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1. Introduction

1.1 Statement of Purpose
The IlliniSat-2 is a multidisciplinary project with the goal of designing and building a fully functional satellite to be deployed into low Earth orbit. The purpose of our project is to design and build the power board, which includes the main power converter, the batteries, and control systems and protections for those two. It also includes a method for distributing power to all other satellite subsystems by way of a series of buses at different voltage levels. The main converter will take power from photovoltaic panels and will charge Li-Ion batteries. The project is, thus, oriented to the design and control of power systems, which is an area of main interest for all the members of our team. Also, it requires the integration of our project within a larger one. This allows our project to be part of a great accomplishment: deploying a satellite into orbit. Our design will take extra considerations to prepare our product to endure the space environment.

1.2 Benefits and Features
Some attempts have been made in the past by students at The University of Illinois to design subsystems or prototypes of the power board for the IlliniSat-2 project, but none of them have successfully developed a fully functional power board. Our design includes all the systems and components necessary to draw maximum power from photovoltaic panels, safely charge the satellite’s batteries, and supply power to all other systems of the satellite.
One of the main goals of the power board is to be as efficient as possible. The goal is to build the main power converter with an efficiency over 90%. Our project is designed to be part of a specific satellite. Since only one product, or a very low number of products, will be ever built, considerations about how to make it commercially competitive may be compromised if it means an improvement in efficiency. Another key characteristic of the design is to minimize the size. Given the cost of launching a satellite into orbit, a smaller satellite is always a better option.
Our design also takes into account the unique conditions under which the satellite will operate. The satellite is expected to experience temperatures ranging from -50 C to 70 C. When in hot conditions, this creates heat dissipation issues. When in cold conditions, some subsystems may need to be protected against low temperatures. Li-Ion chemistry is particularly vulnerable to temperatures outside its optimum range, so special considerations have been taken into account to guarantee that the batteries are operating in safe conditions.
The power board also implements a maximum power point tracking (MPPT) algorithm. The power generated by the PV panels changes with the intensity of the solar radiation, orientation of the satellite, and operating temperature. The MPPT algorithm determines the optimal operating point to increase the power output of the PV panels. It is crucial to maximize the power from the panels to guarantee the batteries are fully charged when the satellite enters the night phase of the orbit.














2. Design
2.1 Block Diagrams
	[image: ]
Figure 1: Top Level Block Diagram for the Power Board
[image: \\ad.uillinois.edu\engr\instructional\kearney5\flowchart.png]

Figure 2: Basic Flowchart for the Power Board
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Figure 3: Block diagram for a basic DC-DC converter
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2.2 Block Descriptions

2.2.1 Overall Summary

Four Switch Buck-Boost Power converter: The four-switch buck-boost converter is the battery charging circuit of the power board. Its switches are driven by PWM signals from the microcontroller, boosted by gate-drive circuitry. The converter operates in either “buck mode” or “boost mode” depending on its input to output voltage ratio.
Buck Converter: The main requirement of the buck converter is to generate the 3.3V regulated output bus range from varying input of 6-8.2 V and current range of 0-2.2 A. Input and the output of the buck converter will be 8 bus lines. The  Controller used for this converter will be TPS 4300 PWM controller which is designed to drive a pair of external mosfets. The switching frequency of 1 MHz is chosen for this design.
Maximum Power Point Tracking: This algorithm, implemented on the microcontroller, ensures operation at the maximum power point of the photovoltaic cell array (or the highest power point that will charge the battery without causing a battery over-current). 
Gate Drive: Using the Linear LTC4440 High-Side Gate Driver, a small amount of power from the battery is used to reinforce PWM signals from the microcontroller to the four switch buck-boost converter to ensure that the microcontroller will not have to supply current during switching.
Microcontroller: The microcontroller to be used is the PIC18F87K22. This controller was chosen because of the compatibility of the Cubesat lab interfaces with PIC hardware, as well as its affordability, high oscillation frequency and high number of general-purpose I/O and analog-digital converters. The microcontroller will be responsible for monitoring the current at each output bus, at the battery and at the photovoltaic cells as well as the battery and cell voltage, implementing maximum power point tracking, and controlling the battery circuitry.
Battery Configuration and Switching Circuitry: Our design has two 7.4 V, 2.2 Ah Li-ion batteries. Each of these has two 3.7 V cells in series. The switching circuitry allows to enable charging and/or discharging in either battery. Charge and Discharge Enable signals are controlled by the microcontroller. Our initial design will be to set one battery as the main battery (priority of charge and discharge) and the other battery as a redundant battery.
Battery Protection and Cell Balancing: This module includes four basic features: overcharge protection, overdischarge protection, discharge overcurrent protection, and cell balancing. Charging will be disabled when the voltage of any cell in a battery reaches 4.25 V. Discharging will be disabled when the voltage of any cell drops to 3.00 V. Discharging will also be disabled when the discharge current exceeds 2.2 A, and will be enabled again if it will go under range. The circuit will perform a cell balancing mechanism when the batteries are charging.
Battery Temperature Control System: This module includes the control of Kapton heaters installed on each of the battery cells. It is designed to keep the temperature of the batteries above minimum operating or storage temperatures. It will also disable charging and discharging if the temperature of the batteries reaches certain limits.
Overcurrent Protection / Current Sensing: All overcurrent protection and current sensing, including the “voltage and current sense” blocks, is accomplished with Maxim MAX4373 current sense amplifiers using small current sensing resistors to convert the current into a voltage that is read by the microcontroller’s ADC module.

