (-R/2L)( π/2ωO) ] 

 
If the resistance value is such that R2 << R2(critical damping) then 
ωO =  1/√LC so that VR(MAX)  can be written as 
 

VR(max)= VB (R/√LC) exp(-π/ 4)(R/√LC) 
 
This peak voltage will occur approximately at t = π/2ωO = (π/2) √LC. 
Thus tPEAK  =  1.57 √LC 
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COMPLEX IMPEDANCE: R-C CIRCUIT                                        EXPERIMENT 4.1 
 
1.   Construct circuit shown in figure 4.1.1.  Set capacitance to 5.0 nF. 
Figure 4.1.1 

 
 
2. Set the frequency of the function generator to 32 Hz and set the amplitude control to 
give an input voltage of some value between 1 and 10 volts. Measure Vi and VO. Repeat for 
the following values of frequency (in Hz): 

 
51, 100, 200, 330, 510, 1K, 2K, 5K, 10K, and 20K. 

 
3. Calculate values of the voltage transfer ratio T=VO/Vi,  and draw a graph of the 
voltage ratio on a logarithmic scale versus frequency, f, also on a logarithmic scale. Note 
that the actual values of T=VO/Vi and f should appear on the graph, not the logarithmic 
values, but the scale should be a logarithmic one for both variables. 
 
4. Calculate the theoretical values of VO/Vi for the various frequency values used and 
compare the experimental results with the theoretical values. 
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COMPLEX IMPEDANCE: R-C CIRCUIT                                        EXPERIMENT 4.1 
 
Some Additional Notes: 
 
1. By using the voltage division relationship on the R-C circuit we obtain: 
 

T=VO/Vi  = (1/jωC)/[ R + (1/jωC) ] = 1/ [ 1 + jωRC ] = 1/ [ 1 + jωτ ] 
 
where τ is   the R-C time constant of the circuit as given by τ = R•C. 
We see that the transfer function VO/Vi is a complex quantity, The magnitude of the 
transfer function can be written as 
 

VO/Vi  =1 / √1 + (ωτ )2

 
For  (ωτ )2 << 1, we have that VO/Vi  ≈ 1, and for (ωτ )2 >> 1, we have that 
VO/Vi  ≈ 1/ωτ. When ωτ=1 we obtain that VO/Vi =1 / √2 = 0.7071. 
 
2. For drawing the graph of the transfer function versus  frequency using logarithmic 
ordinary graph paper, or even engineering paper can be used. The frequency values 
specified are such that they can easily be located along the horizontal axis of the graph.  
We see this by noting that Log(1)=0,  
Log(2)=0.30, Log(3.16)=0.50, Log(5)=0.70, and Log(10)= 1. As a result if the frequency 
values specified are in a 1, 2, 3, 5, 10 sequence, then the relative distances on a 
logarithmic scale will be 0, 0.3, 0.5, 0.7 and 1.0, respectively.  The coordinates of the data 
points along the vertical axis can be obtained by simply using a calculator to obtain the 
logarithm (base 10) of the quantity T=VO/Vi. 
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COMPLEX IMPEDANCE: SERIES R-L-C CIRCUIT                        EXPERIMENT 4.2 
 

1. Measure the dc resistance of the inductor with a DMM. Set up circuit shown in figure 
4.2.1. Use an A-C voltmeter to measure voltages. A frequency counter can be used for 
frequency measurements. 
 
Figure 4.2.1 

 
  
2. Start with R1 = 1.0 Kohm. Adjust the amplitude control of the function generator to 
give a signal voltage, VS, of about 3.0 volts. Find and record the resonant frequency fO by 
measuring the voltage across R1. and varying the frequency until a maximum voltage is 
obtained. Record the values of VS and the voltage across R1. 
 
3. At the resonant frequency fO adjust the signal level so that the voltage across R1 is at 
some convenient reading on the dB scale, such as at 0 dB or +2 dB.  Find the upper and 
lower 3 dB (half-power) frequencies by varying the frequency to find the frequency values 
that cause the voltage across R1 to decrease by 3 dB. (Note that 3 dB corresponds to a ratio 
of √2:1. From the 3 dB frequencies calculate the 3 dB bandwidth. 
 
