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Figure 1. Operation of a Free-Piston Stirling Convertor [1] 
 

1.2  History [2] 

 The stirling engine was invented by Reverend Robert Stirling and patented by him in 

1816. The main subject of the original patent was a heat exchanger which Reverend 

Stirling called the economiser. The economiser enhanced the fuel economy in a variety of 

applications. The patent also described in detail the employment of one form of the 

economiser in air engine. This application is now known as the regenerator. An engine 
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Figure 84 represents the output of the current sensor. The output of the current sensor 

is 2.06 V with a 5 ohm load. As the load decreases, the output of the current sensor 

increases.  

           Time

0s 50ms 100ms 150ms 200ms 250ms 300ms 350ms 400ms 450ms 500ms
V(SENSOR)

0.8V

1.2V

1.6V

2.0V

2.4V

2.8V

3.2V

 
Figure 84. Constant Power Circuit Current Sensor Output  

 
Figure 85 represents the output of the multiplier. The output of the multiplier is 2.5 V 

with a 5 ohm load. The output of the multiplier is scaled based on the current through the 

load and the voltage across it. The output of the multiplier is compared with the 2.5 V 

reference on the non-inverting terminal of the op-amp.  
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Figure 85. Constant Power Circuit Multiplier Output 

 
Figure 86 represents the output of the op-amp. The output of the op-amp with a 5 

ohm load is 0.568 V. This indicates that the difference between the multiplier output and 

the voltage reference is minimal. As the difference between the multiplier output voltage 

and 2.5 V reference on the op-amp increases, the op-amp reaches its rail voltage. The 

output of the op-amp is at plus or minus rail based on the multiplier output voltage.  
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Figure 86. Constant Power Circuit Op-Amp Output  
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Figure 87 represents the trim voltage of the DC-DC converter. The maximum trim 

voltage is 1.225 V. This voltage is reached when the output of the converter is 28 V. The 

trim voltage of the constant power circuit is 1.03 V with a 5 ohm load. This trim voltage 

indicates that the DC-DC converter was adjusted above 24 V but did not reach 28 V. As 

the load decreases, the trim voltage increases to 1.225 V at a maximum.  
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Figure 87. Constant Power Circuit Trim Voltage  
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Figure 88 represents the current produced by the load. The 5 ohm load current is 5.16 

A.  
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Figure 88. Constant Power Circuit Current  

 
3.6  Constant Power Bench Test 
 

A bench test was performed on the constant power circuit to verify that the 

simulations in PSpice accurately described the operation of the circuit.  

 
3.6.1  Equipment 
 

The following equipment was used for the constant power circuit bench test: 

Breadboard, Tektronix TDS3054 Oscilloscope, Dale 10 ohm load, Agilent 34401A 

multimeter, BK Precision 1760A DC Power Supply, Mastech HY3005C DC Power 

Supply, Fluke 77 multimeter, Fluke 87V multimeter, Fluke 76 multimeter.  

 
3.6.2  Procedure 
 

The constant power circuit was built up on a bread board according to Figure 81. The 

circuit was tested with a 10 ohm load. At 28 V this load produces 2.8 A of current. The 
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output of the DC-DC converter, output of the multiplier, output of the current sensor, 

output of the op-amp, and trim voltage were monitored on both multimeters and 

oscilloscopes.  

3.6.3  Results 
 
 The circuit operated correctly and the waveforms were similar to those obtained 

through simulation in PSpice. Table VII displays the bench test data of the constant 

power circuit with a 10 ohm load. It should be noted that instrument error was not 

considered during experimental testing. 

Load 
(ohms) 

Vin 
(DCV) 

Vref 
(DCV) 

DC-DC Out 
(DCV) 

Multiplier Out 
(DCV) 

Trim 
(DCV) 

Out Current Sensor 
(DCV) 

Current 
(A) 

10 20.0007 1.5 27.95 1.14 1.1171 1.0489 2.66 
Table VII. Constant Power Circuit – Bench Test Data 

Figure 89 represents the output voltage of the DC-DC converter with a 10 ohm load. 

The output is 27.95 V. 

 

Figure 89. Constant Power Circuit Bench Test -DC-DC Output Voltage 
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Figure 90 represents the output of the multiplier with a 10 ohm load. The output of 

the multiplier was 1.14 V. 