2.2.2 Four Switch Buck-Boost Power Converter

The four switch buck-boost converter serves two purposes: it is controlled by the microcontroller to implement maximum power point tracking on the solar cells, which form its input, and it charges the battery. The four switch buck-boost converter was determined to be the best option for a non-inverting buck-boost converter for satellite applications both in [14] and in previous semesters of research during the IlliniSat-2 project. Previous research has selected the EPC GaN FET as a good candidate for the switching FETs of the converter, because of their high-frequency switching capability and low Rds(on). The schematic for the four-switch buck-boost converter used in this project can be found in Figure 17. A four switch buck-boost converter has two control variables: D1 and D3 (referenced to Q1 and Q3 in the schematic). D2 and D4 are the complements of D1 and D3, respectively. According to [8] and verified by calculation, the maximum efficiency for a four-switch buck-boost converter is achieved when the converter operates in pure “buck-” or “boost-mode”, that is, when
[image: ]
(buck mode) or when
[image: ]
(boost mode). The following are the specifications of the buck-boost converter:
Input: 7V to 22V from solar cells, 0 to 1.1A
Output: 7.4V nominal for battery, 0 to 2.2A charging current
Inductor selection: Because current ripple can cause extra ringing in the maximum power point algorithm, switching frequency and inductance should be chosen to minimize current ripple while still being able to tolerate the required RMS current. The peak-to-peak current ripple in the inductor in buck mode is given by:
[image: ] 
And the peak-to-peak current ripple in boost mode is given by:
[image: ]
Fig. 4 shows peak-to-peak current ripple in buck mode for different values of Vin and L. Based on the figure, an inductance of 100 uH or more should be selected to keep current ripple under 0.1 A. The selected inductor is the Coilcraft MSS1210-104KE with an inductance of 100uH and a series resistance of 114 mOhm.


[image: ]
Figure 4: Current ripple for the measured inductances at the measured values of Vin.

Efficiency Prediction: Based on Coilcraft’s loss calculator, copper and core losses at our operating frequency and at highest RMS current would amount to 882 mW. Total conduction losses in buck mode are given by 
[image: ]
And total conduction losses in boost mode are given by
[image: ] 
For the worst-case voltage extremes in both cases, conduction losses would amount to 119 mW in buck mode and 162 mW in  boost mode. Taking conduction and inductor losses into account, this corresponds to minimum efficiencies of 94.6% in buck mode and 94.4% in boost mode.


2.2.3 Buck Converter
The main purpose of this Dc-Dc Buck converter is the generate 3.3V regulated power bus. The schematics of the designed power converter are given in Fig. 5. The input of range 6- 8.2 V is applied across the input side of the converter. The values for the input capacitor is carefully selected after making calculations.

[image: ]
Figure 5: Buck Converter circuit using TPS43000 Converter
INPUT: The input of range 6 V- 8.2 V from the battery is applied across the input side of the converter.
OUTPUT:  An output 3.3 V regulated output voltage with the maximum ripple of 1% and maximum current of 2.2A is obtained .
Inductor, Capacitor and Switch selection: The switching frequency of operation is chosen to be 1 MHz for the design.
The inductor value for the converter is approximately 5 mH which is calculated using the equation
[image: ]
Where IRipple  is the ripple current flowing through the inductor, which affects the output voltage ripple and the core losses. According to the specification, the maximum desired current ripple is 0.4 A based on which the inductance value is calculated. We selected 1539M31-ND inductor as the current rating is adequate  for  inductor
The output capacitor and the requires ESR can be calculated by equations
[image: ]
[image: ]
With 1% output voltage ripple, the capacitance required is at least 1.5 μF and its ESR should be less than 8.17 milliohm. A Panasonic 4 V, 120 μF capacitor is chosen with the ESR of 18 milliohm.
The values for the input capacitor is carefully selected using the equation
         [image: ]
	The calculated Value for Cin came out to be about 10 μF. To be on a safe side we use 22 μF ceramic capacitor is used for the design. We can use several capacitors in parallel to meet the maximum current handling capacity of the capacitors.
        	For 3.3 V output, lower the value of RDS(ON) higher is the efficiency of the converter. We chose GAN switches for this purpose which provide great efficiencies at fast switching frequencies.