4. Repeat the procedure of steps 2 and 3 for the R1 = 3.3 Kohms and 
10 Kohms. 
 
5. Set the frequency back to the resonant frequency fO. Return R1 to 
1.0 Kohm.  Set Vs to 3.0 volts and measure the voltage across R1 (VR1), the voltage across 
the capacitor (VC ) and the voltage across the inductor (VL). Remove the inductor from the 
circuit and measure its d-c resistance with a DMM. 
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COMPLEX IMPEDANCE: SERIES R-L-C CIRCUIT                        EXPERIMENT 4.2 
 
6. From the ratio of VR1 /VS calculate the total resistance around the loop.  Note that at 
resonance the reactance of the inductor cancels the reactance of the capacitor so that 
VR1/VS = R1/RLOOP where RLOOP is the resistance around the loop which is comprised R1 
and the series resistance of the inductor. Compare this value of RLOOP with that obtained 
from R1, the dc resistance of the inductor, and the output resistance of the function 
generator (50 ohms).  Can you explain the reason for any differences in the two values? 
 
7. Calculate the quality factor QO of the tuned circuit from the 3 dB bandwidth and the 
resonant frequency from the expression BW = fO/QO. Compare this value of QO with the 
theoretical value as obtained from the expression 
QO = ωOL / RLOOP. For RLOOP use the value determined from the experimental 
measurement. Do this for the various values of R1 used. 
 
8. Using the values of VR1, VC, and VL as obtained in step 5 construct a phasor diagram. 
Compare the values obtained for VC and VL with those expected on the basis of a 
theoretical calculation.  Why does VL not equal VC even at resonance? 
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COMPLEX IMPEDANCE: SERIES R-L-C CIRCUIT      SUPPLEMENTARY NOTES 4.3 
 
For the series RLC resonant circuit shown in figure 4.3.1 we have that 

Z= R + jωL + 1/(jωC)= R + j (ωL - 1/jωC ) 
Figure 4.3.1 

 
 
At resonance ω = ω0 , and we have that the inductive and capacitative reactances cancel 
such that ω0L =1/ω0C  , and thus the net reactance of the circuit is zero. We therefore have 
that ω0L=1/ω0C so that ω0

2 = 1/LC. Thus the resonant radiant frequency ω0 is given by ω0 
= 1/ √ LC. The resonant frequency f0 is given by 

f0 = ω0 /2π = 1/ [ 2π √ LC ] 
 

The impedance is a minimum at resonance ( f = f0  ) and has a value of  
Z(f0) = R. We see that at resonance the impedance is equal to just the series resistance of 
the circuit and is a purely real quantity (i.e. a phase angle of 00).  
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COMPLEX IMPEDANCE: SERIES R-L-C CIRCUIT      SUPPLEMENTARY NOTES 4.3 
 

At the half-power (or 3 dB) frequencies the magnitude of the impedance is √2 
times the value at resonance. Since Z(f0) = R, we have that at the half power frequency 
IZI= √2  R so that IZI2 = 2R. Since 

IZI2 = R2 + (ωL - 1/ωC)2  

 

 we have that at the half-power frequency, R2 = (ωL - 1/ωC)2. Taking the square root of 
both sides gives R = ± [ωL - 1/ωC].  This can be rewritten as 
±ωCR = ω2LC - 1, which can be further rearranged to give 
ω2LC ± ωCR - 1 = 0, and then ω2 ± ω(R/L) - 1/LC = 0. Using the quadratic equation to 
obtain ω yields 
 

ω = ±(R/2L) ± √  (R/2L)2 + 1/LC 
 
Since we want ω to be a positive frequency, we must take only the positive sign in front of 
the radical term giving that 
 

ω = √  (R/2L)2 + 1/LC   ± (R/2L)  
 
The two frequencies obtained from this equation will be the upper and lower half power 
(radian) frequencies. The upper half-power radian frequency will be 
 

ωU  = √  (R/2L)2 + 1/LC  +  (R/2L)  
  
and the lower half-power radian frequency will be 
 

ωL  = √  (R/2L)2 + 1/LC  -  (R/2L) 
  
