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1.  Direct Current Circuits and Internal Resistance TC  "1.  Direct Current Circuits and Internal Resistance" \l 1 
Readings:  Wolfson and Pasachoff, Chapters 27–28.

Introduction


In the first week we will work with Direct Current (DC) Circuits.  DC circuits are those in which the voltages and currents are constant, or time-independent.  Time-dependent circuits in which the current oscillates periodically are referred to as Alternating Current (AC) circuits. We will study AC circuits later in the semester.  All of modern electronics, including digital computers, can be constructed out of the devices you will study in Physics 211 and Physics 212 (resistors, capacitors, diodes, and transistor-based integrated circuits such as operational amplifiers) and the logic chips you studied last semester.


Charge is the fundamental unit of electricity much as mass is the fundamental unit of gravity.  A significant difference is that mass is always positive, while charge can be either positive or negative.  When charges flow, they produce a current, just as when mass moves, it has momentum.  If we drop a mass, it "flows" down to a lower potential, and a potential difference in an electric circuit drives a current to the lower potential from the higher potential.  Since charges come in both positive and negative flavors, electrical potential drives negative charges to points of higher potential while negative charges flow to points of lower potential.  By analogy, if there were negative mass, it would fall up.


When a ball is dropped into a liquid, it falls more slowly due to the resistance of the liquid.  Likewise, in a circuit we insert a resistor, which impedes the flow of current.  In a circuit, the effect is to lower the rate at which charge moves, effectively lowering the current which flows through the circuit.  It is useful to note here that if we did not have a resistor, in effect it would be like dropping a huge object onto the Earth without air resistance--look at the craters on the Moon to see how undesirable this would be!  In circuits, this is a short circuit and it quickly drains the potential while also risking serious damage to the components (and sometimes the experimenter).


In an old fashioned mill, falling water was converted into mechanical power.  Likewise, in a circuit the flowing charge does work as it moves from higher to lower potential.  Since the work done in the mill depends on how much water falls through the gravitational potential, it is easy to understand why electrical power is given by P = VI, i.e., the amount of current multiplied by the potential difference through which the charge travels.

DC Circuit Analysis

Ohm’s Law


For many materials, the current that flows through the material is proportional to the applied voltage difference according to Ohm’s law:
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where R is a constant independent of V, but dependent on the material, geometry, and possibly other factors.  Although Ohm’s law is widely used in circuit analysis, it should be remembered that it is only an approximation, which is seldom satisfied exactly in practice.  Materials that obey Ohm’s Law (have constant R) are referred to as ohmic devices, since the voltage is linearly proportional to the current.  A resistor, an electronic device simply consisting of a length of wire or other conductive material connected to two leads, is the most common example of an ohmic device.

Joule Heating


Consider a resistor with resistance R, having a voltage V across it and a current I through it.  As each element of charge dQ moves through the resistor from higher (+) to lower (–) potential, the amount of work done is dW  = V dQ.  Power is the rate of doing work: P  = dW/dt.  Thus we have
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From Ohm’s law, the power dissipated in a resistor is
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The power dissipated by any component must be kept under 1/4 watt in this lab unless otherwise specified.

Note on units: when you consistently measure voltage in volts, current in amperes, resistance in ohms, and power in watts, no conversion factors are needed in any of the above equations.  

Equivalent Resistance


Networks or combinations of resistors are often found in useful circuits.  Such a network behaves the same way as a single resistor with a certain “equivalent” resistance that can be computed from the actual resistances of the various resistors.  Two common methods of joining resistors are shown below.  Ohm’s law allow us to derive formulae for these combinations.
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Figure 1: Series and Parallel resistor connection

Series:  In a series combination, the entire current flows through both resistors.  The equivalent resistance of two resistors in series is simply the sum of the two resistances:
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Parallel:  In a parallel combination, some current flows through each branch.  The ratio of the two currents is in inverse proportion to the ratio of the resistances, with the smaller resistor carrying more current.  The equivalent resistance of two resistors in parallel is
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Both of these rules can be extended to more than two resistors by using them repeatedly.

Kirchoff’s Laws


If a circuit cannot be reduced to a combination of series and parallel networks, it is necessary to use Kirchoff’s laws to analyze the circuit behavior.