Control: For the purpose of Control we plan to use a TPS43000 PWM controller. TPS43000 uses the voltage mode control for the feedback. The TPS PWM controller has a two-level current limit circuit which senses the voltage drop across the MOSFET. It has various mode of operation. For our buck converter we connect the CCM pin (pin 5) of the IC to Vin. By doing so, we have pulse frequency modulation mode with DCM possible. Now the circuit can operate in either PWM mode or PFM mode. When circuit is initially powered it operates in fixed PWM mode. It remains at this mode until it senses that converter is about to go into discontinuous mode. When this condition is sensed, the converter the converter enters PFM mode, until output voltage drops 2% below nominal. At this time, the controller starts again and operates at fixed PWM frequency for a short duration increasing the output voltage. This cycle keeps on repeating every time converter is about to reach discontinuous mode. PFM mode results in a very low duty cycle which will reduce the losses and improve the light load efficiency. 

Compensator: The control circuit uses type 3 compensator which has a pole at origin and two zero-poles pairs. The capacitor C2 and the series combination of resistor R1 and R3 provides a pole at the origin. which form an integral part of the compensator circuit. The capacitor C1 and the resistor R2n together introduces a zero and also the capacitor C3 and the series combination of resistance R1 and R3 introduces the second zero. The resistance R2 and the series combination of capacitor C2 and the capacitor C1 provides a pole. Finally the capacitor C3 and the resistance R3 introduces the second pole of the system.
The integral part of the circuit in employed to increase the gain of the system at low frequencies in order to reduce DC error, but since this part causes phase lag -90 degrees at all frequencies the lead compensator part is therefore used to reduce the phase lag. This is done by introducing two zeros to the transfer function of the closed loop system which leads to gain crossover frequency and attain a faster transient response.The transfer function of the compensator is given by equation
[image: ]
Bode Plot of the type 3 compensator is given in Figure 6. Thus the values for C1, C2, C3, R1, R2, R3 were calculated as 270 pF, 3 pF, 560 pF, 100k Ohm, 115k Ohm and 5.76k Ohm respectively.
[image: ]
Figure 6: Bode plot for a type 3 converter.





2.2.4 Controller/Maximum Power Point Tracking

The microcontroller selected was the PIC18F87K22 from Microchip technology. It has 69 general purpose I/O channels, 24 Analog-Digital Converters, 7 PWM outputs, is affordable and can operate from an internal oscillator at up to 64 MHz. The microcontroller will be used to control the battery circuitry as described in Sections 2.2.7 and 2.2.9. It will also be used to implement maximum power point tracking on the battery charging circuit (described below) and to read and monitor the currents on each bus (described in Section 2.2.5). The firmware can be expanded so that the microcontroller can communicated with the Command and Data Handling (C&DH) board using its onboard EUSART serial communication module. 
Maximum power point tracking is a method of finding the operating point on a solar cell’s I-V curve that corresponds to maximum power transfer between the cell and its load. Fig. 7 shows the I-V characteristic of the Spectrolab UTJ solar cells being used in the IlliniSat-2 project.
[image: ]
Figure 7: Current vs. cell area vs. voltage for a Spectrolab UTJ solar cell.

In [10] and [11], the merits of two major algorithms used for maximum power point tracking are discussed and compared. The perturb and observe method is simple and easy to implement, but it can never hold steady at the maximum power point; by its nature it must constantly “perturb” the operating voltage from its current state to see if the power increases or decreases as a result of the perturbation. The incremental conductance method is more computationally intensive, but it is a more robust control scheme that quickly reaches and holds steady at the maximum power point. Because the photovoltaic cells will be used to power a DC-DC converter which by nature has a significant amount of current ripple, an algorithm that introduces additional ringing of the maximum power point would be undesirable. The incremental conductance algorithm would therefore be preferred.
The incremental conductance algorithm relies on the fact that at the maximum power point, the conductance of the cell
[image: ]
Using this information, an incremental conductance maximum power point algorithm is presented in Fig. 8.
[image: ]
Figure 8: Maximum power point algorithm to be implemented on the microcontroller
In most cases, the power able to be supplied by the solar cells will not be enough to supply full charging current to the battery, and so the cells will operate at the maximum power point. However, there are a few input configurations which will allow the power provided by the solar cells to exceed the safe maximum power rate into the battery. When this happens, the converter will not operate at the maximum power point. This will be implemented by using a current sense amplifier on the high side of the batteries, and checking the battery current before each cycle of the maximum power point tracker is completed as detailed in Fig. 9.
[image: ]
Figure 9: Top-Level Battery Charging Flowchart

2.2.5 Current protection circuit for Power Buses

Current protect for maximum current of 2.2 A is applied on all the eight buses. The current protection is implemented using MAX 4373 current amplifier reference IC. It contains high side current sense amplifiers, band gap reference and comparator with latching output to monitor the supply for an overcurrent condition. The latching output allows the comparator to shut down the bus without oscillations.  The circuit is shown in figure10.    
[image: ]
Figure 10: Over Current Limiting Circuit for Power Buses Using MAX4373

  The MAX 4373 contains an open-drain output comparator for current limiting. The comparator’s negative terminal is connected to the internal 600 mV reference voltage. When (Reset)’ is high, the internal latch is activated and output latches into open state once Cin1 is goes above 600 mV. .We have current and voltage sensing on our circuit  and when an overcurrent is sensed by the microcontroller interface and the enable signal is sent out which opens the current path under overload condition. 
This design is taken from the previously designed power board as it is a simple and effective way of implementing overcurrent protection on buses. We have one of these circuits on each power bus even if one bus stops working rest of them still has power. We will have all the enables going into an 8:2 MUX so that using the microcontroller we can select the exact line that we want to disable.



