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PRACTICAL EXERCISE #11
“CAPACITOR CHARGING/DISCHARGING”
EE331

Fall 2012
Name: _______________
Section: _________
Date: __________

Motivational Engineering Problem: We have just learned that capacitors are components that enable electrical energy storage via the electric field created by charge separation.  Unlike batteries, we are able to rapidly extract energy from capacitors.  As such, they are good candidates for energy storage in the notional pulse-power system illustrated in Figure 1, where the pulse-power load could be a rail gun, an electromagnetic aircraft launching system, or a theater ballistic missile defense laser weapon (i.e., things that require lots of energy delivered in a short amount of time).  A key aspect of this arrangement is that the Energy Storage Device is “charged” at a modest rate (medium power) from the ship power system, then “discharged” at a high rate (very high power) via the electronics in the Pulse-Forming Network.
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Figure 1: Notional Pulse-Power System

Today, we will consider charging and discharging a capacitor (our results can be scaled to high voltage and high power). To avoid the need for sophisticated electronics in a pulse-forming network, we will consider the simplified circuit of Figure 2, where we will toggle a cable connected to capacitor’s “+” terminal from the CHARGE position to the DISCHARGE position.  In the CHARGE position, as long as VS > Vcap, energy is transferred from the source to the capacitor.  In the DISCHARGE position, the energy is absorbed by the resistance 
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 control the rate at which energy is transferred. 
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Figure 2: Simplified Charge/Discharge Network

In the CHARGE mode, the circuit is governed by the following Ordinary Differential Equation (ODE) (using KVL and that
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With the supply voltage constant, this equation solves as
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Where
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Thus, the “exponential” charging rate of the capacitor is governed by the time constant 
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 which depends on the resistance and the capacitance.  It will take about 5 time constants for the capacitor to charge up to the source voltage.  The more resistance, the longer it will take to completely charge.  If we substitute into the governing capacitor equation, we find that the current is dictated by
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So, the current initially jumps to a value of 
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 before eventually decaying to zero as the capacitor ultimately appears as an open circuit.  Again, a larger value of 
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 will limit the “charging” current and thus slow the charging rate.
In the DISCHARGE mode, the circuit is “unforced” and governed by the ODE
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which requires a non-zero initial condition 
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 to have the solution
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Where
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Here we are assuming that the time t is reset to zero at the onset of discharging.  The capacitor voltage exponentially decreases to zero (it takes approximately 5 time constants) and the discharge rate is governed by the new time constant dictated by the new attached resistance.  The capacitor current is found via
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The waveforms for charging and discharging are shown in Figure 3, where we assume that the capacitor is allowed to charge all the way to the source voltage prior to discharging.  Note again that both transients subside after 5 time constants.
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Figure 3: Scaled Plots of Capacitor Charging and Discharging

OK, we have one more piece of “theory” that we need prior to having some “fun.”  We have been considering the capacitor in Figure 2 as “Ideal.”  To model a “real” storage capacitor, we need to add a resistor in parallel to model dielectric losses and a resistor in series to model contact losses as shown in Figure 4.  Fortunately, in our case 
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 will be very small and can be ignored.  Unfortunately, 
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 must be included.  Thus, our system circuit representation becomes that shown in Figure 5. 
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Figure 4: Model of Storage Capacitor Including Losses
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Figure 5: System Including Real Capacitor Model

Note all of our previous analysis was not for naught!  The two modes of operation (charging and discharging) are shown in Figure 6.  We can compute a Thevenin voltage and resistance as “seen” by the capacitor for each case.  We would substitute this voltage for the source voltage in the charging mode and we would replace the charging or discharging resistance by the appropriate Thevenin resistance.  Sweet!
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Figure 6: Governing Circuit for (a) Charging and (b) Discharging

TASK 1: Calculate expressions for the Thevenin voltage and resistance for the circuits of Figure 6.

We wish to test out this theory in the lab, so let’s consider the following contrived problem.

Problem:  Design, build, and test a charge/discharge system that utilizes a 10V DC power supply, employs a charging interval (i.e., time to charge completely) of about 20s with a resulting stored energy of 2.5mJ, and then discharges that 2.5mJ in 2s.
Step 1:  Compute the required capacitance.
Step 2a:  Assuming an ideal capacitance, estimate the value of charging resistance.
Step 2b:  From your value above, calculate the peak current in the charge resistance and the peak power. Can the variable resistance box handle this power?