 

Figure 90. Constant Power Circuit Bench Test – Output of Multiplier 

Figure 91 represents the trim voltage on the DC-DC converter with a 10 ohm load. 

The trim voltage was 1.12 V. The trim voltage changes as the load increases and 

decreases. The maximum trim voltage is 1.225 V. This is set by the internal circuitry of 

the DC-DC converter.  
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Figure 91. Constant Power Circuit Bench Test – Trim Voltage 

Figure 92 represents the output of the current sensor with a 10 ohm load. The output 

of the current sensor was 1.05 V.  

 

Figure 92. Constant Power Circuit Bench Test- Current Sensor Output 

 



 

CHAPTER IV  
 

LI-ION BATTERY CHARGER 
 
 

The battery charger will be used to charge the Li-ion batteries. When the load 

increases and the stirling convertors are at maximum power, the batteries will supply the 

additional power needed by the load. Li-ion batteries require a specific charging scheme 

to operate effectively.  

4.1  Lithium Ion Battery 
 

The lithium ion cells are a high energy Lithium-ion chemistry that utilizes a mixed 

metal oxide cathode material and a graphitic intercalation anode. They have an organic 

solvent-based electrolyte with an inorganic lithium electrolytic salt. Lithium ion 

chemistry provides a much higher energy density and specific energy than other systems. 

The tolerance of a lithium ion battery is ± .05V/cell. 
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4.2  Charging Technique 
 

A taper charge, constant voltage charge, with C/50 limit will be used to charge the 

Lithium ion batteries. The C refers to the capacity of the battery in Amp Hours (AH).  

The capacity of the battery is 55 AH. Based on the specifications in [4], the charger has a 

voltage limit of 4.1V/cell, a maximum charge current of C/5, a charge cutoff of C/50. 

Since there are 8 cells then charger voltage limit is equal to 32.8 V, charger current limit 

is equal to 3.5 A, and charger cutoff current is equal to 1.1 A. The charger will use a 

constant voltage, a current limit, and turn off when the current falls below 1.1 A. full 

charge is reached after the voltage has reached the upper voltage threshold and the 

current has dropped and leveled at 1.1 A. So, battery voltage rises slowly during the 

charge eventually the current tapers down, and the voltage rises to a float voltage level of 

4.1 V/cell.  

No trickle charge is used because the Li-ion battery is unable to absorb overcharge. 

Trickle charge could cause plating of metallic lithium, a condition that renders the cell 

unstable. Li-ion batteries are designed to operate safely within their normal operating 

voltage but become increasingly unstable if charged to higher voltages. Overcharging can 

also cause the cells to heat up.  

4.3  Battery Life 

Battery life can be improved by limiting the time at which the battery stays at 4.1 

V/cell. Prolonged high voltage promotes corrosion, especially at elevated temperatures.  
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4.4  Design Process 
 
4.4.1  First Step 
 

At first, the battery charger was implemented with block diagrams. The block 

diagram can be viewed in Figure 93. Similar to the design process of the constant power 

circuit, the blocks were used to gain insight into the logic behind the battery charger. It 

was determined that the battery charger would require circuitry to limit the charge 

voltage of the battery and control the charge current. The Li-Ion battery charger must be 

turned off when the current reaches 1.1 A in order to prevent damage to the batteries. A 

block was implemented to designate this requirement. Based on experience from the 

constant power circuit, it was known that a DC-DC converter would be suitable for 

controlling the charge current and limiting the charge voltage.   

Voltage Limit Current Limit

DC-DC
Converter

Controller

Lithium Ion 
Battery

Trim

Current
Sensor Switch

Current Limit
End of Charge

 
Figure 93. Battery Charger First Step 

 
4.4.2  Second Step 
 

Each block was considered as to find a component that would perform that operation 

in the block. The charge voltage can be limited by placing an adjustable resistor on the 

trim pin of the DC-DC converter. This was known based on the DC-DC converter test 

performed. This was discussed in Section 4.1. The charger current was controlled by an 

error amplifier. The output of the DC-DC converter adjusts to control the voltage at 3.5 
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A. An error amplifier is used to compare the actual current as measured by the current 

sensor to a reference voltage. This reference voltage is calculated as follows:  

 

V
VA

Areference 4.1
/5.2

5.3
==  

 
When the current draw from the battery decreases, the transistor becomes an open 

circuit and the adjustable resistor is activated limiting the charge voltage to 32.8 V. The 

battery specifications limit a charge voltage to 4.1 V/cell. The battery has 8 cells giving a 

32.8 V charge voltage. The vpulse component in PSpice was used to simulate the battery. 

This component simulates a battery effectively because it changes as a ramp function. 