2.2.6 Gate Drive

The gate drive circuits used in the battery charger are Linear LTC4440 high-side gate drivers. Their usefulness has been demonstrated in past IlliniSat-2 research, and they can be used to drive the gates of both the high- and low-side GaN fets as seen in Figure 17.

2.2.7 Battery Configuration and Switching Circuitry

Our design has two batteries with software driven switches so they can be connected to the supply (DC-DC converter) and loads. Each battery is formed of two 3.7 V cells in series, to make a nominal voltage of 7.4 V. Fig. 11 is a simplified schematic of the configuration of the batteries. The manufacture of the batteries is Rose Batteries.
[image: ]
Figure 11: Configuration of the two-cell battery packs.
The configuration of the switches allows charging and discharging of either battery. Selecting which battery is connected to the supply or the loads is just a software problem. This design is very flexible; the user will be able to program which battery is connected at every moment according to their needs. Our default configuration will be to set Battery 1 to be the main battery and Battery 2 to be a redundant battery. The algorithm to control the charging/discharging is summarized in Figs. 12 and 13. Battery 1 always has priority, both when charging and when discharging.
The downside of this configuration is that under normal circumstances, Battery 1 will be used most of the time, thus reducing its battery life while Battery 2 is not used so much. For this reason, we encourage the user to set up a different switching configuration depending on the power demands of the subsystems of the satellite. If time allows by the end of the semester, we will suggest different switching configurations with the goal of improving the battery pack life.
Please consult the battery protection circuit schematics for a more detailed look of the implementation of the switching. This circuit is just for one of the batteries, and the switching circuitry is the leftmost part of the circuit. Charge and Discharge Enable signals (CEN and DEN, respectively) come from the microcontroller, both signals are active low. Under normal operation, both signals are low. This turns on the charge enable FET (CENFET) and the discharge enable FET (DENFET) via the bipolar transistors QCEN and QDEN. Therefore it is possible that the batteries are charging or discharging, depending on the power supplied by the converter and the power draw from the load. If CEN is high, CENFET is turned off via the bipolar transistor QCEN. In this case, charging via a charger connected at V+ is inhibited. If DEN is high, DENFET is turned off via the bipolar transistor QDEN. In this case, discharging to a load connected at V+ is inhibited. If both CEN and DEN are high, the battery is effectively disconnected.
Note: if the user wishes to connect both batteries in parallel, the hardware allows to do so. In this case, make sure both batteries have the same voltage before connecting them together. Otherwise, high currents will flow from one battery to another and will probably damage the circuit.

[image: ]
Figure 12: Charging Switching Algorithm Flowchart
[image: ]
Figure 13: Discharging Switching Algorithm Flowchart




2.2.8 Battery Protection and Cell Balancing
	Refer to the Battery Protection Circuit in the schematics section whenever necessary. The purpose of this circuit is to inhibit charging when the batteries are over charged, and inhibit discharge when the batteries are over discharge or the discharge current exceeds a limit. The schematic also include the transistors designed to switch charge and discharge driven from software. These transistors are on the left part of the schematic.
	The most important part of the circuit are the S-8209A chips. These are Battery Protection ICs with cell balance function. The selected ratings are 4.25 V overcharge detection voltage, and 3.00 V overdischarge detection voltage.
	• Normal Status: The voltage of both cells is in between the designated ratings. Both CFET and DFET are on. Therefore it is possible to charge/discharge by the converter or the load as long as CEN and DEN (driven from software) are also on.
	• Status to inhibit charge: If any of the cells reaches 4.25 V, the output CO of the first S-8209A is set to high impedance, thus turning off bipolar transistor QCO, which turns off mosfet CFET. Charging is not allowed under this configuration. Discharging is still possible as current will flow through the diode in parallel to CFET.
	• Status to inhibit discharge: If any of the cells reaches 3.00 V, the output DO of the first S-8209A is set to high impedance, thus turning off bipolar transistor QDO, which turns off mosfet DFET. Discharging is not allowed under this configuration. Charging is still possible as current will flow through the diode in parallel to DFET.
	• Cell balancing: Charge and voltage unbalance between cells in parallel causes cell degradation. Successful balance can increase the useful cycle life of the battery. Our cell balancing function is only enabled if the voltage of the battery is over a certain threshold and the batteries are charging. The way the mechanism works is that it charges more rapidly the cell with the lower voltage. When one of the cells has a higher voltage, the S-8209A CB output turns on the correspondent CBFET. In this case, the cell-balance FET bypasses some of the current that flows into the cell. Thus, the speed to charge the highest voltage cell gets slower than the lowest voltage cell. If both cells are balanced, the cell-balance function is adjusted. Simulations of how this process works for a three-cell battery are included in the appropriate section.
	• Discharge Overcurrent Protection: Chips S-812C and S-8211D perform the discharge overcurrent protection. S-8211D is a battery protection IC designed for a one-cell battery. It includes a discharge overcurrent protection, which is in fact the feature that we will use. S-812C is a voltage regulator to set the voltage inputs of the S-8211D to the appropriate values so it does not trigger the voltage protection system. When the VM pin voltage is equal to or higher than the discharge overcurrent detection voltage because the discharge current is higher than 2.2 A, output DO turns off the DFET. In this case, discharging is inhibited. When the VM pin voltage returns to the discharge overcurrent detection voltage or lower, the S-8211D returns to normal status and discharging is possible again.