The half-power or 3 dB bandwidth is the distance between the half-power points. The 
bandwidth in radians/second will therefore be given by 
 

Radian Bandwidth = ωU - ωL  =  2(R/2L) = R/L 
 
The bandwidth in Hertz will therefore be: 
 

BW = (ωU - ωL) /2π = R/(2πL) 
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COMPLEX IMPEDANCE: SERIES R-L-C CIRCUIT      SUPPLEMENTARY NOTES 4.3 
 
The relative (or fractional) bandwidth is the bandwidth divided by the resonant frequency 
as given by 
 

Relative (Fractional) Bandwidth = BW/fO 

 = R/(2π fOL)=R/(ωoL) 
 

Since the quality factor QO at resonance is given by QO = ωoL /R, we have that 
Relative (Fractional) Bandwidth = BW/fO 

 =R/(ωoL)=1/QO 

 
Thus BW = fO / QO
 

To consider an example, let L=200 mH, C=2.0 nF, and R=RCOIL+R1=250 ohms. The 
resonant frequency will be 

 
f0 = ω0 /2π = 1/ [ 2π √ LC  ] = 7.96 kHz 

 
The half-power(3 dB) bandwidth will be 
 

BW= R/(2πL)=250Ω /(2π X 200 mH) = 199 Hz 
 

As a result we can say that the quality factor is 
 

QO = f0/BW = 7.96 kHz/199 Hz = 40 
 
and the fractional bandwidth is 1/ QO =1/40 = 0.025,  or 2.5 %. 
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TRANSFORMER CHARACTERISTICS                                         EXPERIMENT 5.1 
 
VOLTAGE, CURRENT AND IMPEDANCE TRANSFORMATION           
1. Measure the dc resistance of the primary and the secondary windings of the transformer. 
Set up circuit shown in figure 5.1.1. Set function generator frequency to1 kHz. 
 
Figure 5.1.1 

 
 
2. With RL removed from the circuit, adjust the function generator amplitude control to 
give a secondary voltage of V2=1.0V.  Use a DMM to measure the voltages. Now measure 
the voltage across the transformer primary, V1. From these voltage measurements 
determine the primary-to-secondary turns ratio 
n = n1/n2. 
 
3. Set RL to the maximum value and connect it across the transformer secondary as shown 
in figure 5.1.1.  Now decrease RL until the secondary voltage V2 is reduced to 
approximately one-half of its open-circuit value. Record the value of RL and V2. 
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TRANSFORMER CHARACTERISTICS                                         EXPERIMENT 5.1 
 
4. Calculate the value of the transformed source resistance, RS’ using the equivalent circuit 
representation shown in figure 5.1.2 from which the voltage division relationship can be 
obtained: 
 

V2=(VS/n) • (RL/ RL+RS' ) = (V2OC)( RL/ RL+RS' ) 
 

 where V2OC is the open-circuit value of V2. 
 
Figure 5.1.2 

 
5,   Compare the measured value of RS’ as calculated from the above equation with the 
expected value based on RS'=(RS+R1)/n2 + R2,  where R1 and R2 are the dc resistances of 
the primary and secondary windings, respectively, as measured in step 1. The resistance 
RS is the source resistance of 10 Kohms. 
 
6, With RL at the same value as in step 3, measure V1, V2 , and the voltage drop across RS. 
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TRANSFORMER CHARACTERISTICS                                         EXPERIMENT 5.1 
 
7. Calculate the output power PO=V2

2/RL and the power going into the transformer,  
PIN=V1 • I1 = V1 • (VRS/RS). What is the efficiency of the transformer, PO/PIN  x 100 % ? 
 

Calculate the power loss due to the series resistance of the transformer windings 
from PLOSS = I2R, where for the primary winding I=I1 and R=R1, and I=I2 and R=R2 for the 
secondary winding.  What is the total power loss due to the resistance of the transformer 
windings? Does this power loss account for the total transformer power loss, PLOSS = PIN - 
PO ? 