Step 3a: Again assuming an ideal capacitance, estimate the value of discharging resistance.
Step 3b:  Calculate the peak discharge current and the corresponding discharge power in the resistor.  Can the variable resistance box handle this power?

Have the Instructor Verify your calculations: __________________

Step 4: Build the circuit.

· First set the power supply to 10V using the DMM and then de-energize it.
· Build the circuit using a jack on the quad board as the common point in the circuit as shown in the following figure.
· Note the leakage resistance is part of the actual Variable Capacitor Box.
· The red terminal of the capacitor box should be connected to the scope, to the DMM, and have a floating cable that we can toggle between CHARGE and DISCHARGE.
· The black terminal of the capacitor box should be connected to the scope, to the DMM, and to the circuit common point.
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Have the Instructor or Lab Tech Verify your set-up: __________________

Step 5: Configure your test equipment

OK, we are going to use the oscilloscope in Single-Shot mode.  In this mode we will be able to capture the charging and discharging transients.  The steps correspond to the scope control diagram below.
a. Make sure CH1 is ON and CH2 is OFF (light is lit on the “1” button”).  
b. Press Mode/Coupling and ensure that it is set to Normal (read this from the scope window menu at the bottom left of the display).
c. Set the Channel 1 volts/div to 2V/div (this is confirmed at the top of the scope display window).
d. Set the time sweep to 2s/div (this means that all the way across the scope display window will be 20 seconds).
e. Next, position the CH1 ground level one division up from the bottom of the display.
f. Set the trigger level one block (2V) above the ground level.
g. Move the trigger time to one block to the right of the left edge of the display.
h. Press the Single button to let the scope know that we are looking for a single transient event (it will capture 20 seconds of data and start to display it once the signal exceeds the threshold level that we have set).
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The scope display window should appear as follows
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Step 6: Conduct the Experiment

CHARGING

a. Energize the power supply (the DMM and scope should already be ON).
b. Connect the cable from the capacitor box red terminal to the variable resistor box emulating
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· The DMM displayed voltage should begin to build.
· Following a few moments, the capacitor voltage should start to display on the Oscope (if it does not, consult the Lab Tech or Instructor).
c. Note that the capacitor voltage DOES NOT build all the way to 10.0V (the supply voltage) indicating the effect of 
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 (in Figures 5 and 6a).  Record the final value:
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d. With the capacitor in Figure 6a ultimately having to look like an open circuit, it follows that
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Solve for the capacitor leakage resistance (note, it should be at least an order of 
magnitude bigger than
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).

e. Sketch the o-scope display on the previous set of axes.  Does the charging process take about 20 seconds?

DISCHARGING

f. Press Run/Stop on the scope (this should clear the display).
g. Connect the capacitor to 
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 (the DMM display should rapidly go to zero).
h. Press Single to initiate a new transient capture.
i. This time we will connect the capacitor to 
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 until the scope display gets to the middle of the screen, then we will quickly move the cable to
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.  Demonstrate your result to the Lab Tech or Instructor.  Sketch the display in the following axes:

[image: image38.emf] 

1

2.00V/ 2s/

CONTROL BUTTONS

“Sets Trigger Start Time”

“Sets Trigger Voltage Level”

“Sets CH1 0Vl”


Lab Tech or Instructor Verification: ___________________

j. Does the capacitor fully discharge within 2 seconds?

Step 7:  Follow-up Questions
1. Calculate the Thevenin equivalent voltage and resistance values “seen” by the capacitor during charging (use your result from page 5 Task 1).
2. Calculate the Thevenin equivalent voltage and resistance values “seen” by the capacitor during discharging.
3. At t equal to one time constant, 
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.  So, when t = τc during “charging” the voltage should equal 0.6321*(final voltage).  Use this to estimate the value of 
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 from your “charging” waveform.  Compute the corresponding value of resistance (this value should be close to the value found in question 1). Show your work.
Step 8: De-energize the power supply, disassemble your circuit. Hand in the practical exercise as directed by your instructor

Practical Question: Suppose we wish to scale our result to the rail gun problem we worked in a previous Practical Exercise. The rail gun requires a stored electrical energy of 160MJ. The capacitor charging voltage is selected to be 15kV DC.

1. Determine the required equivalent capacitance.

2. If we assume that the capacitance will be achieved in the manner shown below, via a series and parallel combination, calculate the required value of individual capacitance C 
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