Kirchoff’s First Law (junction theorem):  Charge is conserved.  The sum of all currents entering a junction is equal to the sum of all currents leaving the junction.  This is equivalent to saying that charge cannot accumulate at a junction.

Kirchoff’s Second Law (loop theorem): Energy is conserved around a closed loop. The sum of the voltage differences around any closed loop in a circuit is zero.

Voltage Divider


Consider the voltage divider circuit in Figure 2.  The input voltage is divided between the two resistors in series.  The output voltage, V0, is given by
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Figure 2: A voltage divider.

In some cases, Vo can then be used to drive a device that requires a voltage lower than V.  Consider the following modification of the above circuit (Figure 3): The load resistor RL has been added in parallel to R2.  If RL >> R2, then the output voltage (which we now call VL) is still
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However, if RL is comparable to R2, then VL is reduced; we say that the circuit is "loaded".
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Figure 3: A voltage divider in use

Pre-lab question 1: Derive equation 6.  Then find a general expression for VL for the circuit of Fig. 3 (use equivalent resistances).  Show that VL  is given by Eq. 7 if RL>>R2.

Thevenin’s Theorem


Commonly used electronic devices, including measurement devices (such as digital multimeters and oscilloscopes) and signal generators (such as stereo equipment), clearly present a much more complex picture than simple networks of power supplies and resistors.  In fact, they will each contain a very complex configuration of resistors, capacitors, variable components, and voltages.  You might expect that to build a new circuit that connects (“interfaces”) to one of these (e.g., the Bose speakers you hook into your Sony amplifier), you might first have to completely understand the complex circuitry inside.  Surprisingly, however, you can do a very decent job knowing only a relatively simplistic picture.  The output of a complex circuit often acts exactly the same as a very simple circuit consisting of only one voltage supply (the “Thevenin equivalent voltage”) in series with an effective resistance (the “Thevenin equivalent resistance”).  This equivalent resistance is often called the output impedance of the device.  Your new device merely has to make sense working with this simplified effective circuit.  In practice, engineers and scientists use this fact not only to design new equipment, but also to predict how two pieces of existing equipment, for example, a light detector and a computerized readout, will interact.  Lacking this understanding, you can get a very surprising (and bogus) result from even a simple measurement!  (In future labs, you will always need to keep this point in mind as you hook up your circuits to various pieces of test equipment.)


More precisely, according to Thevenin's theorem, any real two-terminal network of linear devices (i.e., resistors and voltage sources) behaves as an ideal voltage supply, VT, in series with one resistor, RT.  Although this may not seem particularly important at first, it is a remarkable fact that makes working with real circuits much easier.
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Figure 4: Thevenin’s Theorem

An ideal voltage supply maintains a constant voltage regardless of the current drawn.  This statement holds true for the Thevenin’s equivalent voltage of the home-built voltage supply you will make today or of your adjustable lab power supply.  The values VT (Thevenin equivalent voltage) and RT (Thevenin equivalent resistance) depend on the arrangement of the components in the original network, which can be extremely complicated.  However, once determined, VT and RT fully represent the characteristic behavior of the original more complicated network, even though they do not correspond to any particular element in the network.  So in order to make calculations checking the behavior of your power supply, you do not need to look at every resistor and voltage source, but you only need to know VT and RT!  Furthermore, in practice it is possible to determine VT and RT without actually knowing the configuration of the components in the original network.  One thing to remember is that VT is not the voltage you measure across the output terminals when there is a load (i.e., when there is current flowing), but VT is the voltage you measure when there is an open circuit (i.e., no load connected).


How do we go about finding VT and RT for a circuit about which we may know nothing (we call this a "black box")?  First, assume that nothing is connected to the two open terminals.  No current can flow, so the output voltage (open-circuit voltage) is simply equal to the Thevenin equivalent voltage (i.e. since no current flows there is no voltage drop across the resistor):
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Next, connect some electronic component RL (the load) across the two open terminals of the black box.  

If the load draws a constant current, I, then we can determined the voltage across the load by applying Kirchoff’s 2nd Law),  
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where VL is the voltage across the load (an RL which is connected across the output terminals).

Solving Eq. (9) for the current yields
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Thus, if you plot I versus VL , the inverse of the slope will give you RT, as in Figure 5.  
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Figure 5:  Current-Voltage diagram of a Thevenin equivalent circuit

In this figure, the I-intercept is the short circuit current ISS =VT/RT, which occurs when VL = 0.  The V-intercept corresponds to the open-circuit voltage when no current is drawn.  The main point of this plot is that the output voltage of the circuit, VL, depends upon RL, since it depends upon the current drawn by the load!  

