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Lab Project 4: Capacitor Ageing Experiment Results and Conclusion 

Introduction 

Here we discuss the preparations for and performance and results of an experiment to analyze the 
ageing of an electrolytic capacitor. Several different apparatus were designed and constructed for the 
performance of the experiment, each approaching the assignment’s requirements from different angles. A 
simple amplifier circuit was used to charge and discharge a capacitor using benchtop equipment, this 
amplifier was then adapted for fully automated use, and in parallel a capacitance sensing circuit was 
designed and constructed to provide a more insightful analysis of capacitor performance. 

Background 

Our assignment requires that we age an electrolytic capacitor by repeatedly charging and 
discharging it at or near rated voltage. We performed a quick literature review and found experiments 
conducted by Celaya et.al (Ref.1) which found that capacitance decreased exponentially as a function of 
number of charge/discharge cycles, with a decrease of ~1% after 8.5×1012 cycles and ~20% after 6.5×1013 
cycles. Expecting similar results, we aimed to cycle our capacitor as rapidly as possible throughout the 
several weeks available to us. We designed and constructed several iterations of circuits to accomplish this 
task, meeting a larger number of experimental goals each time. 

After a means of ageing the capacitor is established, our second concern is to decide how to evaluate 
ageing. The easiest and most consistent way is to simply plug the capacitor into a high-performance 
multimeter, which provides an inexpensive and reliable baseline reading. Another very simple method of 
measurement is to derive capacitance from the time constants of an RC circuit. When combined with a 
series resistor, a capacitor’s voltage will decay with an exponential trend, and the time constants of this 
trend will be equal to the value 𝑅𝐶. This allows us to calculate capacitance using only voltage and time. 

 

Figure 1: Most general mode of a real capacitor (Ref.2) 

However, it is important to note that there are significant differences between ideal and real 
capacitors. Parasitic effects of all kinds influence capacitor performance, and the total effects of ageing go 
far beyond a simple decrease in capacitance (Fig.1).  

Apparatus #1: Cycling Circuit using Benchtop Equipment 

We originally planned to write a program for the available National Instruments myRIO control 
board that would cycle a small capacitor at 10-20MHz, as this should produce a visible decrease in 
capacitance over the course of two weeks of operation. We wrote test programs for the myRIO, but quickly 
found that it was not feasible to produce signals using the myRIO at greater than 1MHz. Above this speed, 
the signals produced were highly distorted and even simple square waves would not reach peak voltages. 
Therefore, we abandoned the myRIO for the time being and switched to higher performance equipment. 
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We then designed a simple circuit where a small capacitor was charged and discharged using square 
waves generated by a benchtop function generator. Capacitor temperature was measured using an LM35 
temperature sensor. This integrated circuit is pre-calibrated and produces an analog voltage directly 
proportional to sensed temperature. To ensure adequate heat transfer and accurate reading, we bonded 
an LM35 directly to a capacitor using a thermally conductive adhesive. Sensor output voltage could then 
be read using any voltage measuring equipment. 

Capacitor capacitance can be read directly using a benchtop multimeter or, when a series resistor is 
added to create an RC circuit, capacitance can be calculated by measuring the time constant of voltage 
decay using a benchtop oscilloscope. This circuit was able to cycle very small capacitors (<1nF) at high 
speeds (>1MHz), but this did not meet the requirements of the experiment. Since at this point we were 
current-limited by the function generator’s signal power, we decided to produce an amplifier circuit. 

 

Figure 2: Benchtop Cycling Circuit 

Using components found in the class laboratory, we constructed a one-stage amplifier where a 
complimentary pair of BJT transistors supplied 5V power from a benchtop power supply to a 0.33µF 
capacitor, modulated by a 100kHz square wave produced by a benchtop function generator (Fig.2). We 
found that 100kHz was the practical frequency limit for our equipment, and at greater frequencies our 
capacitor would not charge fully. This circuit was energized and left to run for eleven days, or 9.5×1010 
cycles, with capacitor capacitance and ambient temperature measured approximately once per day. 
Capacitance was measured directly and using time constants, for purposes of comparison. 