2.2.9 Battery Temperature Control System
	The satellite temperature will range from about -50 C to 70 C. The batteries do not operate correctly and will be damaged if working under this conditions. The operating temperature range when charging is 0 C to 45 C, and the operating temperature range when discharging is -10 C to 60 C.
	Each of the four battery cells has a Kapton heater installed on their surface with an integrated RTD sensor. The RTD will sense the temperature at the surface of the battery, and the resistance of the sensor will be measured with the microcontroller through a voltage divider. See Figure 14 for a schematic of the temperature protection circuit. RTDs are passive measurement devices, which means that an excitation current must flow through them to get a signal. This excitation current should be kept to a minimum to avoid self-heating errors.
The microcontroller will send a PWM signal to the heater to control how much heat is delivered to the battery. The selected heaters will deliver 2.6 W at 7.4V, the duty cycle will control the amount of power. The control system is a PID controller programmed in the microcontroller. The target temperature will be 0 C if the battery is charging, and -10 C if the battery is discharging. A simulation of the PID controller is included in the simulations section. The parameters of the controller, though, are subject to change, especially because the model of the system is probably not accurate. The response of the controller will be tested on the system itself, and the parameters will be changed to accomplish the desired temperature response.
	Under hot conditions, the batteries will suffer damage due to overheating. To avoid this, the microcontroller will turn off the charge enable signal of the battery in which any of the cells reaches 45 C. Similarly, the discharge enable signal will be turned off if any of the cells of a battery reaches 60 C. Both signals will be turned on again once the temperature goes 2 C below the previous threshold, that is 43 C and 58 C respectively.
[image: ]
Figure 14: Temperature control system: RTD sensor measurement and heater implementation.








2.3 Schematics of Overall System
[image: ]

Figure 15: Schematics for Overcurrent protection on power buses
[image: ]
Figure 16: Battery Protection and Cell Balance Circuit. It also includes the charge and discharge enable switches controlled by the microcontroller (CEN and DEN signals).
[image: ]
Figure 17: Battery charging circuit implementing four switch buck-boost converter, gate drive circuitry and PV cell current sensing.

2.4 Simulations

2.4.1 Cell balancing simulations

[image: ]
Figure 18: Simulation of the cell balancing process for three cells in series using the S-8209A IC. The part number used in this simulation is not the same we use in our design: voltage levels do not correspond to the ones in our circuit. However, the graph illustrates the behavior of the circuit. When a battery cell reaches VBU the speed of charge is reduced so that the pack approaches voltage balance.

2.4.2 Battery Charger Simulations

We simulated the four-switch buck-boost converter in buck mode using the SimPowerSystems toolbox of Simulink. The simulation setup is shown in Figures 19 and 20. It includes a Li-Ion battery model being charged from a DC voltage source (absent a good photovoltaic cell model) with a simple PI controller using current-mode control to provide the maximum charging current.
[image: ]
Figure 19: Simulation model showing control and outputs
[image: ]
Figure 20: Simulation model showing “4sBB” subsystem
Figures 21 and 22 show the results of the four switch buck-boost simulation at input voltage levels of 10V, 15V and 20V. 
[image: ]
Figure 21: Output (battery-charging) current over the first second of simulation for Vin = 15V [image: ]
Figure 22: Inductor current showing ripple for input voltages of 10V (blue), 15V (green) and 20V (red).

The current ripple was within the calculated upper bound of 0.1 A p-p. The efficiencies found for these simulations with respect to various values of Vin were 95.3% for 10V, 93.3% for 15V, and 92.0% for 20V.

2.4.3 Buck Converter Simulations
The buck converter was simulated with its nominal input voltage (7.4V) using voltage-mode control to regulate the output voltage at 3.3V. The same PI controller from the previous simulation was used. The simulation setup is shown in Fig. 23; inductor current and output voltage are shown in Figs. 24 and 25.
[image: ]
Figure 23: Buck converter simulation setup showing modified power circuit from previous simulation

[image: ]
Figure 24: Output voltage of the buck converter over the first second of simulation.