Pre-lab question 2:  Show that VL = VT/2 when RL = RT.  Therefore a quick (and safe) method to determine RT is to use a potentiometer to vary RL until VL = VT/2.]  NOTE:  This situation also happens to correspond to the condition of dissipating the largest possible power in the load, something that is often useful.

Pre-lab question 3:  Apply Thevenin’s theory to the voltage divider of Figure 2.  (Hint: It behaves exactly as a circuit with voltage VT and series resistance RT.)  Determine the Thevinin equivalent voltage and resistance in terms of V, R1, and R2?

Laboratory Experiments

Experiment 1: A Voltage Divider


A potentiometer or “pot” is a type of variable resistor based on the idea of a voltage divider.  A pot consists of a resistor with an additional third sliding tap.
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Figure 6:  Inside a “pot”

The resistance between points A  and C  (R1) depends on the position of the center tap as shown in Figure 7.  The resistance between A  and B  (R1 + R2) is always constant.  If A  and B  are attached to a voltage supply (VS), the output voltage (VBC) can be varied continuously from 0 to VS by sliding the tap. 

1) Observe the change in resistance between pairs of terminals with your DMM.  Which is connected to the sliding tap? 

2) Set your voltage supply to 6V and attach the fixed terminals of a 1k potentiometer to it.  Observe the voltage of the third terminal as you slide the tap. 

3) The voltage supplied to a light bulb can be varied using a potentiometer, hence the brightness of the light can also be varied from its full intensity to zero.  Set up the circuit shown in Figure 7 and explore how the light bulb intensity varies as you turn the pot.  You should notice that the bulb is dark over most of the range of the pot.  Why?  
4) Explain why the system in Figure 7 is not used in real light dimmers.  (Hint: where is most of the energy dissipated when the dimmer is keeping the light low?)  In reality, light dimmers work by quickly turning on and off the current to the bulb, so that the light intensity depends on the time average power. 
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Figure 7: A simple light bulb dimmer


In a slightly more complex example, the volume control knobs on a stereo also control the resistance of a potentiometer, which forms a voltage divider.  In this case, the voltage that is being varied is an audio signal read from a CD or tape and converted into a voltage, controlled by the volume pot, which can drive the speakers.

Experiment 2a:  Designing a Voltage Supply


Frequently, one is faced with a need for many different voltages in a circuit, but your power supply provides only some fixed standard voltage output.  For example, a particular motor may run at 6V, but common supplies output +5V or +/- 15V.  You need to provide the voltage yourself using a circuit built for the purpose.  Using your breadboard and the electronics you are supplied with, design a voltage supply that provides the following configuration of voltages across its output terminals:
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Figure 8: Your power supply


The power source inside your home-built voltage supply will be two 1.6 volt batteries (C cells), available (with holders) from your instructor.  The batteries can supply at most ~10mA of current, so use a total resistance of at least 1 k.  On the other hand, using resistors under 20k will make your life easier in the next experiment.  Make a drawing of your design, explain why it should work, and describe how you tested it out.

Experiment 2b:  Internal resistance RT of your voltage supply

An ideal voltage supply will deliver a constant voltage regardless of the current drawn.  However, the output voltage of any real voltage supply decreases as more current is drawn.  Thevenin’s equivalence theorem states that a real voltage supply acts like an ideal voltage source in series with a resistor.  This resistance “robs” voltage from the output as the current increases.  Ideally, a voltage supply has an internal resistance (or impedance) as small as possible.  (This is also sometimes called the output impedance because the power supply is putting out the voltage and current.  Impedance is the same as resistance for DC circuits but it can include other effects in time varying circuits, as you will see in the laboratory on AC circuits.)


Use the results of Pre-lab question 2 and a potentiometer to perform a quick measurement of RT for your home-built voltage supply for each of its outputs and record the value.  Briefly describe your method and result.

Does the result make sense?  What should you get theoretically? (Hint: Use Kirchoff’s Rules and the ideas from Pre-Lab question 2 to determine this.)  How much current can be drawn from your voltage supply without changing the output voltage by more than 10%?  Answer this question both theoretically and experimentally for your 1V supply and then for your 2V supply.  (Note that commercial supplies, which are much better than the voltage supply you designed, have output impedances of only a few ohms.)