Apparatus #2: Fully Automated Cycling and Data Collection System 

As our experiment ran using benchtop equipment and manual data collection, we redesigned our 
circuit for full automation. It was found in our initial tests using the myRIO board that the myRIO’s 
analog-to-digital converted was slew rate-limited at MHz frequencies, and therefore we would not be able 
to read capacitor voltage precisely at 100kHz. Additionally, the 100kHz circuit being used to age our 
capacitor charged only the capacitor itself, not an RC circuit, so capacitance could not be measured using 
time constants regardless, as capacitor charge/discharge time was dominated by transistor switching 
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effects, and not by load circuit dynamics. Therefore, in order to automate the measurement of 
capacitance, a completely different circuit would be required. 

We wanted to retain the 100kHz cycling that was being done using the benchtop function generator, 
but we should periodically perform a slow charge and discharge through an RC circuit, where time 
constants could be used to calculate capacitance. Since we found our practical frequency limit at 100kHz, 
it was now possible to generate the control signals using the myRIO. So immediately we were able to 
replace the benchtop function generator with control signals produced by the myRIO board for the 
purposes of cycling the capacitor. The benchtop function generator produced a 0-10V square wave, and 
the myRIO’s digital IO pins operate at 3.3V, so a second set of BJT transistors were used as level shifters 
to increase the myRIO’s square waves from 3.3V to 12V to ensure that the power BJTs that charge the 
capacitor were saturated. 

The next equipment to be replaced was the benchtop power supply. Per the myRIO’s datasheet 
(Ref.3), the myRIO’s 5VDC supply pins are capable of delivering 100mA, significantly less than the 155mA 
required to cycle our 0.33µF capacitor. Therefore we created a jumper that connected in between the 
myRIO and its own power supply, which provided unregulated 12VDC at >1A to our circuit. Two L7805CV 
voltage regulators then converted this voltage to 5VDC, which could be used to charge our test capacitor. 
Several large stiffening capacitors were also added to minimize voltage fluctuations (Fig.3). 

 

Figure 3: Cycling the Test Capacitor using the myRIO Board 

Ch1/yellow = Vcc, Ch2/light blue = GPIO control signal, 
Ch3/magenta = amplified control signal, Ch4/dark blue = capacitor voltage 

Eliminating the benchtop multimeter was simple, as in the fully automated experiment its only 
purpose would be to measure analog voltages representing temperature. Therefore we simply connected 
the LM35 temperature sensor to the myRIO’s ADC input. At this point we also realized that it was 
important to measure ambient temperature as well, so that the capacitor/ambient difference could be 
established. Therefore a second LM35 measuring ambient temperature was connected to the myRIO’s 
ADC input. 
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The final component to be automated was the measurement of capacitance by time constant. To 
accomplish this, we modified our cycling circuit so that the two power BJTs were driven by separate GPIO 
pins, so that in addition to “charge” and discharge”, we had the additional option of “isolate”, where the 
test capacitor’s high pin is connected to neither Vcc nor ground. We then connected a pulldown resistor to 
the test capacitor so that when placed in isolation mode, the capacitor would drain slowly as an RC circuit. 
The myRIO was then programmed to interrupt its charge/discharge cycle periodically, to place the test 
capacitor in isolation mode and measure its voltage decay, producing the time constant required to 
calculate capacitance. 

 

Figure 4: Fully Automated Cycling and Analysis Circuit Schematic 

 

Table 1: Circuit Components 

R1, R2 1kΩ  T1, T2 P2N2222A  IC1, IC2 L7805CV 

R3 300kΩ  T3 TIP31A  IC3, IC4 LM35 

C1 0.33µF  T4 TIP32A    

C2, C3 6800µF       
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Figure 5: Fully Automated Cycling and Analysis Circuit 

This fully automated test circuit performs all of the desired actions for ageing and evaluating the 
electrolytic test capacitor (Fig.4,5), provided an adequate software program to control it. We created a 
two-layer realtime program that runs entirely on the myRIO board, allowing the myRIO to continue the 
experiment for weeks at a time without being connected to a control computer. The lower level of the 
program runs on the board’s FPGA and produces the required control signals and collects the required 
analog voltages. The higher level of the program schedules the experiment, switching between 
charge/discharge and isolation control signals as needed and filtering and processing incoming analog 
voltage data, converting it into temperature and capacitance values (Fig.6). Capacitance and temperature 
are measured every 30 seconds, with results averaged to produce values that are recorded every 30 
minutes (Fig.7). 