 
8. Turn the transformer around, that is interchange the primary and secondary. Set RS = 
470 ohms. Adjust the function generator amplitude control to give a voltage V2 = 1.0 volt.  
Measure V1 and determine the transformer turns ratio.  Compare it to the value obtained in 
step  2. 
 
9.  Repeat steps 3, 4, and 5. Note that for the transformed source resistance we now have 
RS’= n2 (RS + R2) + R1.  
 
10. Remove RL from the circuit. Set the frequency of the function generator to 100 Hz. 
Adjust the function generator output voltage VS to 5V. Then adjust the frequency so that 
V1 will be equal to 5/ √2 = 3.5 volts. We now have the condition that the inductive 
reactance of L2 is equal to RS so that ωL2=RS. Solve for the inductance of the secondary, 
L2. 
 
11. Measure V2 and the voltage drop across RS. Calculate I1 from I1=VRS /RS and then 
solve for the mutual inductance from the equation V2= jωM•I1. 
 
12. Turn the transformer around (interchange primary and secondary) and repeat steps 10 
and 11 to obtain the inductance of the primary winding, L1 and the mutual inductance M. 
Compare the value of mutual inductance obtained in this step with that obtained in step 11.  
The inductance of both the primary and secondary windings are proportional to the square 
of the number of turns. Compare the inductance ratio with the square of the turns ratio.  
The coefficient of coupling k is given by k= M/  √L1L2. Calculate k and compare it to the 
value expected for an iron core transformer which is generally close to unity. 
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MAXIMUM POWER TRANSFER THEOREM AND VOLTAGE DIVISION RATIO       EXPERIMENT 6.1 

 
1. For RS use a resistance substitution box or a fixed 10 Kohm resistor.  Measure and 
record the actual value of RS using a DMM.  
 
2. Set up the circuit of figure 6.1.1. 
   
Figure 6.1.1 

 
 
Use a resistance substitution box for RL. Before putting the substitution box in the circuit 
measure the actual resistance values that correspond to the following nominal values of RL 
(ohms): 

4.7K, 6.8K, 15K, 22K, 33K, 47K, 100K, 330K, and 1M 
 

All of the above resistance measurements should be made with the maximum place 
accuracy on the DMM. 
 
3. Put the resistance substitution box (RL) in the circuit as shown below and set VIN  to +10 
Volts.  Measure VO (to maximum place accuracy) for the values of RL given above. 
 
4, Compare the measured values of VO with values obtained using the voltage division 
relationship VO=RL/(RS+RL). Remember to take the input resistance of the DMM (10 
Mohms) into account for the net value of RL. 
 
5. Calculate the power delivered to the load resistance RL from PO=V0

2/RL. Remember to 
use the actual value of RL and to take into account the loading effect of the DMM 
wherever necessary. 
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MAXIMUM POWER TRANSFER THEOREM AND VOLTAGE DIVISION RATIO       EXPERIMENT 6.1 
 
6. Draw a graph of the power delivered to the load resistance, PO, on a logarithmic scale as 
a function of the load resistance RL, also on a logarithmic scale.  Note that the actual 
values of P0 and RL should be used, not the logarithmic values, but the two scales, vertical 
and horizontal should be logarithmic. The output power PO should be expressed in the 
most convenient units (W,  mW, or µW). 
 
7,    What value of RL will produce the maximum power output? Compare this to the value 
given by the maximum power transfer theorem. What is the power transfer efficiency,  η = 
PO/PSOURCE , under these conditions? 
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POWER FACTOR AND POWER FACTOR CORRECTION           EXPERIMENT 6.2 
 
1. Measure actual values of R1 and R2 and resistance of the inductor.  Set up the circuit 
shown in figure 6.2.1. 
 
Figure 6.2.1 

100 mH 

 
 
Start with C1 = 0. Set the frequency of the function generator to 35K. Adjust oscilloscope 
to obtain Lissajous figure with Vi at about 10V. 
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POWER FACTOR AND POWER FACTOR CORRECTION           EXPERIMENT 6.2 
 
2. Set Vi to about 10 V. Measure Vi with a DMM and record the value. 
 
3.    Measure VR2 (the voltage across R2) and VR1 (the voltage, across R1) with a DMM and 
record the values. 
 
4. Now adjust C1 so as to obtain a condition of unity power factor. For the condition of 
unity power factor the net phase angle of the load impedance = 00. This occurs when the 
Lissajous figure collapses from an ellipse to become a straight line. Record the value of 
capacitance that produces the unity power factor condition. 
 