[image: ]
Figure 25: Inductor current showing high-frequency ripple due to switching and lower-frequency ripple due to control efforts.

The buck converter efficiency under nominal voltage conditions was simulated to be 92.0%.





















2.4.3 PID Temperature Controller Simulations
[image: ]
Figure 26: Step response of the PID controller for the heating element. The specific parameters of the final controller will be tuned with the actual system. The goal is to have a controller with no overshoot, and a relatively slow time response to avoid high peaks of generated heat. The controller controls the duty cycle of a PWM that drives the switch of the heater.


3 Requirements and Verifications

3.1 Requirements and Verifications Table
The requirements and verifications for each block of the power board are presented in the table below. Because the power board is a part of a higher-functioning apparatus (the satellite) which we will not assemble in this project, and because specifications for its size and interfaces when included in upcoming IlliniSat-2 missions have not been decided upon yet, the power board will be prototyped on a test board with many test points to facilitate testing of each separate module. There will therefore be many references in the verifications section to scope- and multimeter-based testing and not many references to qualitative verification that the entire system works as planned.

	Requirement
	Verification

	1 Battery Charging Circuit functions properly in both buck- and boost- mode across its entire range of input voltages.
a Gate drive circuitry accurately passes a PWM input.
b Converter charges the battery from a voltage source input, given a constant voltage ratio command.
c Solar cell current- and voltage-sensing circuits accurately measure the current and voltage.
  

	1 Before implementing control algorithms on the buck-boost converter, it will be tested by temporary alterations to the microcontroller firmware which will allow bench testing by outputting constant duty ratios based on fixed testing conditions.
a A 3.3V-magnitude, 500 kHz square wave will be applied to the LTC4440 input (pin 2) via a bench function generator. The output (pin 5) will be observed to make sure it accurately tracks the input.
b PWM signals as in (a) will be applied to correspond to a battery voltage 0.2V above the current battery voltage in order to provide a safe charging current. With the microcontroller connected, the DC source will be slowly increased until charging current is observed. This test will be repeated for input voltages spanning the entire range expected.
c During previous tests, readings from the voltage and current sensing circuitry will be compared with readings from probes and multimeters to determine their accuracy.

	2 Microcontroller works and performs all control functions properly.
a Microcontroller can be communicated with and programmed via the ICD-3 programming interface which will be included on the test board.
b Microcontroller successfully implements maximum power point tracking. The battery charging circuit tracks the maximum power point of a series of Spectrolab UTJ solar cells.
c Microcontroller successfully controls the battery monitoring circuitry and temperature controller as required (see requirement 6).
d Microcontroller reads currents and states correctly from overcurrent circuits, successfully resets them in the case of an overcurrent.
	2 The microcontroller’s functionality will first be verified by an MPLAB interface, its firmware will be programmed, and it will be applied to the various sections of the power board that it is required to control.
a Microcontroller will be connected via the built-in RJ11 jack to the ICD-3 programmer connected to MPLAB. Communication will be established and the firmware will be programmed.
b Another IlliniSat-2 group is currently working on a sunlight simulator to be used for testing the specifications of the Spectrolab UTJ cells. This setup will be used to test the maximum power point tracking capability of the power board. Voltage and current will be monitored from the solar cells, and compared to the maximum power values specified on the datasheet during battery charging. A more complete testing profile will be developed for this section after the progress of the sunlight simulator is ascertained.
c See requirement 6 for testing and verification of the battery monitoring circuitry.
d Following the testing of requirement 5, similar testing is done on the overcurrent circuits while they are hooked up to the microcontroller. The current value through the circuits will be tested against the current value read by the microcontroller, and the microcontroller firmware will be temporarily programmed to wait about 1 second after an overcurrent and then reset the circuit. This operation will be ascertained.

	3 Buck Converter circuit  works for 6-8.2 V input range if
a Vout is within 3V±1% (2.97 - 3.03V) regardless of the current drawn from the regulator.
                  b.   All parts still operating properly after the test.
	3. The buck converter can be tested separately as we will provide test points on its input terminal where the varying input can be supplied from the external power supply 
a. Starting with an input of 6.2 V from the external power supply with a 100mA load, the input and output current and voltage wave form would be analyzed by connecting the oscilloscope to test points on the input. The same will be observed for loads of 200mA, 300mA, 500mA, 1A, 1.5 A and 2 A and for input voltages of 7 V, 7.5V, 8V, and 8.2 V.
b. Use DMM to test.


	4. Overcurrent protection circuits should measure cut off current to each bus as necessary. 
a. Once load current reaches 2.2A, the circuit should cut off current distributed to the particular system.
b. VCC and RESET’ should have the same value.
c. COUT1 is high when the load current is less than 2.2A and low (approx. 0 V) when overcurrent is detected..
d.  The voltage across R50Cxx should be close to 0V because it signifies that there is no or very small amount of current leakage.