 
Figure 6: myRIO Control Program, High-Level (realtime) Backend 
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Figure 7: myRIO Control Program, High-Level (realtime) Frontend 

 note high-frequency cycling patterns at beginning and end, and slow RC discharge in middle 

This test setup is not without limitations. The greatest difficulty encountered is related to reading of 
analog voltages. The myRIO has twelve analog input pins on three different headers, but all of these pins 
lead to one large ADC chip. As a result, there is significant interference between analog signals, especially 
when they fluctuate at different frequencies, as is the case with our smooth temperature readings and our 
quickly fluctuating capacitor voltage. Temperature signals included significant noise components at 
100kHz (cycling frequency). Analog filter circuits were tried and tested, but it was found that statistical 
filtering in software was much more effective at de-noising our results. For higher quality results, it would 
make sense to use separate ADCs for each channel, or at least one separate ADC for capacitor voltage. 
Additionally, there seems to a peculiar type of coupling between the two temperature readings, where they 
are roughly mirror images of each other. Additionally, ambient temperature reads far above what is 
expected. When ambient temperature was actually 21-22C, our LM35 indicated 30-31C. We believe this is 
due to ADC channel coupling, temperatures read as expected when they are connected individually. 

Ideally, the capacitor charge/discharge circuit should be completely electrically isolated from the 
analog voltage measurement circuit. This could be accomplished by measuring capacitor voltage using a 
standalone ADC, the digital output of which is passed through an optocoupler to the myRIO. This would 
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mostly separate the grounds of the myRIO and the cycling circuit, as the myRIO has its own onboard 
power conditioning circuitry. 

Operating Procedure 

1. Connect the project board to Port A of the myRIO board. Connect the 12V jumper in between the 
myRIO’s 12V input and its 12V power supply. 

2. Energize the myRIO board. The experiment program will run automatically after ~20 seconds, as 
indicated by oscillating LEDs. 

2. As desired, connect the myRIO to a PC with LabVIEW installed, run LabVIEW and connect to the 
myRIO board, and read collected data front the realtime program front panel. 

Apparatus #3: Capacitor Sensing Circuit 

Real Capacitors 

 

Figure 8: Fishbone diagram of failure mechanisms in aluminum electrolytic capacitors (Ref.4) 

Although we have had some experience with idealized capacitors, it was not clear what would 
happen as a real electrolytic capacitor aged.  An accelerated aging experiment was performed to 
investigate what might happen to a capacitor operating under non-ideal conditions.  Taking cues from the 
fishbone diagram (Fig.8), a capacitor was intentionally damaged and subjected to conditions outside 
recommended operation.  The Bode plot of a circuit containing the test capacitor was then compared to 
that of the same circuit, but with the test capacitor replaced by one which had not undergone this process.  
From this exercise, it was clear that AC current of varying polarity would impact the near-term behavior of 
an electrolytic capacitor.  It was also clear that the capacitor under test showed a battery-like behavior, 
which is well known and referred to as soakage or dielectric absorption (DA).  Also clear was the 
dependence of capacitive behavior on frequency in both the test and control cases: capacitors behave like 
inductors at high frequencies. 
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DA is sometimes included in elaborate models of real capacitors (Ref.2), but other models do not 
include it.  Since the time constants of DA tent to be much larger than AC cycle times and on the 
assumption that symmetric charging and discharging would allow the thermodynamic result of traversing 
a dielectric hysteresis loop to be captured by resistive parasitics, which are also lossy, the latter type of 
model was used in this design. 

The effects of equivalent series resistance (ESR), which is included in many, if not most, models of 
real capacitors, may be mitigated somewhat by excitation with stiff current, rather than constant voltage.  
This is because with constant current, the underlying capacitor sees the same current regardless of the 
ESR value.  Typical ESR is of the order of dozens of milliohms (even after increasing with age); well below 
what might be detectable in the presence of much larger circuit resistances with the lab equipment and 
technique available.  Equivalent series inductance (ESL) can be ignored, because the frequencies 
impressed upon the capacitor are low, by design.  The remaining parasitic, leakage resistance, decreases 
with age.  It was not measured in the design, but might be inferred from graphs taken from oscilloscopes 
if it could only be separated from DA. 