Experiment 3:  Internal Resistance of Measuring Instruments


Although the Thevenin equivalent voltage of voltage-measuring devices (DMM's, oscilloscopes, frequency meters) is zero, these instruments usually have a large Thevenin equivalent resistance.  A large resistance (called an input impedance in this case since the DMM is taking in the signal) prevents the instruments from altering the behavior of the circuit being measured.  If a DMM had a small input resistance it could "load" the circuit, causing erroneous readings (i.e., readings that are different from normal because the DMM is attached).   In this experiment you will measure the internal resistance of one of the instruments at your lab station:  the digital multi-meter.  
1) To measure the input resistance of the digital multi-meter in its voltage-measuring mode, assemble the circuit shown in Figure 9.  Use a 1/4 watt resistor from the bins for RL to measure the input impedance of the DMM.  Select a high-valued resistor (try the 5% tolerance 3.3 or 5.6 M resistor), since RT of the DMM should be large.  Predict what will happen to the voltage across the DMM as the resistance of RL increases.  

2) Determine RT  of the DMM; show your calculations clearly.  (Note that for any value of RL, RT  can be determined from the voltage divider equation provided we neglect any series resistance [output impedance] in the 10 V supply.)  

CONSEQUENCE:  If you use a DMM to measure the voltage across a large resistance, the internal resistance of the DMM will load the circuit, reducing the apparent voltage.  In a similar way, if you use the DMM in its "resistance" mode to measure a large resistance, the value will be in error if the resistance is too large.
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Figure 9: Circuit for measuring the input impedance of a DMM.
Experiment 4:  Power Transfer (optional)
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Figure 10:  Circuit for measuring power transfer

In this experiment you can show that the maximum power transfer to the load occurs when RL = RT.  Because the internal resistance of your commercial power supply is rather small, you will add a series resistance (1/4 W) between 1000 and 10000 ohms to the voltage supply; this will be RT. 

1) Assemble the entire circuit shown in Figure 10.  Set the voltage supply to 5.0V and use a 10 k potentiometer  for RL.  

2) Measure VL as you vary the resistance of RL from roughly 250 to 10k.  Calculate the power dissipated in the load for each value of RL.  You will want to take many data points in the region of interest, where the power dissipated changes rapidly with RL, and fewer outside that region (note that the power dissipated is not directly measured!).  

3) Using Origin, plot the power dissipated in RL as a function of RL.  Determine the value of RL for which the power dissipated in the load is maximized and compare to RT.

In most cases, you are interested in doing just this: transferring most of the power from one stage of a circuit to the next.  Examples include the one previously mentioned (driving a speaker with a stereo amplifier), selecting the resistive heaters to use with a temperature control circuit, and designing the impedance of a circuit to drive a motor with known impedance.  

APPENDIX: 1% Resistor color codes

	Black

0

Brown

1

1st band: 1st digit

Red

2

2nd band: 2nd digit

Orange

3

3rd band: 3rd digit

Yellow
       
4

4th band: power of ten


Green

5

i.e. x10number 
Blue

6

5th band: tolerance

Violet

7                 

Gray

8

White

9

Gold
      
(-1)


Brown (last band) 1% tolerance
	
 EMBED Word.Picture.8  



 EMBED Word.Picture.8  




Note that this is not the same as scientific notation.

Maximum allowable dissipated power = Pmax= IV = l2R =V2/R =  EQ \f(1,4)  Watt!!!

1-1

_1087718962.unknown

_1087719175.unknown

_1092576027.doc
[image: image1.emf][image: image2.emf]

V







R







R







R







V







1







1







2







L







L







+







2







3







I







I







I







 











[image: image3.emf]
_1092576029.doc
[image: image1.emf][image: image2.emf]

I







V







I







R1







R2







Vo












_1087719209.unknown

_1087719232.unknown

_1087719097.unknown

_1087719143.unknown

_1087718992.unknown

_1087718748.unknown

_1087718918.unknown

_1087650598.doc


complicated 







network of 







resistors and 







voltage supplies







R







V







T







T







+







-












































_1087718683.unknown

_977065311.unknown

_977065310.unknown