The resistor in series with this component is used to represent the current draw of the 

battery.  
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Figure 94. Battery Charger Second Step 

 
4.4.3  Final Design 

Figure 95 displays the final design of the battery charger. The final design includes 

the cut off circuit. The cut off circuit is designed to disconnect the battery from the 

battery charger when the current decreases to 1.1 A. A signal from the output of the 
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current sensor is connected to the non-inverting terminal of the op-amp. The op-amp 

compares the output of the current sensor with 0.44 V. The output of the current sensor is 

measured in voltage. A voltage of 0.44 V at the output of the current sensor is equivalent 

to 1.1 A. Initially, a push button must be pressed to energize the relay. Many options 

were considered to energize the relay such as a flip-flop or timer. However, the push 

button was the most efficient. The relay is connected between the current sensor and the 

battery. The relay is connected normally open. When the relay is energized then the 

switch is closed. When the relay is not energized then the switch opens. The op-amp is 

connected as a comparator so that the output of the op-amp is either at the positive or 

negative rail. This signal is sent to the base of the transistor which is used to energize or 

de-energize the relay.  
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Figure 95. Battery Charger Final Design 
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4.5  Simulation Results 
 

The battery charger was simulated in PSpice with a 5 and 25 ohm load. The cut off 

circuit of the battery charger was not simulated. The relay used in the design does not 

have a PSpice model and simulating a relay in PSpice is not reliable. The cutoff circuit 

was bench tested.  

Figure 96 represents the PSpice simulation of the output of the DC-DC converter with 

a 25 ohm load. The output of the DC-DC converter is 32.806 V. The potentiometer is set 

so that the maximum output voltage of the DC-DC converter is 32.8 V. This voltage 

corresponds to the maximum charging voltage of the batteries. As the current draw of the 

battery decreases below 3.5 A the output of the DC-DC converter increases.  

           Time

0s 50ms 100ms 150ms 200ms 250ms 300ms 350ms 400ms 450ms 500ms
V(HF:IN+)

10V

20V

30V

40V

50V

 
Figure 96. Battery Charger Simulation – Output of DC-DC Converter 

 
Figure 97 represents the output of the DC-DC converter with a 5 ohm load. The 

output of the DC-DC converter was 17.501 V. The output of the DC-DC converter 

decreases as the load increases in order to maintain the current at 3.5 A.  
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Figure 97. Battery Charger Simulation – Output of DC-DC Converter - 5 ohm load 

  
Figure 98 represents the simulation of the output of the current sensor. The output of 

the current sensor was 0.524979 V with a 25 ohm load. 
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Figure 98. Battery Charger Simulation – Output of Current Sensor – 25 ohm load 
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Figure 99 represents the simulation of the output of the current sensor with a 5 ohm 

load. The output of the current sensor was 1.4 V.  
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Figure 99. Battery Charger – Simulation – Output of Current Sensor – 5 ohm load 

 
Figure 100 represents the simulation of the trim voltage. The trim voltage was 0.306 

V with a 5 ohm load. The trim voltage will increase as the output of the DC-DC converter 

increases and will increase above 1.225 V due to the potentiometer.  
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Figure 100. Battery Charger Simulation – Trim Voltage 5 ohm load 
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Figure 101 represents the simulation of the trim voltage with a 25 ohm load. The trim 

voltage was 1.65 V 
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Figure 101. Battery Charger Simulation – Trim Voltage – 25 ohm load 

 
Figure 102 represents the simulation of the current with a 25 ohm load. The current 

was 1.31 A. 
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Figure 102. Battery Charger – Simulation- Current with 25 ohm load 
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Figure 103 represents the simulation of the current with a 5 ohm load. The current 

was 5 A. 
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Figure 103. Battery Charger – Simulation – Current with 5 ohm load 

 
4.6  Battery Charger Bench Testing  
 

A bench test was performed on the battery charger to verify that the simulations in 

PSpice accurately described the operation of the circuit.  