Sensor Choice 

For this activity, we use only items found in the mechatronics labs and material at the level of the 
class lectures to populate up to three breadboard row-pairs with such materials (the power resistor can be 
thrown on top).  As frequency is very easy to measure outside the sensor, the calibrated sensor outputs 
only pulses, whose frequency is directly proportional to capacitance via 𝐼𝑑𝑡 = 𝑑𝑞 = 	𝐶𝑑𝑉.  By accumulating 
pulses over a large gate interval, very precise values of frequency can be obtained.  Precision along with 
stability are the keys to detecting changes in the capacitor’s degradation state.  Accuracy is less of a 
concern in this proof of concept. 

Measurement of Physical States 

For the purposes of this design, the control volume includes a capacitance that is decreasing with 
age and some lossy elements.  Across the boundary of this volume flow voltage V, current dq, “heat” dQ 
and entropy dS.  Note that this assumes no work is done on or by the volume as pressures and volume 
changes are small.  This is consistent with the enclosure of the capacitor in a rigid can.  Also, within this 
assumption is another: no material crosses the control volume boundary.  This means that the capacitor 
will not be stressed to the point of explosion or venting and that no electrolyte will be lost to the 
atmosphere over the course of the degradation test, which could last thousands of hours.  In addition, 
recall that chemical changes and other physical effects such as DA are folded into other effort and flow 
regimes in this design. 

As alluded to earlier, temperature T, the conjugate of entropy, may be measured by a wide variety of 
accessible techniques.  An available, simple to use and reasonably accurate is the LM35 (Ref.5).  This is 
the temperature sensor being used in the main project deliverable. 

Although a variety of excitations were considered, such as square wave voltage (in some senses the 
simplest) and sine wave with direct and quadrature components retained (in the spirit of impedance 
spectroscopy and lock-in amplifiers: most complex), piecewise constant current was chosen.  This choice 
calibrated away current measurement.  Also, by using voltage triggers to shift current state, voltage could 
also be calibrated.  Given the three unknown parameters in the simplified model, ideal capacitance, ESR 
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and leakage resistance, and the smallest number of current states for charging and discharging sources for 
six current values were incorporated into this now mixed signal design. 

The charge and discharge currents were paired to be equal and opposite as were the trigger 
voltages.  This means that 𝑑𝑡 in the equation above is half the period of the frequency of triangular voltage 
oscillation (in the ideal capacitor case).  An SR latch recorded the charge and discharge state. 

Detailed Design 

 

Figure 9: Capacitance Sensor Schematic 

The overall design methodology was to A) populate the block diagram to a minimally adequate level 
of detail; B) with knowledge of the kinds of components available in the labs and how to fill a breadboard, 
draft a schematic in Multisim; C) simulate the subsystems in the schematic independently, selecting 
component values along the way; D) integrate the subsystems into a whole in simulation; E) build the 
subsystems while testing and integrating.  It turns out that the entire schematic would not “converge”.  
This may have been due to its mixed signal nature or to inadequate default SPICE parameters.  
Fabrication proceeded nonetheless. 
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Table 2: Current Control Logic 

m0 0 1 0 1 0 1 0 1 

m1 0 0 1 1 0 0 1 1 

latch 0 0 0 0 1 1 1 1 

command (mV) 0 -50 -100 -150 0 50 100 150 

The latch state (1=charge) and current command switch states (m0 and m1, 0=low) are converted to 
the current command voltage according to Table 2.  This conversion takes place in the switching logic, the 
DAC and the current command shifter. This means that if both switches are low, then the command is 0V, 
which is appropriate for inadvertent disconnection.  The command control loop interprets the current 
command with a transconductance of 1mho.  For example, a 50mV command results in 50mA controlled 
through the sense resistor.  The comparators cause the latch to toggle when the voltage across the 
capacitor under test crosses either of the voltage trigger thresholds.  The hysteresis of the comparators is 
provided by the latch. 

Datasheets for active devices (all those selected and many more that were not) were used 
extensively and many more decisions than can be documented here were made.  One unanticipated design 
issue was the input common mode constraint of the LM339 comparator.  This was resolved by remapping 
dynamic capacitor and trigger voltages from -15V~+15V to 0.5V~2.5V before presentation to the 
comparators. 