	4. The test points would be used for verification purpose
a. The external power supply will be used to supply more than 2.2 A to a particular bus. Automatic shutdown should be observed.
b. Check with DMM.
c. Check with DMM during testing for part (a).
d. Check with DMM.


	5. Battery Switching Circuit responds to commands in CEN and DEN.
a. The active-low CEN signal should allow battery charging.
b. The active-low DEN signal should allow battery discharging.
	5. Verification of this feature will be done by setting this signals to either high or low with an external DC supply.
a. A 7.4 V DC supply will be connected to the batteries and we will measure the current. If CEN is active, the batteries should be charging. If CEN is inactive, no current should be measured.
b. A load will be connected to the battery and we will measure the current. If DEN is active, the batteries should be supplying the load. If DEN is inactive, no current should be measured. 

	6. Battery Protection Circuit and Cell Balancing.
a. This module will disable charging if any of the cells in a battery reaches 4.25 V.
b. This module will disable discharging if any of the cells in a battery goes below 3.00V.
c. This module will disable discharging if the discharge current reaches 2.2 A.
d. The module will adjust the voltage of both cells to be the same.
	6. Verification of this module will be done with the actual batteries and a DC supply as the power supply.
a. The batteries will be overcharged to check that the circuit disables charging when it reaches 4.25 V. The charging current should never exceed 2.2 A.
b. The batteries will be loaded to check that the circuit disables discharging when the voltage levels reach 3.00 V. The discharging current should never exceed 2.2 A.
c. Similar test as the previous one, but we will set up the load so that the current exceeds 2.2 A. The module should disconnect the load. After switching to the previous load, the battery should start discharging again.
d. During the previous three experiments, voltage levels will be monitored at all times to check that the cell balancing mechanism is working. Since the cell balance function is only active while charging, small voltage differences when discharging may occur.




3.2 Tolerance Analysis

Gallium Nitride (GaN) FETs is a relatively new technology. They were chosen for this project because they offer a much higher power handling capacity than other switching devices at a higher efficiency and smaller size. GaN FETs allow high switching frequencies. However, this also means that we need to remove a significant amount of heat from a small area. GaN FETs will be tested so that they do not exceed a certain temperature gradient when in continuous operation. Heat removal is an important issue of the board because of the conditions where it is designed to work in.

3.3 Ethical Issues

The purpose of this project is to develop a power board for Illini Cubesat satellite, which which will manage the power of the satellite. With such an important function, our device forms the backbone of the satellite power system, thus safety of the satellite is our concern following the first code of IEEE Code of Ethics: 
1. to accept responsibility in making decisions consistent with the safety, health, and welfare of the public, and to disclose promptly factors that might endanger the public or the environment;
Throughout the development of the device, we will follow the third code closely, and only make claims and estimates based on real data acquired from our power board.
3. to be honest and realistic in stating claims or estimates based on available data;
Working with a the power board, the most important factor is the accuracy of the information obtained from the system. We will be honest and will not falsify the data acquired from our test procedures.
After this project, we will have learned a great deal about various real-world power systems such as the Four switch buck boost converter, PWM control, Maximum power tracking algorithms, Batteries protection circuits and role of real world factors such as temperature. This will improve our understanding of these technologies and their
applications, and also improve our technical competence, as directed in the 5th and 6th codes of the IEEE Code of Ethics:
5. to improve the understanding of technology; its appropriate application, and potential
consequences;
6. to maintain and improve our technical competence and to undertake technological tasks for others only if qualified by training or experience, or after full disclosure of pertinent limitations;
Furthermore, while working on the project, we will build an environment that promote engineer professionalism, which welcomes constructive and honest criticisms, acknowledges errors, assists peer workers with their professional and academic developments, and credits appropriate contributions, as cited in the 7th and 10th codes of the IEEE Code of Ethics:
7. to seek, accept, and offer honest criticism of technical work, to acknowledge and correct errors, and to credit properly the contributions of others;
10. to assist colleagues and coworkers in their professional development and to support them in following this code of ethics.
Following the 9th code of the IEEE Code of Ethics,
9. to avoid injuring others, their property, reputation, or employment by false or malicious action;
We will make sure that the power board developed from this project will offer the cubesat team with data that is as accurate as possible, and will not provide them with false information, in order to avoid damaging that could occur to the reputation and hard work done by the whole team

4.1 Cost and Schedule

4.1.1 Labor Cost Analysis

	Name
	Hourly Rate
	Total hours invested
	Total =Hourly Rate x 2.5 x Total Hours Invested

	Sam Kearney
	$ 35
	150
	$ 13,125

	Roberto Suarez
	$ 35
	150
	$ 13,125

	Rachit Goel
	$ 35
	150
	$ 13,125

	Total
	
	450
	$ 39,375





4.1.2 Part Cost Analysis

	 Description
	 Part Number
	Manufacturer
	 Unit Cost
	#
	 Total Cost

	 PCB - All boards
	 
	
	 $ 35
	 2
	 $ 70

	Battery
	LI-2S1P-2200
	Rose Electronics
	$10
	2
	$20

	MCU
	PIC18F87K22
	Microchip
	$5.60
	1
	$5.60

	
	Buck Converter
	
	
	