5.   With the power factor corrected to unity, measure Vi,  VR2, and VR1. 
 
6.   Using the values of Vi, VR1, and VR2 as obtained in steps 2 and 3, calculate the power 
factor of the load impedance using the following relationships: 
 

Power Factor = cos θ = PLOAD/(Vi • Ii) 
 
where PLOAD=I2

2 • RLOAD =[VR2
2/R2

2] • (R2+RCOIL), and I1=VR1/R1. Remember to use the 
actual resistance values for this calculation. 

Compare the value of power factor obtained from this calculation with the expected 
value based on the analysis of the load impedance.  Use the actual resistance values for 
this calculation. 
 
7. From the value of the power factor obtain the angle of the load impedance. Find the 
magnitude of the load impedance from ZLOAD=Vi/Ii. Express the load impedance in 
rectangular form. Compare the value of the load impedance thus obtained with the 
expected value. 
 
8. From the values of Vi, VR1, and VR2 obtained in step 5 calculate the power factor, and 
compare it to the expected value. 
 
9. From the value of load impedance calculated in step 7 based on the experimental 
measurements, calculate the value of capacitance required for power factor correction to 
unity.  Compare this value of capacitance with the value actually used for unity power 
factor correction. 
 
10. Connect the DMM across R1 and find the value of C1 that produces a minimum 
voltage for VR1, and hence a minimum current for I1. Compare this capacitance to the 
value required for unity power factor. Explain any similarities or differences. 
 
11.  Why is the condition of unity power factor usually a desirable condition for electric 
power transmission systems? 
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PHASE ANGLE MEASURENTS                                                     EXPERIMENT 7.1 
 

1. Measure actual value of R1 with a DMM.  Use a fixed resistor for R1, not a substitution 
box. 
 
2. Set up circuit shown in figure 7.1.1.  Start with C1=1 µF. 
 
Figure 7.1.1 

  
 
3. Connect the oscilloscope. Adjust the function generator amplitude control for a peak-to-
peak voltage of about 10V.  Switch vertical input switches for both channels to ground 
(GND), adjust vertical position controls to center both traces in the middle of the screen 
and then switch both channels back to AC input. Adjust the function generator frequency 
to give a period of 2.0 ms as measured on the oscilloscope (use a 0.2 ms/cm sweep time 
for this). 
 
4. Measure the time delay of the zero crossings.  Adjust  sweep time setting to obtain 
maximum accuracy of the reading (make sure it stays in the calibrated position ). Repeat 
for the following values of C1: 
 
    300 nF, 100 nF. 30 nF, 10 nF, 3.0 nF, 1.0 nF, 300 pF, 100 pF, 0 pF 
 
For the last measurement (C1=0) remove the capacitance substitution box completely from 
the circuit.  Adjust the frequency such that the time delay remains a substantial fraction of 
the period. 
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PHASE ANGLE MEASURENTS                                                     EXPERIMENT 7.1 
 
6.  From the measurement of the time delays, ∆t, calculate the corresponding phase delays 
from 
 

θ = (∆t/T) • 3600  = (∆t/T) • 2π radians 
 

where T is the period of the waveform. Express the phase angles in degrees. 
Compare these values of phase angle with the expected values based on the 

analysis of the circuit.  Note that  θ  is the angle of VO/VIN .  Since                      
 

VO/VIN = (1/jωC)/ [ R1 +(1/jωC1) ] = 1 / [ 1 + jωR1C1 ] 
 
we have that 

 
θ = -Tan-1(ωRC) = -Tan-1(2π R1C1/T) 
 

For this calculation use the actual (measured) value of R1 and note that 
C=C1 +Ci , where Ci is the input capacitance of the oscilloscope (47 pF). 
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