During testing, it was discovered that the component values discovered during tuning of the PI 
current controller in-silico needed revision.  Even though essentially no trimming was done the circuit 
was put to work with little revision. Another discovery was the presence of oscillations in the current 
command.  This was remediated by adding capacitance in the DAC feedback. 

Thermal and power supply stability was considered beyond taking voltage references off a Zener 
diode, but since this circuit is a proof of concept built from components that are almost obsolete from the 
industrial point of view, these stabilities were not addressed extensively.  However, values read from the 
circuit were seen to stabilize after a few hours as shown in Error! Reference source not found.. 

As a matter of safety, the power supply to the current driving circuit is clamped to 200mA on both 
positive and negative going rails.  Heat sinks remain on the power transistors used to develop and test 
these sub-circuits as do other items added during test such as the wires for DAC input sensing.  Color 
coding of wires was used to aid troubleshooting and maintenance.  In addition, component positioning 
actively discouraged shorting of leads. 
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Figure 10: Complete Sensor 

Operating Procedure 

 

Figure 11: Test Rig before Current Amplification, Calibration Artifact is 10.00µF 
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Without a detailed fabrication drawing, hookup of the circuit will be illustrative only (Fig.11).  
Power to the digital section (including comparators) is 0-5Vdc.  Power to the analog section is +=15Vdc.  
These are available from Elvis.  In this circuit, propagation delay limits capacitors under test to above 
470nF.  This limitation results in the highest frequency being about 6kHz.  In addition to the absence of 
digital switching without analog cause, digital and analog grounds were mixed.  (This will need 
reconsideration if the circuit components are improved (e.g., dedicated DAC, faster comparator, “better” 
op amps) or if the circuit goes to PCB.)  The ground is taken from Elvis, also.  The open collector pulse 
output can be taken from the 4N32 isolated rail to any appropriate pulse counting system such as 
Controllogix/Allen Bradley PLC, myRIO, Labjack or Arduino.  For example, the rig photograph shows 
pulses being counted remotely my Arduino over cat5.  For a short code to capture the pulse data as well as 
the hookup for monitoring by oscilloscope, please contact the designer. 

For calibration, obtain 𝑑𝑉 by measuring Vp-p across any capacitor within measurement range, 
470nF ~1000uF, as in the next paragraph; obtain 𝐼 by shorting the capacitor with an ammeter.  
Differences between the absolute values of 𝐼 and −𝐼 are due to offsets that may be addressed in the future.  
Although the circuit provides constant current, it can handle opens as well as shorts at the test capacitor 
port by design. 

To take a measurement, place a capacitor with one lead in hole A48 of the breadboard with the 
heatsinks and the other lead in the red rail on the outside of the same breadboard.  The polarity of lead 
placement does not matter, of course.  Arrange for a ground on the blue rail perpendicular to all the 
others, and a 4N32 compatible pullup (say to 5V with 100ohms) on the parallel red rail.  A pulse train (0.9 
~ 5V if configured as described) should then be available between these rails and multiple devices may be 
able to read from them, depending on the details of your pullup configuration.  The current can be 
selected from among 0mA, 50mA, 100mA and 150mA by dividing the desired current by 50mA, 
converting the quotient to a 2-bit binary number, and configuring the device by toggling switches 
representing this number.  The switch input is TTL compatible and actually interfaces 7400 series logic.  
Later versions may replace this logic by a microcontroller. 

For component replacement and upgrade, please consult the as-built schematic or the designer. 

As the sensor is not housed, store away from dust, spills and disturbances such as animals or 
children. The sensor is intended to be disposed in an environmentally sensitive manner consistent with 
local regulations. 
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Results 

 

Figure 12: Capacitor Capacitance versus Capacitor Age 

 

Figure 13: Capacitor and Ambient Temperatures versus Capacitor Age 
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After operating our multiple test circuits and cycling our test capacitor for a total of approximately 
twelve days (9.1×1010 cycles), we have collected data that partially matches our expectations (Fig.12,13). 
Capacitor capacitance remains constant at approximately the rated value of 0.33µF. Capacitor 
temperature varies widely and randomly between 30C and 70C. It did not occur to use to collect ambient 
temperature at first, and so this data is not available until we switched to the myRIO circuit at 8×1012 
cycles, after which point is relatively constant at ~30C. 