	

	MOSFET
	EPC2014
	Efficient Power Conversion
	$2.49
	2
	$4.98

	 22 uF Capacitor
	445-8454-ND
	TDK
	$ 1
	5
	$5

	5uH Inductor
	 1539M31-ND
	Hammond Manufacturing
	  $29
	1
	$29

	120uF Capacitor
	EEF-HD0G121R
	Panasonic
	$ 2.64
	1
	$ 2.64

	TPS43000 IC
	TPS43000PW
	Texas Instruments
	$ 6.14
	1
	$ 6.14

	Diode
	ZHCS2000TA
	Diodes Inc.
	$ 0.72
	10
	$7.20

	
	Battery Charging Ckt
	
	
	
	

	Inductor
	MSS1210-104KE
	Coilcraft
	$1.48
	1
	$ 1.48

	MOSFET
	EPC 2014
	Efficient Power Conversion
	$2.49
	4
	$9.96

	Gate driver
	LTC4440
	Linear
	$4.16
	4
	$16.64

	Battery Protection IC
	S-8209AAR-T8T1
	Seiko Instruments
	$0.70
	4
	$2.10

	Voltage Regulator
	S-812C
	Seiko Instruments
	$0.25
	2
	$0.50

	Overcurrent Protection IC
	2-8211D
	Seiko Instruments
	$0.60
	2
	$1.20

	Misc. (resistors, capacitors, transistors)
	Various
	Various
	
	
	$30

	Total
	
	
	
	
	$ 212.44



4.1.3 Total cost

	Labor cost
	Parts Cost
	Total cost

	$ 39,375
	$ 212.44
	$ 39587.44



4.2 SCHEDULE

	Week
	Task
	Responsibility

	2/4
	Finalize and hand in proposal
	All

	
	Research gate drive circuits/GaN FETs/inductors and design
	Rachit Goel

	
	Research microcontrollers, come up with MPPT tracking algorithms and current sensing techniques
	Sam Kearney

	
	Research Li-Ion battery failure and design preliminary battery switching circuit
	Roberto Suarez

	2/11
	Mock Design Review
	All

	
	Design basic buck converter and Select appropriate capacitors, inductors, resistors
	Rachit Goel

	
	Select appropriate microcontrollers, FET’s and BJTs
	Sam Kearney

	
	Select appropriate design and components for battery switching circuit
	Roberto Suarez

	2/18
	Design temperature control system for the batteries
	Roberto Suarez

	
	Design the gate driver and  feedback for buck power converter circuit
	Rachit Goel

	
	Simulate power converters
	Sam Kearney

	2/25
	Design Review
	All

	
	Complete design for buck converter, assemble bill of materials
	Rachit Goel

	
	Complete design for battery charger, assemble bill of materials
	Sam Kearney

	
	Complete design of battery protection and switching, assemble bill of materials
	Roberto Suarez

	3/4
	Layout PCB for buck converter part in addition to current protection circuit
	Rachit Goel

	
	Layout PCB for power circuit and controller for four switch buck boost converter
	Sam Kearney

	
	Layout PCB for battery protection and switching circuit
	Roberto Suarez

	3/11
	Assemble battery charging circuit and begin performing verifications
	Sam Kearney

	
	Assemble buck converter and overcurrent protection and begin performing verifications
	Rachit Goel

	
	Assemble batteries temperature controller system and begin performing verifications
	Roberto Suarez

	3/18
	Debug battery charging circuit (if necessary)
	Sam Kearney

	
	Debug buck converter/overcurrent circuits (if necessary)
	Rachit Goel

	
	Debug battery protection circuitry (if necessary)
	Roberto Suarez

	3/25
	Mock up demo
	Rachit Goel

	
	Test the efficiency of the circuit and try to improve it
	Sam Kearney

	
	Debug remaining issues
	Roberto Suarez

	4/1
	Mock up presentation
	Roberto Suarez

	
	Completion of modules
	Rachit Goel

	
	Tolerance analysis
	Sam Kearney

	4/8
	Ensure completion
	Rachit Goel

	
	Verification of requirements
	Roberto Suarez

	
	Fix remaining issues
	Sam Kearney

	4/15
	Prepare Demo
	Roberto Suarez

	
	Prepare Presentation
	Rachit Goel

	
	Prepare Paper
	Sam Kearney

	4/22
	Demo
	All

	4/29
	Presentation
	Rachit Goel

	
	Final Paper
	Sam Kearney

	
	Check In Supplies
	Roberto Suarez




4.3 Contingency Plan

If time becomes short while completing this project, the following elements are considered the simplest elements that could be implemented by future engineers with the least amount of effort or modification to the current design, and therefore they will be cut first from the final product:
- Backup battery
- Overcurrent protection / bus distribution
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