4.6.1  Equipment 
 

The following equipment was used during the bench test of the battery charger: 

breadboard, Tektronix TDS3054 Oscilloscope, Hewlett Packard 6060B DC Electronic 

Load, Agilent 34401A multimeter, Kikusui PAD Regulated DC Power Supply, BK 

Precision 1760A DC Power Supply, Mastech HY3005C DC Power Supply, Fluke 77 

multimeter, Fluke 87V multimeter, Fluke 76 multimeter. 

4.6.2  Procedure 
 

The battery charger was built up on a bread board according to Figure 87. The cutoff 

circuit was tested separately from the current control and voltage limit portion. The 
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circuit was tested with a DC electronic load. The load was changed between 4-20 ohms. 

At each of these loads, the output of the DC-DC converter, trim, current and output of the 

current sensor were monitored with multimeters and an oscilloscope.  

4.6.3  Results 
 

Table VIII represents the data obtained from each of the four multimeters at 5 load 

values. It should be noted that instrument error was not considered during experimental 

testing. 

VIN (DCV) Load (ohms) 
Current Sensor Out 

(VDC) 
Current 

(A) 

DC-DC 
Converter Out 

(VDC) 
Trim 

(VDC) 
19.941 20 0.6508 1.609 32.48 1.546 
19.941 15 0.8478 2.124 32.47 1.5217
19.941 10 1.2386 3.134 32.62 1.4768
19.941 8 1.3627 3.451 29.21 1.183 
19.941 5 1.396 3.513 19.22 N/A 

Table VIII. Battery Charger Bench Test Results 

Table IX represents the bench test data taken with a 5 and 25 ohm load. These values 

can be used to compare the PSpice simulations with the bench test data.  

Load 
(ohms) 

Input 
Voltage 
(DCV) 

Trim 
(V) 

DC-DC 
Output 

(V) 

Load 
Current 

(A) 
Sensor 

(V) 
25 19.603 1.5916 32.8 1.286 0.502 
5 19.603 0.3318 19.44 3.478 1.369 

Table IX. Experimental vs. Simulation Operation  

The cutoff circuit was tested. The relay opened (disconnected the battery) when the 

current was at 1.1 A. The relay was closed when the current was greater than 1.1 A.  
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Figure 104 represents the DC-DC output voltage with a 5 ohm load. The output 

voltage is 19.44 V.  

 

Figure 104. Battery Charger Bench Test – DC-DC Output Voltage – 5 ohm load 

Figure 105 represents the output of the current sensor with a 5 ohm load. The output 

of the current sensor was 1.369 V.  

 

Figure 105. Battery Charger – Bench Test – Output of Current Sensor – 5 ohm load 
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Figure 106 represents the trim voltage with a 5 ohm load. The trim voltage was 0.33 

V.   

 
Figure 106. Battery Charger – Bench Test – Trim Voltage – 5 ohm load 

 
 

Figure 107 represents the DC-DC converter output voltage with a 25 ohm load. The 

DC-DC converter output voltage was 32.8 V. This would be expected with a 25 ohm load 

because the current is decreasing and the voltage limit portion of the circuit is performing 

to maintain the charge voltage at 32.8 V.   

 
Figure 107. Battery Charger – Bench Test – DC-DC Converter Out – 25 ohm load 
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Figure 108 represents the trim voltage with a 25 ohm load. The trim voltage was 1.59 

V because the DC-DC converter output is increasing to maintain the charge voltage. 

 
Figure 108. Battery Charger – Bench Test – Trim Voltage – 5 ohm load 

 
Figure 109 represents the output of the current sensor with a 25 ohm load. The output 

of the current sensor was 0.5 V.  