 

Figure 14: Test wave forms for 10.00µF 50mA case 

yellow=current command, green=capacitor voltage, 
voltage trigger values shown at -10.5V and 10.6V, oscillation at 117.21Hz 

 

Figure 15: Capacitance Sensor Sample Data, Inverse Frequency versus Time 
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Figure 14 shows typical behavior of the sensor.  An Arduino UNO was also used to count pulses 
within 10second gate intervals.  The Arduino code is available, but not included here.  Sample data is 
shown in Figure 15. The results show that the method is feasible, but much more trimming is needed for 
accuracy.  For example, in the case shown in the graph, the frequency was expected to be 

𝑓 = -
./0

= 1234
.×62.2278×(62.:;62.1)0

= 118𝐻𝑧  

The oscilloscope trigger counter shows 117Hz. Patents for similar sensing techniques are given in the 
references.  

Discussion 

We observe no change in capacitor capacitance during our twelve-day experiment. Throughout 
9.1×1010 cycles it remains constant at ~0.33µF. This meets our expectations perfectly. Celaya observed a 
decrease of 1% after 8.5×1012 cycles. Our capacitor appears to be young and healthy still, and we would not 
expect to see a consistent, visible decrease in capacitance for perhaps ten or twenty more weeks of cycling. 

Strangely, our temperature readings exhibit no clear pattern, varying randomly across a 40C range. 
There are several possible reasons for this. Originally, we thought that our capacitor experienced a “burn 
in” phase during the first two days, where its temperature was >60C. It was believed that during this 
initial period the new capacitor would “settle” from its original manufactured state to a mature operating 
state. However, this is more likely explained by a change in experiment configuration. Although signs 
were positioned around our circuit instructing bystanders not to touch, several times we found that 
buttons had been pressed on our power supply and function generator, changing voltages and 
frequencies. It is likely that when we reset our benchtop equipment, we set it to different parameters than 
before, thus changing the power dynamics inside our circuit and producing different operating 
temperatures. There was a second noticed interruption in our experiment at ~6×1010 cycles, where our 
capacitor temperature jumped from ~40C to ~55C. Again, it is believed that we adjusted our function 
generator to different parameters than before. At this point, we see that capacitor temperature is a 
relatively constant 4-5C above ambient. We expect that this difference would increase with capacitor age, 
as was seen by Celaya. 

As mentioned previously, the greatest improvement that could be made to our cycling circuit would 
be the addition of separate ADCs for at least capacitor voltage, and perhaps for the two temperature 
sensors as well. Presumably this would eliminate the cross-talk noise that we observed in all of our analog 
readings. Additionally, in order to see greater change in capacitor parameters, it would be useful to 
increase cycling speed further, at least 10-100x faster. This would require the use of different hardware, 
including more powerful power supplies and faster-switching transistors that are designed for radio-
frequency operation. 

We hoped we would be able to integrate our capacitor sensor into our cycling circuit, but we did not 
have sufficient time. Ideally we would have created a system in which the myRIO could periodically 
measure capacitance via time constant and then again using our sensor, comparing the results of the two. 

Conclusions 

For this assignment we designed and constructed an apparatus to age and monitor the ageing of an 
electrolytic capacitor. Ageing was accomplished by charging and discharging the 0.33µF capacitor 
between 0V and 5V at 100kHz, and periodically measuring its capacitance and its temperature relative to 
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ambient. We began this process using benchtop function generators, power supplies, multimeters, 
oscilloscopes, simple amplifier circuits, and integrated circuit temperature sensors. One by one, these 
tools were replaced with custom circuitry and control software connected to a myRIO control board. By 
the end of the experiment, fully automated cycling and measurement could be performed by the myRIO 
board on its own. The most significant obstacle encountered was cross-talk between analog input 
channels. All analog inputs on the myRIO feed into a single ADC, and thus components of every signal 
could be seen in every signal. For future work, it would be advantageous to use separate ADCs for separate 
channels.  

After twelve days of cycling (9.1×1010 cycles), no change in capacitance was observed. This matched 
our expectations, based on previous work wherein a decrease in capacitance of 1% was observed after 
8.5×1012 cycles. Our temperature readings fluctuates widely, though it is believed this was due to mistakes 
in hardware configuration, not due to any change in capacitor behavior. 
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