 
Figure 109. Battery Charger – Bench Test – Output Current Sensor – 25 ohm load 
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4.6.4 Summary 
 

The data in Table VIII and Table IX verifies that the battery charger current control 

and voltage limit are operating correctly. The current is controlled when the current 

sensor output is at 1.4 V or above. This indicates that the battery is drawing less than 3.5 

A. When the battery is drawing less than 3.5 A the battery is charging and the voltage 

limit circuit is operating. As indicated in Table VIII the DC-DC converter output voltage 

is 32.5 V when the current is less than 3.5 A. The PSpice simulations with a 25 and 5 

ohm load match the bench test results.  
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CHAPTER V 
 

 SYSTEM INTEGRATION 
 
 
5.1  Constant Power Circuit Pspice Integration 
 

Figure 110 represents the constant power circuit integrated with the controller. 
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Figure 110. Integration of Constant Power Circuit and Linear AC Regulator 



 

Figure 111 represents the output power of the DC-DC converter, input power of the 

linear AC regulator, DC-DC converter output voltage, and the DC output of the linear AC 

regulator. The power output of the linear AC regulator is 138.57 W and the constant 

power circuit maintains this power at 131.19 W even if the load demand increases. The 

figure below verifies that the constant power circuit is operating correctly and is 

compatible with the linear AC regulator. The DC output voltage of the linear AC 

regulator is 19.342 V. The output of the DC-DC converter is 25.65 V.  
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Figure 111. Simulation of Constant Power Circuit and Linear AC Regulator 

 
5.2  System Integration Bench Test 
 

The purpose of the system integration bench test is to verify that the constant power 

circuit and battery charger operate together properly.  

5.2.1 Equipment 
 

The following equipment was used for the integration bench test: breadboard, 

Tektronix TDS3054 Oscilloscope, Hewlett Packard 6060B DC Electronic Load, Agilent 

34401A multimeter, Kikusui PAD Regulated DC Power Supply, BK Precision 1760A 
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DC Power Supply, Mastech HY3005C DC Power Supply, Fluke 77 multimeter, Fluke 

87V multimeter, Fluke 76 multimeter. 

5.2.2 Procedure 

The integration test was set up according to Figure 7. The DC electronic load was 

placed between the two diodes in Figure 7 where it reads Rover World Power Bus. The 

Li-ion battery was represented by a DC power supply. To start, the voltage reference on 

the constant power circuit was changed to meet different power demands. The voltage 

reference was set to 0.75 V, which allows maximum power at 15 ohms. The voltage 

reference was also set to 1.12 V, which allows a maximum power at 10 ohms. Once the 

voltage reference was adjusted then the DC power supply voltage was adjusted to 

represent the voltage of a Li-ion battery. This voltage must be set below the maximum 

constant power circuit output voltage. The DC electronic load was set for resistances 

from 7-15 ohms. When the DC power supply started drawing current, this represented the 

Li-ion batteries supplying additional power to the load.  

5.2.3 Results 

Table X represents the integration test data with a constant power circuit reference 

voltage of 0.75 V. This set point limits the current to 1.399 A for a 20 ohm load.  

A
VA
ohmsVoutsensor 399.1

4/10
20/98.27_ ==  

Constant Power 
Current (A) 

Battery 
Current (A) 

Constant Power 
Voltage (V) 

Vref Constant 
Power (V) 

Load 
(ohms) 

Battery 
Voltage (V) 

Vin 
(V) 

1.3 0 27.98 0.75 20 25 19.67 
0.99 0.59 25.73 0.75 15 25 19.67 
1.86 0 25.27 0.75 15 20  19.67

Table X. Integration Test - Maximum Power at 15 ohm Load 
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Table X demonstrates that the integration of the constant power circuit and battery 

charger was successful because the battery voltage was greater than the constant power 

voltage when the battery drew current. It should be noted that instrument error was not 

considered during experimental testing. 

Table XI shows the results of the integration test at higher power. This test was 

performed with loads from 7-12 ohms. The voltage reference was set so that a maximum 

power was reached at 10 ohms. The data shows that the battery voltage was set greater 

than the constant power circuit and the battery started supplying additional power. It can 

also be seen that when the maximum power of 10 ohms was reached then the batteries 

started supplying current. Table XI confirms that the constant power circuit maintains 

maximum power when the batteries supply additional power because this table shows 

that the constant power current and voltage remain constant as the load increases and the 

battery supplies additional power to the load.  

Constant Power 
Current (A) 

Battery 
Current (A) 

Constant Power 
Voltage (V) 

Vref Constant 
Power (V) 

Load 
(ohms) 

Battery 
Voltage (V) 

Vin 
(V) 

2.09 0 27.97 1.12 12 26.529 19.67
0.91 1.5 26.57 1.12 10 26.529 19.67
0.93 2.04 26.47 1.12 8 26.529 19.67
0.98 2.37 26.44 1.12 7 26.529 19.67

Table XI. Integration Test – Maximum Power at 10 ohm Load 
 

5.2.4 Test Summary 

The integration of the constant power circuit and the battery charger was successful. 

The battery supplied additional power when the linear AC regulator reached its maximum 

power output. It also demonstrated that the diodes in the circuit operated properly 

because the batteries did not supply power unless the battery voltage was greater than the 

constant power circuit output voltage. 

 



 

CHAPTER VI 

CONCLUSION 

  

This paper discussed the design of support equipment for the ASRG simulator. The 

ASRG simulator and support equipment will be used on a lunar concept rover. At this 

time, a rover is in the process of being built. When it is completed, the ASRG simulator 

and Li-ion batteries will be used to power the rover.  

The linear AC regulator will be used to control the ASRG simulator. A survey of six 

controllers was performed in order to choose a controller that would work effectively in a 

rover application. The initial evaluation of the six controllers included voltage 

monitoring, load staging, power dissipation technique, tuning, necessity of a DC-DC 

converter, and the power factor controller. When the initial evaluation was complete, 

three controllers were eliminated. The final evaluation included efficiency, number of 

components, and stability. The linear AC controller exceeded the other controllers in all 

categories. The linear AC regulator has the highest efficiency. This is important in this 

application. Various tests were performed on the linear AC regulator including bench 

testing, integration of controller and EE-35’s, and efficiency testing.  
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A constant power circuit was designed to maintain the power at the output of the 

linear AC controller at its maximum when the batteries supply additional power to the 

load. The constant power circuit was designed and simulated in Pspice. The constant 

power circuit was bench tested on a bread board to verify that it was operating properly. 

This test also verified that the simulations in PSpice were accurate.  

The battery charger was designed for constant voltage charging. The battery charger 

also protects the batteries by controlling the charger cut off current at 1.1 A. The battery 

charger was designed and simulated in PSpice. The battery charger was bench tested on a 

bread board to verify that it was operating properly. This test also verified that the 

simulations in PSpice were accurate.  

An integration test of the constant power circuit and battery charger was performed. It 

was verified that the constant power circuit was maintained at maximum power while the 

batteries were supplying additional power. It also confirmed that the batteries supply 

additional power when the battery voltage exceeds the output voltage of the constant 

power circuit.  
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CHAPTER VII 

FUTURE WORK 

  

Plans have been made to add an adjustable resistor to the trim pin on the constant 

power circuit DC-DC converter. This will allow batteries greater than 28 V to be 

integrated into the system.  

The battery charger design may be modified to accommodate other batteries than a 

Li-ion battery. Each battery requires a specific charging method.  

The ASRG simulator and support equipment will be demonstrated on a lunar concept 

rover when the rover design is complete.  

The tolerances of the instruments used during experimental testing were not 

considered. These tolerances will be considered in the future. This will aid in explaining 

the large difference between the experimental and theoretical efficiency of the linear AC 

regulator. 
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APPENDIX 



 

APPENDIX A 
(PSpice Code for DC-DC Converter Model) 

 
The following code was written in the PSpice model editor. 
 
Rover PHA300 24V to 28V DC-DC Convertor 
* ideal spice model 
* active input and output 
* 7/30/2007 
* modified trim circuit 
* 
usage:      name  in+ in- out+ out- trim 
.subckt PAH300 1 2 3 4 5 
GIN 2 1 VALUE={((V(3)-V(4))/(V(1)-V(2)))*I(EOUT)} 
VTRIM 6 4 DC 1.225V 
EOUT 3 4 Value={22.857*(v(7)-v(4))} 
RTRIM1 6 7 1K 
RTRIM2 7 5 1k 
.ends PAH300 
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